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Abstract

Objective—Recent studies suggest an association between vestibular and cognitive function. The
goal of the study was to investigate whether vestibular function was impaired in individuals with
mild cognitive impairment (MCI) and Alzheimer’s disease (AD) compared to cognitively normal
individuals.

Study Design—Cross-sectional study.
Setting—Outpatient memory clinic and longitudinal observational study unit.

Patients—Older individuals = 55 years with MCI or AD. Age, gender and education-matched
normal controls were drawn from the Baltimore Longitudinal Study of Aging (BLSA).

Intervention—Saccular and utricular function was assessed with cervical and ocular vestibular-
evoked myogenic potentials (c- and 0VEMPS) respectively, and horizontal semicircular canal
function was assessed with video head impulse testing.

Main Outcome Measures—Presence or absence of VEMP responses, VEMP amplitude and
vestibular ocular reflex (VOR) gain were measured.

Results—Forty-seven individuals with cognitive impairment (MCI N=15 and AD N=32)
underwent testing and were matched with 94 controls. In adjusted analyses, bilaterally absent
cVEMPs were associated with an over three-fold odds of AD (OR 3.42, 95% CI 1.33-8.91,
p=0.011). One microvolt increases in both cVEMP and 0VEMP amplitudes were associated with
decreased odds of AD (OR 0.28, 95% CI 0.09-0.93, p=0.038 and OR 0.92, 95% CI 0.85-0.99,
p=0.036, respectively). There was no significant difference in VOR gain between the groups.
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Conclusions—These findings confirm and extend emerging evidence of an association between
vestibular dysfunction and cognitive impairment. Further investigation is needed to determine the
causal direction for the link between peripheral vestibular loss and cognitive impairment.

The burden of Alzheimer’s disease (AD) and other dementias continues to grow, with an
estimated 5.1 million cases in the U.S. in 2015.1 A growing body of literature suggests that
vestibular loss is associated with cognitive impairment in both human and animal
studies.2=20 Individuals with vestibular loss were found to have reduced visuospatial skills
such as spatial memory and spatial navigation,® 17-19 and were also observed to have
volume loss in regions of the brain associated with these skills, specifically the
hippocampus.® Interestingly, visuospatial impairments are among the most frequent
cognitive deficits in individuals with dementia.21: 22 Wandering, for instance, is a frequent
symptom of patients with AD.23

Cogpnitive impairment is a highly morbid condition whose prevalence increases significantly
with age.! Individuals with mild cognitive impairment (MCI) have difficulties with objective
cognitive tasks, but their day-to-day functioning is preserved.24 Some individuals with MCI
may progress clinically to dementia, which is characterized by a decline in their daily
functioning not explained by other illnesses.?! Dementia may have several underlying
etiologies, including vascular disease and Alzheimer’s disease, which is defined as a
progressive cognitive decline due to cerebral degeneration.2! Vestibular dysfunction in the
dementia population, therefore, may compound the difficulties in caring for these
individuals. For instance, vestibular impairment is known to lead to dizziness and imbalance
owing to gaze and postural instability,2> and has been associated with an increased risk of
falls.26-28 Individuals with vestibular dysfunction have also been found to have difficulty in
carrying out Activities of Daily Living.2

There are few studies, however, that have examined the prevalence of vestibular dysfunction
in cognitively impaired individuals.® 7 One study found that individuals with AD had
impaired caloric responses relative to younger, but not age-matched controls.” Patients with
AD were also observed to have poorer postural control — a proxy measure of vestibular
function and other sensory and motor inputs— compared to normal older individuals.3°
Another study found that individuals with different degrees of cognitive impairment had
abnormal sacculocollic reflexes.® These studies suggest an association between vestibular
loss and cognitive decline in human subjects. However, the extent to which vestibular
dysfunction varies among specific cognitive impairment subgroups (e.g. AD and MCI) and
with age-matched controls is unknown.

The goal of this study, therefore, was to comprehensively assess vestibular physiologic
function in a well-characterized cohort of patients with MCI and AD. We hypothesized that
patients with cognitive impairment will have poorer vestibular function relative to age-
matched controls and that individuals with more advanced cognitive impairment (i.e. AD)
will have a greater degree of vestibular impairment. Further evidence of vestibular loss
among patients with dementia would support the growing evidence of a link between
peripheral vestibular loss and cognitive decline.
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METHODS
Study Participants

Participants were recruited from the Johns Hopkins Memory and Alzheimer’s Treatment
Center JHMATC), an interdisciplinary memory disorder clinic, and the Johns Hopkins
Alzheimer’s Disease Research Center (JHADRC). The study was comprised of 47 subjects
who participated in the study from December 2014 until February 2016: 15 with MCI and
32 with AD (Table 1).

The inclusion criteria for the cases were as follows: 1) Age = 55 years; 2) Diagnosis of MCI
or AD; 3) Mini-Mental State Exam (MMSE) score >11; 4) Fluency in English; and 5)
Ability to obtain informed consent from the participant or legally authorized representative.
The National Institute on Aging/Alzheimer’s Association (NIA/AA) diagnostic criteria were
used for the diagnosis of MCI and AD.21: 31 The MMSE cutoff was chosen as it has been
shown to correspond to the cutoff for moderate-to-severe cognitive impairment.32 Patients
with a Mini-Mental State Exam (MMSE) score =11 were screened by a Memory Center
Physician who determined that the patient was able to follow exam procedures. Individuals
were excluded if they had a previous history of vestibular disease, were unable to understand
exam procedures, or were unable to participate in study procedures because of physical
conditions, such as blindness, poor neck range of motion, or cervical spine instability.
Demographic information (age, gender, and education) was extracted from the patients’
chart. Gender was classified as male or female. Education was classified as less than college,
college, or greater than college. The study was approved by the Johns Hopkins Institutional
Review Board, and all participants gave informed consent.

Age, gender, and education-matched control data came from the Baltimore Longitudinal
Study of Aging (BLSA). The BLSA is a prospective cohort study of participant volunteers
aged 21 to 103 in the National Institute on Aging Clinical Research Unit at Harbor Hospital
in Baltimore, Maryland. This study evaluated a cross-sectional sample of BLSA participants
who underwent vestibular testing. All participants provided written informed consent, and
the hospital institutional review board approved the BLSA study protocol. BLSA
participants with vestibular testing data were matched two-to-one by age (within 5 years),
gender, and education with participants from the cognitive impairment study group.

Vestibular Function Tests

Vestibular-evoked myogenic potentials—For vestibular-evoked myogenic potential
recording, a commercial electromyographic system (software version 14.1; Carefusion
Synergy, Dublin, OH, USA) was used. Electromyogram signals were recorded with
disposable, self-adhesive, pre-gelled Ag/AgCl electrodes with 40-inch safety lead wires
from GN Otometrics (Schaumburg, IL, USA). Electromyogram signals were amplified and
band-pass filtered, 20-2000 Hz for the cervical vestibular-evoked myogenic potentials
(cVEMPs) and 3-500 Hz for the ocular vestibular-evoked myogenic potentials (0VEMPS).

Sound-evoked cVEMP testing methods of measuring saccular function have been published
in detail previously and are discussed briefly here.33: 34 Participants sat on a chair inclined at
30 degrees from the horizontal. Trained examiners placed recording electromyographic
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(EMG) electrodes on the sternocleidomastoid (SCM) muscles and at the sternoclavicular
junction bilaterally, and a ground electrode was placed on the manubrium sterni. Sound
stimuli consisted of 500 Hz, 125 dB sound pressure level tone bursts delivered monaurally
through headphones (VIASYS Healthcare, Madison, WI, USA). Amplitudes of cVEMP
response were recorded and normalized for the background EMG activity recorded in the 10
milliseconds before the stimulus onset. An absent response was determined if the
characteristic waveform did not occur per published guidelines.3® For those who had a
response, the cVEMP amplitude of the better ear was used for the analysis. One individual
from the dementia case group (MMSE of 12) had missing cVEMP data because he was
unable to follow testing procedures after several attempts were made.

Vibration-evoked oVEMPs assess utricular function and testing methods have also been
published previously and are discussed briefly here.33: 34 Participants sat on a chair inclined
at 30 degrees from the horizontal. A non-inverting electrode was placed on the cheek
directly beneath the pupil approximately 3 mm below the eye. A second inverting electrode
was placed 2 cm below the non-inverting electrode, and a ground electrode was placed on
the manubrium sterni. Before stimulation, participants were instructed to perform 20-degree
vertical saccades to ensure that symmetrical signals were recorded from both eyes. If signals
showed >25% asymmetry, the electrodes were removed and new ones applied. Participants
were instructed to maintain a 20-degree upgaze during oVEMP stimulation and recording.
Head taps were delivered using a reflex hammer (Aesculap model ACO12C) in the mid-line
at the hairline, 30% of the distance between the inion and nasion. An absent response was
determined if the characteristic waveform did not occur per published guidelines.3® In these
cases, the assessment was repeated to confirm an absent response. For those who had a
response, the oVEMP amplitude of the better ear was used for the analysis. Two individuals
from the AD case group (MMSE of 12 and 12) had missing oVEMP data because they were
unable to follow the testing instructions after several trials were attempted.

Video Head Impulse Testing (VHIT)—The horizontal vestibular ocular reflex (VOR)
was assessed using the video head impulse test (vHIT).36: 37 The vHIT was performed in the
plane of the right and left horizontal semicircular canals using the EyeSeeCam system
(Interacoustics, Eden Prairie, MN, USA), which has been shown to accurately assess the
VOR.37: 38 The EyeSeeCam consists of a high-speed digital camera that tracks the pupil and
an inertial measurement device that quantifies head movements, both of which are mounted
on a lightweight glasses frame. The patient’s head was pitched down 30 degrees to place the
horizontal canals in the plane of stimulation, and subjects were asked to fix their gaze on a
wall target about 1.5 meters away. The head was moved a small amplitude (approximately
5-15 degrees) with high velocity (typically 150-250 degrees per second) horizontally
toward the right and left side at least 10 times in both directions. The direction of the head
movement was randomized to be unpredictable. The EyeSeeCam system measured eye
velocity and head velocity, and a corresponding VOR gain was calculated by dividing the
eye velocity by the head velocity. A normal, compensatory VOR gain should equal 1.0. VOR
gains less than 0.8,3% along with compensatory refixation saccades, suggested a loss of
peripheral vestibular function.49 Six individuals from the dementia case group had missing
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VOR data (two individuals were unable to follow testing instructions, MMSE of 12 and 12,
and the equipment was unavailable for testing for the remaining four individuals).

Statistical Analysis

RESULTS

Our objective was to obtain a sample size that would give us adequate power to detect a
clinically significant difference between cases and age-matched control values with respect
to cervical and ocular VEMP testing and VOR gain scores. For each of these three tests, a
separate sample size calculation was performed assuming an alpha level of 0.05, a power of
0.8, and a control to case ratio of two-to-one. For cVEMP testing, a 0.5 pV change in
response amplitude was chosen as a clinically significant difference, and the standard
deviation of cVEMP amplitudes was also around 0.5 uV.4! For oVEMP testing, a 3uV
change in amplitude was selected as a clinically significant difference, and the standard
deviation of the oVEMP amplitude was around 3 pV.42 The calculated minimal sample size
of the cases for the cVEMP and oVEMP analyses was 12 individuals. For vHIT testing, a
0.05 difference in VOR gain (standard deviation around 0.1) was chosen as clinically
significant.3% The calculated sample size for the VOR gain analyses was 48 individuals.

The main outcome of interest was diagnosis (cases versus controls). The cases were
subdivided into mild cognitive impairment (MCI) and Alzheimer’s disease (AD). The main
variables of interest were VEMP amplitude, bilaterally absent VEMPs, and VOR gain. Data
were initially analyzed using bivariate analyses to compare the variables of interest between
each group (MCI and AD) and their matched controls; t-tests were used for continuous data
and XZ tests for categorical variables. Logistic regression analyses adjusted for age, gender,
and education were used to analyze the association between vestibular function (bilateral
absent cVEMPs, bilateral absent oVEMPs, best cVEMP amplitude, best oVEMP amplitude,
or VOR gain) and each of the control and cognitive impairment groups (MCI and AD). All
statistical analyses were conducted with Stata version 13 (College Station, TX).

The study population included a total of 47 cases and 94 controls (Table 1). Of the 47 cases,
15 (31.9%) were diagnosed with MCI and 32 (68.1%) with AD. The mean age of the study
population was 75.1 years (SD 7.7, range 60-98 years). Seventy percent of the population
was female and 47.5% was college educated. The controls had a higher mean MMSE
compared to the cases (28.6 versus 25.7 in the MCI group and 19.7 in the AD group). There
was no significant difference between the cases and controls in terms of age, gender, or
education.

Prevalence of vestibular dysfunction across cognitive impairment categories

In bivariate analyses, individuals with AD had a greater prevalence of bilateral absent
cVEMPs compared to their age, gender, and education-matched controls (50.0% versus
25.0%, p=0.010, Table 2). The AD group had a lower mean cVEMP amplitude compared
with their matched controls (0.8 pV versus 1.3 pV, p=0.039). Similarly, the AD group had a
lower mean oVEMP amplitude (9.4 pV versus 13.7 puV, p=0.036). There was no significant
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difference between the MCI group and their matched controls in the prevalence of vestibular
dysfunction.

Multivariate associations between cognitive impairment and vestibular loss

We evaluated the association between vestibular loss and cognitive impairment category

using logistic regression models adjusted for age, gender and educational level (Table 3).
Individuals with bilaterally absent cVEMPs had an over three-fold increased odds of AD
(OR 3.42, 95% CI 1.32-8.91, p=0.011). In addition, one-microvolt increases in cVEMP
amplitude were associated with decreased odds of AD (OR 0.28, 95% CI 0.09-0.93,
p=0.038). Similarly, higher oVEMP amplitude was also significantly associated with
decreased odds of AD (OR 0.92, 95% CI 0.85-0.99, p=0.036). Vestibular loss was not
associated with an increased odds of mild cognitive impairment. Additionally, VOR gain did
not significantly differ by cognitive impairment category, including AD.

DISCUSSION

We hypothesized that patients with cognitive impairment will have poorer vestibular
function relative to age-matched controls. We observed in this study a significantly higher
prevalence of vestibular loss among individuals with dementia relative to age-matched
controls. Specifically, we found that patients with dementia had greater impairments of
saccular and utricular function but not of semicircular canal function relative to controls.
Moreover, we observed that individuals with Alzheimer’s disease, but not mild cognitive
impairment, were more likely to have vestibular loss relative to age-matched controls.

These data corroborate an emerging literature establishing a link between vestibular and
cognitive function. The peripheral vestibular system makes widespread projections to
cortical centers involved in memory and spatial orientation, notably the

hippocampus.2: 3 6. 10, 12-15, 19, 43-46 Thege projections may represent the neural basis for
the association between vestibular and cognitive function. Stimulation of the vestibular
system in animal models has been shown to produce increased firing of hippocampal
neurons.*3: 44 Furthermore, vestibular-lesioned animals have been found to have disruption
of their hippocampal theta rhythm (which is thought to encode spatial information)
compared to controls,10 as well as behavioral deficits when performing spatial navigation
tasks.2 12 These deficits have also been observed in humans. For instance, one landmark
study observed that individuals with bilateral vestibular loss had deficits in spatial memory
and navigation, and had concomitant selective hippocampal atrophy on neuro-imaging.6
Hippocampal atrophy is a pathologic hallmark of Alzheimer’s disease,*’ and the well-
established vestibular-hippocampal connections may underlie the association between
vestibular loss and dementia.

Our study builds on several prior studies that also noted vestibular impairment among
individuals with dementia.> 7 Nakamagoe et al.” previously reported impaired caloric
responses in 12 AD patients compared with younger controls, although there was no
difference relative to age-matched controls. Further, in a study of postural sway among
individuals with cognitive impairment, Leandri et al.3 observed progressively increased
anterior-posterior sway in control, MCI and AD patients. Birdane et al.> observed that
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individuals with any cognitive impairment (both AD and MCI) had lower mean cVEMP
amplitudes compared to age-matched controls. We evaluated the function of both otolith and
semicircular canal end-organs. We found that individuals with dementia had poorer function
of both the saccular and utricular otolith organs relative to controls, with relative
preservation of horizontal canal function. Moreover, we stratified patients by MCI versus
AD compared to age-matched controls, and we observed significantly poorer vestibular
function among AD patients specifically. We did not observe significant vestibular
impairment among individuals with MCI. Our study extends prior work by showing that loss
of function of both otolith organs was more prevalent in individuals with AD relative to age-
matched controls.

In the current study, there was no association between VOR and cognitive function.
Vestibular nucleus neurons involved in the VOR have been postulated to be distinct from
other vestibular neurons as they do not ascend to the thalamus and project cortically.48
Conversely, saccular stimulation leads to widespread cortical activation, including the
posterior insular cortex, the inferior parietal cortex, the intraparietal sulcus, and temporo-
parietal junction,*?: %0 all of which are involved in cognitive processing. We hypothesize that
disruption in the peripheral vestibular projections to the cortex, therefore, may underlie the
association between cognition and otolith function (but not semicircular canal function as
measured by the VOR) that was observed in the current study. It should be noted that the
otolith-cervical and otolith-ocular projections that underlie the VEMP responses are distinct
from the otolith-cortical projections that may account for the association between otolith and
cognitive function.

We note several limitations of the current study. First, this is a cross-sectional study of
patients and healthy controls seen at a tertiary care referral clinic and longitudinal
observation study respectively, and therefore the findings may not be representative of the
broader population of individuals with cognitive impairment and dementia. Additionally,
based on our sample size calculations, additional patients may have been needed to detect a
clinically significant difference in VOR gain between the controls and cases for both the AD
and MCI subgroups. We did not group the AD and MCI individuals together, which would
have limited the interpretability of our results. A larger sample size may be needed to
adequately determine any differences in VOR gain in the future. In addition, given that we
excluded patients with severe dementia who may have been unable to complete the
vestibular testing procedures, our findings may only be applicable to patients with mild-to-
moderate cognitive impairment. It is also possible that the results of poor vestibular testing
among individuals with dementia were due to their inability to perform the test procedures.
However, all individuals who were tested were able to successfully follow the instructions to
calibrate each individual test (i.e. follow the calibration laser point for vHIT, generate
sufficient background neck contraction for cVEMP testing, and generate vertical saccades
for oVEMP testing). Further, these findings cannot support causal inferences about whether
vestibular loss causes cognitive impairment or the reverse. Prior studies in animals and in
small clinical populations suggest that peripheral vestibular loss results in cognitive deficits
(particularly with respect to spatial cognition), and we hypothesize that vestibular loss may
contribute to cognitive decline in individuals with dementia. However, it is possible that
dementia-related neurodegeneration may lead to vestibular dysfunction through impaired
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afferent signaling and processing. Indeed, in this study we did not observe consistent dose-
response relationships whereby the degree of vestibular impairment increased with
worsening cognitive status (MCI versus AD), which would support that vestibular loss
causes cognitive decline. Further longitudinal studies will be needed to further evaluate this
question of causal direction.

In summary, our work confirms and extends emerging evidence of an association between
vestibular loss and cognitive decline. Further investigation is needed to determine the causal
direction for the link between peripheral vestibular loss and cognitive impairment.
Identification of a possible modifiable risk factor such as vestibular loss for cognitive
impairment could lead to interventions to help slow the progression of dementia and reduce
the risks of postural instability and falls in this already vulnerable population.
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