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Abstract. The purpose of this study was to further investigate the mechanism of the influence of concurrent cognitive tasks on
eye movements induced by earth-vertical axis rotation (EVAR) in young and older participants.
Ten young (ages 21–34), ten young-old (ages 65–74) and nine older participants (ages 75–84) each performed five different
cognitive tasks during sinusoidal EVAR in darkness at 0.02 Hz for three cycles, 0.05 Hz for four cycles, and 0.1 Hz for five cycles,
all at a peak velocity of 50 degrees per second. The five tasks differed from one another in terms of their inherent sensory and
motor components and were designed to provide insight into the effect of cognitive processing on VOR dynamics. Tasks included
auditory frequency and lateralization disjunctive reaction time (DRT) tasks, silent and audible backward counting, and a question-
response clinical standard task. For the DRT trials, tones were presented to the participant through earphones. Participants were
instructed to respond as accurately and as quickly as possible. Eye movements were recorded with electro-oculography and
calibrations were performed before and after every five rotations in all subjects.
Participants had an increase in VOR phase lead while performing DRT tasks as compared to the clinical standard and counting
tasks. The effect was most noticeable at the 0.02 Hz frequency and was present in all age groups. In addition, we observed a
decrease in VOR gain while subjects performed auditory DRT tasks during EVAR at 0.02 Hz, 0.05 Hz and 0.1 Hz as compared
to the clinical standard and counting tasks. These results suggest cognitive task-dependent interference between central auditory
processing and vestibular processing primarily at the sensory rather than at the motor level.

1. Introduction

There is growing interest in the relationship between
balance disorders and cognition [13]. Patients with
balance disorders often complain of difficulty concen-
trating, performing arithmetic, and other basic cogni-
tive skills. During clinical vestibular laboratory evalu-
ation as well, there has been anecdotal reporting of in-
creased difficulty performing simple tasks like counting
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backward. An association between cognitive process-
ing and balance has been documented experimentally
in both normal adults and in patients with vestibular
disorders [30,37,43].

Dual-task paradigms have been used to study in-
terference between cognitive processing, particularly
attention, and the vestibulo-ocular reflex (VOR) [10,
42] and postural stability [6,27,30]. These studies
have been helpful in identifying shared cognitive re-
sources under a variety of conditions. Dual-task exper-
iments have demonstrated interference between main-
taining balance and performing tasks such as men-
tal arithmetic [6], visuospatial tasks [1], reaction-time
tasks [10,30], word recall [20] and verbal response
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tasks [9]. The interference found in performing these
tasks may be the result of a common neural pathway or
of sharing a total capacity of attentional resources.

Whereas many dual-task studies evaluate vestibu-
lospinal performance, relatively few examine VOR dy-
namics. Like interference between the vestibulospinal
system and cognitive processing, similar interference
has been noted between visual-vestibulo-ocular system
activation and cognitive tasks [10,42]. In particular, re-
action times were increased, and eye movements were
altered when performing reaction time tasks during ro-
tation [10,37]. Increased phase lead was found to be
a sensitive indicator of VOR dynamics and reflects a
change in the velocity storage system [28,32]. By im-
pacting phase, attentional processes appear to influence
velocity storage in the VOR [10]. The components of
the vestibular response may therefore provide insight
regarding a mechanism of interference.

Aging seems to play an important role in the interfer-
ence between attention and vestibular processing. Con-
fusion and distraction often influence loss of balance
and falling in the elderly [14]. Studies of interference
between attention and vestibulospinal control indicate
a greater effect with increased age [6,22,30,35,36,38,
39]. The VOR also changes with age, showing de-
creased gain and increased phase lead [4,10,26]. This
study assessed whether aging is associated with a rela-
tive increase in interference between specific cognitive
tasks and the VOR.

Prior studies have not compared the effects of dif-
ferent alerting tasks on eye movements during VOR
activation. This study examines cognitive tasks that
involve various motor and sensory components to as-
sess an approximate location of dual-task interference.
Tasks included two disjunctive reaction time (DRT)
tasks, a clinical standard task, and silent and audible
backward counting. Both DRT tasks involve audito-
ry processing and a button-push response, while be-
ing distinguished by frequency or spatial discrimina-
tion. The clinical standard task is a commonly-used
question and answer alerting task involving hearing a
letter, finding a word, and providing a verbal response.
Both counting tasks involve mental arithmetic while
being distinguished by an audible counting task requir-
ing a verbal response. Based on results from Furman
et al. [10] indicating prolonged phase with auditory
processing tasks, we hypothesized that there would be
greater interference with VOR dynamics for auditory
reaction time tasks that are more sensory based than
motor. Additionally, we hypothesized that VOR gain
would not be affected differently by different cognitive
tasks.

2. Methods and materials

2.1. Subjects

This study was approved by the University of Pitts-
burgh Institutional Review Board. Subjects included
10 young subjects (5 men) with mean (SD) age 24.7
(2.7) years, 10 young-old subjects (5 men) of age 69.7
(3.0) years and 9 old-old subjects (4 men) of age 79.7
(3.0) years.

Subjects were excluded if they had a history of neu-
rological or otological disease, binocular visual acuity
with corrective lenses worse than 20/40 in both eyes,
abnormal audiometric function based on a 15 dB asym-
metry at any test frequency or thresholds below the
bottom 10% of age-adjusted values, significant abnor-
malities on neurological examination, abnormal ocular
motor testing, abnormal vestibular function based on
abnormal caloric responses or a significant directional
preponderance on EVAR, or performance worse than
11/2 SD below age-adjusted means on 2 or more cate-
gories of the Repeatable Battery for the Assessment of
Neuropsychological Status (RBANS).

Subjects qualified for participation in this study by
successful completion of a prior study involving rota-
tional testing. 60 subjects participated in the source
study and were recruited from a registry of older adults
and from the Pittsburgh community via advertisements.
Sixteen older and 3 younger subjects were excluded
from enrolling in the source study due to failure of
audiometric testing (8), neuropsychiatric testing (4),
use of excluded medications (4), poor RT assessment
(2), and directional preponderance on rotation testing
(1). Of the 60 subjects who successfully completed the
source study, 15 subjects who developed nausea during
the source study did not participate in this second study.
Of the remaining 45 subjects, 30 were recruited for this
study. Subjects received payment for participation in
this study.

2.2. Rotational testing

All subjects underwent electrooculographic (EOG)
recordings of eye movement during rotational testing
using sinusoidal earth vertical axis rotation (EVAR) at
0.02 Hz for three cycles, 0.05 Hz for four cycles, and
0.1Hz for five cycles, all with a maximum velocity of
50 degrees/second. The number of cycles was chosen
to allow reliable assessment of VOR dynamics while
keeping total test time short. Subjects were rotated
in complete darkness throughout all trials. Gain and
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phase of the VOR were estimated from eye movements
recorded with EOG. EOG calibrations were taken every
5 trials to avoid the effects of fluctuations in the corneo-
retinal dipole potential. Minimal changes were noted
in EOG calibrations during testing.

2.3. Cognitive tasks

During rotation at each frequency of sinusoidal
EVAR, subjects were asked to perform each of five
different cognitive tasks. Tasks included auditory fre-
quency and lateralization Disjunctive Reaction Time
(DRT) tasks, silent and audible backward counting, and
a question-response clinical standard task. Tasks were
selected to differentiate sensory, central processing and
motor components in order to understand the effects
of different cognitive processing components on VOR
dynamics.

For the DRT tasks, tones were presented to the par-
ticipant through insert earphones (details below). Par-
ticipants were instructed to respond as accurately and
as quickly as possible by pressing a hand-held button.
The tones were presented at random intervals between
2.5 and 4.0 seconds and were present for 1 second at an
intensity of 80 dB SPL. The auditory frequency DRT
task presented a high (980 Hz) or low (560 Hz) fre-
quency tone to both ears. No masking was used, and
the interaural attenuation of the insert earphones is ap-
proximately a 40 dB ambient noise reduction at the
presented tonal frequencies [34].

Participants held a button in both their dominant and
non-dominant hands. For the target frequency, ran-
domly the high or low tone for each subject, the partici-
pant was instructed to press the button in their dominant
hand and for the alternative frequency the participant
was not to press a button. In the lateralization task, if
the tone was presented to the ear on the side of the par-
ticipant’s dominant hand, the participant was instructed
to press the button with their dominant hand. If the tone
was presented to the ear on the side of the participant’s
non-dominant hand, the participant was not to press the
button. For instance, if a right-handed participant was
performing the lateralization task, a tone played in their
right ear would be followed by their pressing a button
in their right hand, whereas a tone played in their left
ear would not evoke a response.

For the two counting tasks with no sensory compo-
nent, participants were asked to count backward from
1000 by 3 either silently (no sensory or obvious mo-
tor component) or aloud (no sensory component). If

the counting was silent, participants were instructed to
provide the final number at the trial’s end.

The clinical standard task was similar to a verbal
fluency task in which subjects listened to prerecord-
ed questions through earphones and provided a ver-
bal response if possible. This task was intended to
represent current clinical practice of asking questions
to keep participants alert. Participants listened to a
randomly-generated subset of 24 letters presented at 2
second intervals. Depending on the trial, participants
were instructed to provide a location, an animal or a
type of food that begins with the spoken letter. Audio
from these trials was monitored, but accuracy was not
assessed.

2.4. Protocol

The study consisted of 1 practice day and 1 test day.
During the practice day, subjects were familiarized with
the testing equipment and each of the cognitive tasks.
Each of the reaction-time tests was practiced for at least
3 EVAR trials of 30 reaction times. Results from the
practice day were assessed and additional trials were
performed until the participant understood the task.

On the test day, participants performed all five cog-
nitive tasks at 0.1 Hz, 0.05 Hz and 0.02 Hz EVAR. The
order of task and frequency were randomized. During
each of the two auditory DRT task and rotational fre-
quency combination, participants were presented with
32 reaction-time trials. During each trial, cognitive
tasks were begun shortly after beginning EVAR.

2.5. Equipment

A rotational chair capable of delivering EVAR was
used for this study. Hand-held microswitches were
used for reaction time tasks. For auditory DRT tasks,
auditory stimuli were presented through insert ear-
phones (Model ER2, Etymotic Research, Elk Grove
Village, IL, USA).

2.6. Data analysis

The primary dependent variables for each trial were
derived from the eye movement data. The level of per-
formance on the specific tasks was recorded, but not
analyzed statistically. VOR gain and phase were com-
puted using standard techniques. EVAR cycles dur-
ing which no nystagmus was observed or during which
the cycle was predominated by nystagmus dysrhyth-
mia were excluded from further analysis [10]. Only



190 B.K. Ward et al. / The influence of cognitive tasks on vestibular-induced eye movements

Table 1
Phase lead, in degrees, by frequency, age group, and task during earth-vertical axis rotation

Frequency Group Auditory Lateralization Clinical Audible Silent Average
Frequency DRT DRT Standard Counting Counting

0.02 Hz Young 27.0 (4.6) 26.9 (7.2) 22.2 (4.8) 23.3 (5.9) 23.8 (7.5) 24.6± (6.0)
Young-old 27.5 (10.6) 32.5 (12.2) 24.2 (11.5) 27.3 (12.9) 26.3 (13.8) 27.4 (12.0)
Old-old 35.1 (6.5) 36.9 (7.5) 27.4 (8.1) 28.0 (9.6) 31.0 (7.7) 31.4± (8.5)
Average 29.5 (8.3)* 31.6 (9.9)* 24.5 (8.6) 26.2 (9.8) 27.0 (10.4) 27.6 (9.6)

0.05 Hz Young 9.0 (5.0) 9.4 (3.1) 10.0 (3.8) 8.6 (5.0) 9.5 (3.0) 9.3†(3.9)
Young-old 13.3 (6.9) 10.9 (8.4) 12.0 (5.6) 10.2 (6.8) 12.1 (6.9) 11.7† (6.8)
Old-old 16.1 (4.1) 17.1 (4.7) 15.7 (4.5) 16.1 (6.7) 16.9 (7.8) 16.4†(5.6)
Average 12.6 (6.2) 12.1 (6.6) 12.4 (5.1) 11.5 (6.9) 12.7 (7.0) 12.3 (6.3)

0.10 Hz Young 1.4 (4.6) 4.3 (4.4) 3.3 (2.8) 3.4 (3.5) 3.8 (2.6) 3.2‡(3.6)
Young-old 4.5 (6.5) 2.8 (5.9) 5.3 (5.3) 4.9 (7.9) 4.9 (6.9) 4.5‡(6.3)
Old-old 7.1 (2.1) 6.5 (3.1) 9.6 (4.9) 8.5 (10.3) 9.7 (8.5) 8.4‡(6.6)
Average 4.2 (5.3) 4.3 (4.9) 6.0 (5.0) 5.5 (7.7) 6.0 (6.8) 5.2 (6.1)

Values in parentheses are standard deviations. * indicates significant difference from the clinical standard task in post-hoc
tests.
±,‡ and † indicate significant difference at p < 0.05.

Table 2
Gain by frequency, age group, and task during earth-vertical axis rotation

Frequency Group Auditory Lateralization Clinical Audible Silent Average
Frequency DRT DRT Standard Counting Counting

0.02 Hz Young 0.43 (0.13) 0.39 (0.11) 0.54 (0.12) 0.54 (0.14) 0.47 (0.16) 0.47± (0.13)
Young-old 0.28 (0.13) 0.33 (0.13) 0.49 (0.20) 0.45 (0.17) 0.39 (0.13) 0.39 (0.16)
Old-old 0.28 (0.07) 0.24 (0.08) 0.43 (0.15) 0.38 (0.11) 0.33 (0.11) 0.34± (0.12)
Average 0.33 (0.13)* 0.33 (0.12)* 0.49 (0.16) 0.46 (0.15) 0.40 (0.14)* 0.40 (0.16)

0.05 Hz Young 0.54 (0.13) 0.53 (0.15) 0.72 (0.15) 0.62 (0.12) 0.57 (0.14) 0.59† (0.14)
Young-old 0.37 (0.09) 0.34 (0.10) 0.51 (0.19) 0.49 (0.16) 0.48 (0.16) 0.44 (0.16)
Old-old 0.30 (0.15) 0.34 (0.11) 0.52 (0.11) 0.51 (0.12) 0.41 (0.12) 0.43† (0.15)
Average 0.41 (0.16)* 0.41 (0.15)* 0.58 (0.17) 0.54 (0.14) 0.49 (0.15)* 0.49 (0.17)

0.10 Hz Young 0.47 (0.15) 0.47 (0.14) 0.70 (0.08) 0.64 (0.11) 0.62 (0.12) 0.58‡ (0.12)
Young-old 0.38 (0.16) 0.36 (0.11) 0.53 (0.19) 0.43 (0.13) 0.44 (0.21) 0.43 (0.17)
Old-old 0.37 (0.10) 0.30 (0.11) 0.58 (0.10) 0.51 (0.17) 0.46 (0.14) 0.45‡ (0.15)
Average 0.41 (0.15)* 0.38 (0.14)* 0.60 (0.15) 0.53 (0.16) 0.50 (0.18)* 0.49 (0.17)

Values in parentheses are standard deviations. * indicates significant difference from the clinical standard task in post-hoc tests.
±, †, ‡indicate significant difference at p < 0.05.

normal-appearing nystagmus was used for computing
VOR gain and phase. We did not attempt to com-
pute phase for trials with VOR gain of less than 0.2.
Means and SD were calculated for VOR phase and
gain for each frequency, age group, and cognitive task.
In addition, using the fminsearch function in Matlab
(The MathworksTM), gain and phase data were fit with
a simple first-order linear systems model of the form
kappa • tau•s

tau•s+1
where kappa is VOR sensitivity, tau

is the VOR time constant, and s is the Laplace oper-
ator. The rationale behind estimating sensitivity and
time constant is that the gain and phase data at all of
the frequencies tested can be collapsed into a single
measure of VOR magnitude and a single measure of
VOR dynamics.

Statistical analyses used two-way ANOVA with
repeated-measures using a significance level of 0.05.

Cognitive task was a within-subject factor and age
group was a between-subject factor. Eight separate
ANOVA were performed; one ANOVA was performed
for tau, one for kappa and one for each of phase and
gain at each of the three frequencies: 0.02 Hz, 0.05 Hz,
and 0.1 Hz.

3. Results

Tables 1 and 2 provide an overview of the results
for phase and gain for each of the five cognitive tasks
during EVAR at the three frequencies tested in each
of three age groups. Accuracy during reaction time
tasks was greater than 90% for all groups during all
conditions.
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Fig. 1. VOR time constant based on a first order model.

3.1. Phase

To assess the effect of task on phase lead, we used
age group as a between-subject variable and task as a
within-subject variable. This analysis showed an over-
all task effect at 0.02 Hz (p < 0.001), and an age group
effect at 0.02 Hz (p < 0.001), 0.05 Hz (p < 0.001)
and 0.1 Hz (p < 0.001). For the task effect on phase
at 0.02 Hz, post-hoc analysis was performed between
the DRT and counting tasks and the clinical standard
task and between the DRT tasks and the counting tasks.
This analysis indicated that both frequency and later-
alization auditory DRT tasks had a significantly pro-
longed phase as compared to the clinical standard and
counting tasks (p < 0.001). For the age group effect on
phase at 0.02 Hz, 0.05 Hz and 0.1 Hz, post-hoc analysis
indicated that phase was significantly increased for the
old-old group as compared to the young group (p <
0.01). At 0.05 Hz and 0.1 Hz phase was also signif-
icantly increased in the old-old group as compared to
the young-old group (p < 0.01). There were no inter-
action effects between age group and cognitive task for
any frequency, suggesting that the subject’s age did not
influence the interference between cognitive task and
VOR phase.

3.2. Gain

In order to assess the effect of task on gain, we simi-
larly used age group as a between-subject variable and

task as a within-subject variable. This analysis showed
an overall task effect and age group effect at all test-
ed frequencies (p < 0.001). Post-hoc analysis was
also performed between the DRT and counting tasks
and the clinical standard task and between the DRT
tasks and the counting tasks. This analysis indicated
that at all frequencies, gain was decreased significantly
for frequency and lateralization auditory DRT tasks as
compared to the other three tasks (p < 0.01). There
was no difference in gain between the frequency and
lateralization auditory DRT tasks at any rotational fre-
quency. The silent counting task had significantly de-
creased gain as compared to the clinical standard task
and increased gain as compared to the DRT tasks at all
frequencies (p < 0.01). VOR gain during the audible
counting task did not differ from the clinical standard
task at 0.02 Hz and 0.05 Hz, but was significantly de-
creased from the clinical standard task at 0.1 Hz (p <
0.01). For the age group effect on gain at 0.02 Hz,
0.05 Hz and 0.1 Hz, post-hoc analysis indicated that
gain was significantly decreased for the old-old group
as compared to the young group (p < 0.01). As for
phase, there were no significant interactions between
age group and cognitive task for VOR gain at any fre-
quency.

3.3. First-order VOR model analysis

To better characterize our results, we collapsed phase
lead and gain across frequency into an estimate of VOR
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Fig. 2. VOR sensitivity based on a first order model.

time constant and sensitivity. For time constant (Fig. 1),
ANOVA indicated an overall task effect (p = 0.001)
and age group effect (p < 0.001). Post-hoc analysis for
task effect revealed shorter time constant for both DRT
tasks as compared to the clinical standard task (p =
0.035) and the audible count task (p = 0.01). Time
constant was shorter for the old-old group as compared
to the young-old group and the young group (p < 0.01).
There was no difference in time constant between the
young and young-old group.

For sensitivity (Fig. 2), ANOVA also indicated an
overall task effect (p < 0.001) and age group effect (p <

0.001), with both DRT tasks having lower sensitivity
as compared to the clinical standard and counting tasks
(p < 0.001). Sensitivity was not significantly different
between the frequency and lateralization auditory DRT
tasks. The silent counting task had a lower sensitivity
as compared to the clinical standard task and a higher
sensitivity as compared to the DRT tasks (p < 0.01).
The audible counting task also had a lower sensitivity
as compared to the clinical standard task, but a higher
sensitivity as compared to the DRT and silent counting
tasks (p < 0.01). In addition, sensitivity was signif-
icantly decreased for both older groups as compared
to the young group (p < 0.01); however, there was no
significant difference in sensitivity between the older
groups. There were no interactions between age group
and cognitive task for either time constant or sensitivity.

4. Discussion

This study extends an observation by Furman et
al. [10] of increased phase lead at low frequency EVAR
during a concurrent auditory reaction time task. The
increased phase lead at low frequencies corresponds to
a shorter VOR time constant, which is generally con-
sidered a measure of the efficiency of the velocity stor-
age integrator [7,28,29]. Therefore, the interference
between cognitive tasks and the VOR, manifesting as
increased phase lead at low frequencies, may be at-
tributed to a less efficient velocity storage integrator
during task performance.

In addition to altered low frequency phase and time
constant, this study has shown that VOR gain during
EVAR is reduced during auditory DRT tasks as com-
pared to counting tasks and the current clinical stan-
dard. Previous research into the determinants of gain
has identified the importance of alertness [21] and men-
tal set [19] during rotation in darkness. Rotational
gain approaches 1.0 when subjects focus on an earth-
fixed point, whereas gain approaches 0.1 when subjects
imagine a stimulus that moves with the head [19]. Each
of the five different tasks used in this study are consid-
ered to be equally alerting. In fact, the clinical stan-
dard task was selected because of its known capabili-
ty for keeping patients alert during clinical vestibular
testing. Thus, our finding that different cognitive tasks
influence VOR gain differently is attributable to some
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inherent attributes of the tasks rather than simply their
ability to alert the subjects during rotational testing.

At low frequency rotation in this study, VOR gain
decreased and phase lead increased while performing
a concurrent auditory disjunctive reaction time task.
This pattern of increased phase lead, corresponding
to a decreased time constant, and decreased gain has
been documented previously in humans with peripheral
vestibular disease [3,15], during VOR adaptation [16–
18] and during aging [2]. Other studies have noted that
patients with migraine have altered VOR gain, but no
changes in time constant as compared to controls [11].
In patients with anxiety disorders, however, gain and
time constant both appear to increase [12,44]. Using a
short-term adaptation paradigm to adjust VOR gain and
phase, Kramer et al. [18] noted that when adjusting for
either VOR gain or phase, the other variable changed,
but the relationship was nonlinear. Mathematical mod-
els of the VOR, such as the one described by Kramer
et al., would predict that a decrease in time constant
and a decrease in gain could both be explained by im-
paired velocity storage. However, since gain and time
constant may be differentially affected, the relationship
between VOR phase and gain remains uncertain. Nev-
ertheless, the findings in this study that phase lead in-
creased, corresponding to a shorter time constant, and
gain decreased during the performance of an auditory
DRT task suggest that velocity storage may be impaired
during these concurrent cognitive tasks because of the
equally alerting nature of the tasks.

The intent of studying dual-task interactions in this
experiment was to determine the approximate location
of interference. Some theories of dual-task interac-
tions include capacity theories, in which a person is
suggested to have a limited total capacity to perform
tasks. If this capacity is exceeded, task performance in
one or both tasks is sacrificed [40,41]. Since there is
no standard to assess the difficulty of the various tasks
used in this study, it cannot be definitely stated that
these results support or refute the capacity hypothesis
of dual-task interference. However, the results indicate
greater interference for auditory DRT tasks than for a
task in which participants are asked to respond to ques-
tions (a potentially more difficult task). Moreover, in
this selective sample there were no effects of age on the
interference between cognitive task and the VOR. We
therefore suggest that the cognitive interference seen
in this study can be attributed to inherent aspects of
the task such as sensory stimulation or motor inhibition
rather than to task difficulty.

The tasks used in this study were chosen for their
sensory and motor components in order to approximate

anatomic locations of interference. Each task involved
a central processing component, but differed in its sen-
sory and motor components. In addition, the different
auditory DRT tasks were selected to determine if spa-
tial localization interfered with VOR dynamics. These
DRT tasks required the participant to sense an auditory
stimulus, process the stimulus centrally, and provide a
motor response. That there was consistently no differ-
ence between these tasks indicates that the effects seen
on gain and phase were not related to the frequency or
spatial localization of the auditory stimulus. Audible
backward counting is primarily a motor task and silent
backward counting includes neither a motor nor a sen-
sory component. Although phase or time constant was
not different from the clinical standard while perform-
ing counting tasks, gain while performing these tasks
was decreased at all frequencies, but not to the extent
of the DRT tasks.

Increasing evidence in recent decades has empha-
sized the behavioral state-dependent nature of the VOR
and has focused primarily on motor commands rather
than on sensory stimulation. Current studies of the
state-dependence of the VOR have examined the in-
fluence of gaze shifts indicating VOR suppression by
efference copy [8,33]. However, since VOR gain and
phase are both significantly altered toward decreased
gain and increased phase, it is more likely that the audi-
tory DRT tasks are causing VOR degradation than gain
suppression by efference copy. Alternatively, VOR
suppression has also been documented via sensory in-
put causing cerebellar inhibition of floccular target neu-
rons in the vestibular nuclear complex [5]. VOR sup-
pression seen in this study may similarly occur via
cerebellar inhibition due to sensory context.

Both auditory DRT tasks involved motor commands,
but were in part distinguished from the other tasks by
their auditory sensory component. Furman et al. [10]
suggested in a prior study that increased reaction time
to an auditory stimulus under vestibular conditions
and a corresponding prolonged phase could have been
due to interference between auditory sensory input and
vestibular stimulation. Redfern et al. [31] indicated in a
postural control study similar prolongation of reaction
time associated with auditory stimuli during balance
perturbations. In this study, both DRT tasks affected
VOR gain and phase similarly, indicating that spatial
location of the auditory stimulus was not influential.
The greater effect on VOR activation during auditory
DRT tasks could be attributed to central sensory in-
terference between auditory and vestibular processing,
though precise localization of the interference seen in
this study is unknown.
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Finally, an additional explanation for greater sup-
pression of the velocity storage mechanism of the VOR
seen in the DRT tasks involves inhibition. The mo-
tor component of the auditory DRT tasks is disjunctive
and therefore involves the participant inhibiting an in-
correct motor response. Recent work on motor inhi-
bition has indicated a relationship between inhibiting
voluntary hand and eye movements [24]. The influence
of an inhibitory task on other concurrent processes is
known as interference control [23]. In this study, the
cognitive requirements of inhibiting an incorrect mo-
tor response may be suppressing the velocity storage
component of the VOR. A purely sensory task such as
counting target tones may have distinguished between
auditory processing and inhibition as the origin of inter-
ference. Future studies will assess the role of cognitive
task inhibition in influencing the VOR.

An effect of aging was again seen in this study for
both gain and phase. Prolonged phase in the older
groups and decreased gain as compared to the younger
group was evident at all frequencies. This increase in
phase lead and decrease in gain may be due to age-
related deterioration of the velocity storage integra-
tor [25,26]. Despite this effect of age, however, there
was neither an effect of age on the amount of inter-
ference nor on the type of task that interfered with the
VOR. It therefore appears that the interference between
cognitive task and vestibular function seen in this study
is inherent to the task and independent of age. One
of the limitations of this study is the relatively high-
function of the elderly groups. Due to the requirements
of the study, exclusion criteria limited the elderly sam-
ple to those with minimal visual and auditory impair-
ments. Although there was no interaction seen with
age and task interference with the VOR in this study,
a similar study with a more representative sample of
older adults may reveal such an interaction.

In summary, this study indicates interference be-
tween central auditory processing and vestibular pro-
cessing that appears to be independent of age and pri-
marily sensory rather than motor, though the role of
motor inhibition should be considered in future studies.

Acknowledgments

This project was supported by NIH grants DC005205,
AG10009, AG021885, AG014116 and AG024827.
The authors would like to thank Robert Schor and Jim
Cook for assistance with VOR models, and Anita Lieb
and Susan Strelinski for technical assistance with this
project.

References

[1] G. Andersson, L. Yardley and L. Luxon, A dual-task study of
interference between mental activity and control of balance,
Am J Otol 19 (1998), 632–637.

[2] R.W. Baloh, J. Enrietto, K.M. Jacobson and A. Lin, Age-
related changes in vestibular function: a longitudinal study,
Ann N Y Acad Sci 942 (2001), 210–219.

[3] R.W. Baloh, V. Honrubia, R.D. Yee and K. Hess, Changes
in the human vestibulo-ocular reflex after loss of peripheral
sensitivity, Ann Neurol 16 (1984), 222–228.

[4] R.W. Baloh, S.H. Ying and K.M. Jacobson, A longitudinal
study of gait and balance dysfunction in normal older people,
Arch Neurol 60 (2003), 835–839.

[5] T. Belton and R.A. McCrea, Role of the cerebellar flocculus
region in cancellation of the VOR during passive whole body
rotation, J Neurophysiol 84 (2000), 1599–1613.

[6] L.A. Brown, A. Shumway-Cook and M.H. Woollacott, Atten-
tional demands and postural recovery: the effects of aging, J
Gerontol A Biol Sci Med Sci 54 (1999), M165–M171.

[7] B. Cohen, V. Matsuo and T. Raphan, Quantitative analysis
of the velocity characteristics of optokinetic nystagmus and
optokinetic after-nystagmus, J Physiol 270 (1977), 321–344.

[8] K.E. Cullen, J.E. Roy and P.A. Sylvestre, Signal processing
by vestibular nuclei neurons is dependent on the current be-
havioral goal, Ann N Y Acad Sci 942 (2001), 345–363.

[9] M.C. Dault, J.S. Frank and F. Allard, Influence of a visuo-
spatial, verbal and central executive working memory task on
postural control, Gait Posture 14 (2001), 110–116.

[10] J. Furman, M.L. Muller, M. Redfern and J.R. Jennings, Visual-
Vestibular Stimulation Interferes with Information Processing
in Young and Older Humans, Experimental Brain Research
152 (2003), 383–392.

[11] J.M. Furman, C.D. Balaban, R.G. Jacob and D.A. Marcus,
Migraine-anxiety related dizziness (MARD): A new disorder?
J Neurol Neurosurg Psychiatry 76 (2005), 1–8.

[12] J.M. Furman, M.S. Redfern and R.G. Jacob, Vestibulo-ocular
function in anxiety disorders, J Vestib Res 16 (2006), 209–215.

[13] D.A. Hanes and G. McCollum, Cognitive-vestibular interac-
tions: a review of patient difficulties and possible mechanisms,
J Vestib Res 16 (2006), 75–91.

[14] J. Janken, B. Reynolds and K. Swiech, Patient falls in the
acute care setting: Identifying risk facts, Nurse Res 35 (1986),
216–219.

[15] H.A. Jenkins, V. Honrubia and R.H. Baloh, Evaluation of
multiple-frequency rotatory testing in patients with peripheral
labyrinthine weakness, Am J Otolaryngol 3 (1982), 182–188.

[16] G.M. Jones and G. Mandl, Motion sickness due to vision
reversal: its absence in stroboscopic light, Ann N Y Acad Sci
374 (1981), 303–311.

[17] P.D. Kramer, M. Shelhamer, G.C. Peng and D.S. Zee, Context-
specific short-term adaptation of the phase of the vestibulo-
ocular reflex, Exp Brain Res 120 (1998), 184–192.

[18] P.D. Kramer, M. Shelhamer and D.S. Zee, Short-term adap-
tation of the phase of the vestibulo-ocular reflex (VOR) in
normal human subjects, Exp Brain Res 106 (1995), 318–326.

[19] R.J. Leigh and D.S. Zee, The Neurology of Eye Movements,
Oxford University Press, New York, 2006.

[20] U. Lindenberger, M. Marsiske and P.B. Baltes, Memorizing
while walking: increase in dual-task costs from young adult-
hood to old age, Psychol Aging 15 (2000), 417–436.

[21] F.V. Matta and J.C. Enticott, The effects of state of alertness
on the vestibulo-ocular reflex in normal subjects using the
vestibular rotational chair, J Vestib Res 14 (2004), 387–391.



B.K. Ward et al. / The influence of cognitive tasks on vestibular-induced eye movements 195

[22] E.A. Maylor and A.M. Wing, Age differences in postural sta-
bility are increased by additional cognitive demands, J Geron-
tol B Psychol Sci Soc Sci 51 (1996), P143–P154.

[23] J.T. Nigg, On inhibition/disinhibition in developmental psy-
chopathology: views from cognitive and personality psychol-
ogy and a working inhibition taxonomy, Psychol Bull 126
(2000), 220–246.

[24] J. Ozyurt, H. Colonius and P.A. Arndt, Countermanding sac-
cades: evidence against independent processing of go and stop
signals, Percept Psychophys 65 (2003), 420–428.

[25] G.D. Paige, Senescence of human visual-vestibular interac-
tions. 1. Vestibulo-ocular reflex and adaptive plasticity with
aging, J Vestib Res 2 (1992), 133–151.

[26] R.J. Peterka, F.O. Black and M.B. Schoenhoff, Age-related
changes in human vestibulo-ocular reflexes: sinusoidal rota-
tion and caloric tests, J Vestib Res 1 (1990), 49–59.

[27] J.K. Rankin, M.H. Woollacott, A. Shumway-Cook and L.A.
Brown, Cognitive influence on postural stability: a neuromus-
cular analysis in young and older adults, J Gerontol A Biol Sci
Med Sci 55 (2000), M112–M119.

[28] T. Raphan, B. Cohen and V. Matsuo, A velocity storage mech-
anism responsible for optokinetic nystagmus (OKN), optoki-
netic after-nystagmus (OKAN) and vestibular nystagmus, in:
Control of Gaze by Brain Stem Neurons, R.G. Baker and A.
Berthoz, eds, Elsevier/North-Holland Biomedical Press, Am-
sterdam; New York, 1977, pp. 37–47.

[29] T. Raphan, V. Matsuo and B. Cohen, Velocity storage in the
vestibulo-ocular reflex arc (VOR), Exp Brain Res 35 (1979),
229–248.

[30] M.S. Redfern, J.R. Jennings, C. Martin and J.M. Furman,
Attention influences sensory integration for postural control
in older adults, Gait Posture 14 (2001), 211–216.

[31] M.S. Redfern, M.L. Muller, J.R. Jennings and J.M. Furman,
Attentional dynamics in postural control during perturbations
in young and older adults, J Gerontol A Biol Sci Med Sci 57
(2002), B298–B303.

[32] D.A. Robinson, Linear addition of optokinetic and vestibular
signals in the vestibular nucleus, Exp Brain Res 30 (1977),
447–450.

[33] J.E. Roy and K.E. Cullen, A neural correlate for vestibulo-
ocular reflex suppression during voluntary eye-head gaze
shifts, Nat Neurosci 1 (1998), 404–410.

[34] N. Schmuziger, R. Probst and J. Smurzynski, Test-retest re-
liability of pure-tone thresholds from 0.5 to 16 kHz using
Sennheiser HDA 200 and Etymotic Research ER-2 earphones,
Ear Hear 25 (2004), 127–132.

[35] G.E. Stelmach, N. Teasdale, R.P. Di Fabio and J. Phillips, Age
related decline in postural control mechanisms, Int J Aging
Hum Dev 29 (1989), 205–223.

[36] G.E. Stelmach, H.N. Zelaznik and D. Lowe, The influence
of aging and attentional demands on recovery from postural
instability, Aging (Milano) 2 (1990), 155–161.

[37] M.E. Talkowski, M.S. Redfern, J.R. Jennings and J.M. Fur-
man, Cognitive requirements for vestibular and ocular mo-
tor processing in healthy adults and patients with unilateral
vestibular lesions, J Cogn Neurosci 17 (2005), 1432–1441.

[38] N. Teasdale, C. Bard, J. LaRue and M. Fleury, On the cognitive
penetrability of posture control, Exp Aging Res 19 (1993),
1–13.

[39] N. Teasdale, G.E. Stelmach and A. Breunig, Postural sway
characteristics of the elderly under normal and altered visual
and support surface conditions, J Gerontol 46 (1991), B238–
B244.

[40] A.T. Welford, The structure of attentional resources, in: Re-
action Times, A.T. Welford, ed., Academic Press, New York,
1980.

[41] C.D. Wickens, The structure of attentional resources, in: At-
tention and Performance, (Vol. 8), R. Nickerson, ed., Erlbaum,
Hillsdale, NJ, 1980, pp. 239–257.

[42] L. Yardley, M. Gardner, N. Lavie and M. Gresty, Attentional
demands of perception of passive self-motion in darkness,
Neuropsychologia 37 (1999), 1293–1301.

[43] L. Yardley, M. Gardner, A. Leadbetter and N. Lavie, Effect of
articulatory and mental tasks on postural control, Neuroreport
10 (1999), 215–219.

[44] L. Yardley, S. Watson, J. Britton, S. Lear and J. Bird, Effects
of anxiety arousal and mental stress on the vestibulo-ocular
reflex, Acta Otolaryngol 115 (1995), 597–602.


