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Abstract

Objective—This study evaluated whether reduced vestibular function in aging adults is 

associated with lower hippocampal volume.

Study Design—Cross-sectional study.

Setting—Baltimore Longitudinal Study of Aging (BLSA), a long-running longitudinal cohort 

study of healthy aging.

Patients—Eligible participants were age ≥ 60 years and had both vestibular physiological testing 

and brain MRI at the same visit.

Intervention—Vestibular function testing consisted of the cervical vestibular-evoked myogenic 

potential (cVEMP) to assess saccular function, ocular VEMP (oVEMP) to assess utricular 

function, and video head-impulse testing (VHIT) to assess the horizontal semicircular canal 

vestibulo-ocular reflex (VOR).

Main Outcome Measure—Hippocampal volume calculated using diffeomorphometry.

Results—The study sample included 103 participants (range of 35–90 participants in sub-

analyses) with mean (±SD) age 77.2 years (±8.71). Multivariate linear models including age, 

intracranial volume, sex, and race showed that 1μV amplitude increase of cVEMP was associated 

with an increase of 319.1 mm3 (p=0.003) in mean hippocampal volume. We did not observe a 

significant relationship between oVEMP amplitude or VOR gain and mean hippocampal volume.

Conclusions—Lower cVEMP amplitude (i.e. reduced saccular function) was significantly 

associated with lower mean hippocampal volume. This is in line with prior work demonstrating a 

link between saccular function and spatial cognition. Hippocampal atrophy may be a mechanism 
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by which vestibular loss contributes to impaired spatial cognition in older adults. Future work 

using longitudinal data will be needed to evaluate the causal nature of the association between 

vestibular loss and hippocampal atrophy.
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INTRODUCTION

Loss of peripheral vestibular sensitivity is common with advanced age, with nearly 85% of 

older adults over age 80 having measurable vestibular hypofunction. 1–9 Age-related 

vestibular loss contributes to the elevated balance impairment and falls risk observed in older 

adults. 2,10–13 Additionally, recent evidence suggests that age-related vestibular loss is also 

associated with impaired cognition. 13,14 Spatial cognition, which encompasses skills such 

as spatial memory and navigation, appears to be specifically affected by reduced vestibular 

function. 15–20

The hippocampus is critical for spatial memory and navigation, 21 and the peripheral 

vestibular system is known to provide critical inputs to hippocampal neurons. 22–28 Animal 

studies have shown that bilateral vestibular ablation results in spatial disorientation and 

hippocampal dysfunction. 19,22,23,28,29 Several studies in humans have shown that patients 

with bilateral vestibulopathy (e.g. due to Neurofibromatosis 2) have impaired spatial 

navigation and memory, 15,18 as well as hippocampal atrophy relative to age-matched 

controls. 25,30 However, it is unknown whether the more common vestibular losses that 

occur with aging impact hippocampal volume.

In this study, we investigated the relationship between vestibular function and hippocampal 

volume in a cohort of healthy older adults from the Baltimore Longitudinal Study of Aging 

(BLSA). In this cross-sectional analysis, we hypothesized that reduced vestibular function 

would be independently associated with lower hippocampal volume.

MATERIALS AND METHODS

Participants

Participants were selected from the Baltimore Longitudinal Study of Aging (BLSA), a 

longitudinal study of the aging process in community-dwelling adults that was initiated in 

1958. 31 There are currently over 1100 participants enrolled aged 20 to over 100. Eligible 

participants were ≥60 years old and underwent both vestibular physiologic testing and Brain 

MRI scans during the same study visit between 2013 (when vestibular testing was started in 

the BLSA) and 2015. Brain MRI scans were conducted as part of a neuroimaging sub-study 

of the BLSA. All participants provided written informed consent, and the BLSA study 

protocol was approved by the National Institute of Environmental Health Sciences 

Institutional Review Board.

Kamil et al. Page 2

Otol Neurotol. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Vestibular Function Testing

Vestibular physiologic testing included assessment of saccular function using the cervical 

vestibular-evoked myogenic potential (cVEMP) test and utricular function using the ocular 

vestibular-evoked myogenic potential (oVEMP) test. Video head-impulse testing (VHIT) 

was used to assess semicircular canal function and determine a vestibular-ocular reflex 

(VOR) gain. Each vestibular test is briefly described below.

Vestibular-Evoked Myogenic Potentials (VEMP)—A commercial electromyographic 

system (software version 14.1, Carefusion Synergy, Dublin, OH) was used to record cVEMP 

and oVEMP. 3,32 Electromyogram signals were recorded with disposable, pre-gelled Ag/

AgCl electrodes with 40-inch safety lead wires from GN Otometrics (Schaumburg, IL). 

Signals were amplified and band-pass filtered using 20–2000 Hz for cVEMP and 3–500 Hz 

for oVEMP.

Cervical Vestibular-Evoked Myogenic Potentials (cVEMP): cVEMP uses sound to evoke 

cervical myogenic potentials and measures saccular function. Following an established 

protocol, participants sat on a chair inclined to 30 degrees and qualified examiners placed 

electromyographic (EMG) electrodes on the sternocleidomastoid (SCM) muscle and 

sternoclavicular junction bilaterally. 1,3,14,32 A ground electrode was placed on the 

manubrium. Sound stimuli involved 500 Hz and 125 dB tone bursts delivered monaurally 

through headphones (VIASYS Healthcare, Madison, WI). Amplitudes of myogenic potential 

response were recorded. These amplitudes were normalized for background EMG activity 

collected 10 ms before the onset of sound stimulus. An absent response was defined by a 

response below a threshold level per published guidelines. 1,3 If this occurred, the 

assessment was repeated to confirm an absent response. For participants with a present 

response, the cVEMP amplitude of the better ear was used in the analysis. 80 participants 

(78% of the cohort) had cVEMPs measured during the study period.

Ocular Vestibular-Evoked Myogenic Potentials (oVEMP): oVEMP testing uses vibration 

to evoke ocular myogenic potentials and measure utricular function. Following an 

established protocol, participants sat on a chair inclined to 30 degrees and qualified 

examiners placed a non-inverting electrode on the cheek inferior to the pupil approximately 

3mm below the orbit. 3,14,32 Another inverting electrode was placed 2cm below the non-

inverting electrode and lastly, a grounding electrode was placed on the manubrium. Before 

testing, participants were asked to perform several 20-degree vertical saccades to confirm 

bilateral signals were symmetric. New electrodes were applied if signals revealed more than 

25% asymmetry. During oVEMP testing, participants were asked to continue a 20-degree 

upgaze. Head taps were performed using a reflex hammer (Aesculap model ACO12C, 

Center Valley, PA) in the midline of the face at the hairline and approximately one third of 

the space between the inion and nasion. If the response was below threshold levels, an 

absent response was recorded. 1,3 If this occurred, the assessment was repeated to confirm an 

absent response. For participants with a present response, the oVEMP amplitude of the 

better ear was used for analysis. 76 participants (74% of the cohort) had oVEMPs measured 

during the study period.
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Video Head Impulse Testing (VHIT)—Video head impulse testing (VHIT) was used to 

measure the horizontal vestibular-ocular reflex (VOR). 14 The EyeSeeCam system 

(Interacoustics, Eden Prarie, MN) was used in the same plane as the right and left horizontal 

semicircular canals to determine VOR gain. 33 The participant’s head was slanted down 30 

degrees from the horizontal axis to place the horizontal canals in the correct plane of 

stimulation. Participants were directed to fix their gaze on a wall target 1.5 meters away. The 

participant’s head was moved 5–15 degrees with high speed (approximately 150–250 

degrees per second) in the horizontal plane at least 10 times toward the right side and at least 

10 times toward left side. The direction of head movement was randomized so would be 

unpredictable. The EyeSeeCam system measured eye and head velocity, and the resultant 

VOR gain was calculated by dividing the eye velocity by the head velocity. A normal eye 

and head velocity should be equal therefore a normal VOR gain should equal 1.0. A VOR 

gain less than 0.8 with clear refixation saccades suggests peripheral vestibular hypofunction. 
34,35 90 participants (87% of the cohort) had VOR gain measured during the study period.

MRI Brain Acquisition and Processing

In the BLSA, MRI scans were performed using a 3T Philips Achieva scanner at the National 

Institute on Aging (NIA) Clinical Research Unit. Sequences included a T-1 volumetric scan 

magnetization prepared rapid acquisition with gradient echo (MPRAGE; TR=6.5ms, TE 

3.1ms, flip angle = 8 degrees, 256×256 image matrix, 170 slices, voxel size = 1.0×1.0mm, 

slice thickness=1.2mm, FOV=256×240mm).

The images were parcellated by MRICloud which is an automated pipeline (https://

www.mricloud.org/) that uses large diffeomorphic deformation metric mapping (LDDMM) 

and multi-atlas likelihood fusion (MALF) algorithms. 36–38 Ten atlases 

(BIOCARD3T_297labels_10atlases_am_hi_erc_M2_252_V1) were used, in which 297 

brain structures were defined with a multi-level hierarchical ontology. 39 In the pipeline, the 

raw images were pre-processed (skull-stripped, and where necessary orientation adjusted, 

intensity matched, and inhomogeneity corrected). From the parcellation, the left and right 

hippocampi were obtained. Following anatomical definitions (http://caportal.cis.jhu/

protocols/), the segmented hippocampi were inspected and corrected via Seg3D (http://

www.sci.utah.edu/software/seg3D.html). The reliability of hippocampal segmentation has 

been established for similar scans. 40

MRI Brain Volume—The mean of the right and left hippocampal volume was used in 

analyses. Intracranial volume (ICV) was defined by the volume within the skull and 

included the left and right cerebral hemispheres, brainstem, cerebellum, and cerebrospinal 

fluid (CSF).

Statistical Analysis

Multivariate linear regression adjusted for participant age, intracranial volume, sex, and race 

was used to investigate the relationship between mean hippocampal volume and vestibular 

function. All statistical analyses were performed using Stata 12.1 (College Station, TX).
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RESULTS

There were 103 participants who had at least one vestibular physiologic test and MRI brain 

scan completed on the same visit. Among the entire cohort, the mean (±SD) age was 77.2 

years (±8.71). Participant demographic characteristics are provided in Table 1. Among 

participants with a present cVEMP response in either ear (44.3% of participants with 

cVEMP testing completed), the mean cVEMP amplitude was 1.75 μV (±0.54) (Table 2). 

Among participants with a present oVEMP response in either ear (52.6% of participants 

with oVEMP testing completed), the mean oVEMP amplitude was 19.3 μV (±9.50). For the 

participants with measured VOR gain (n=90), the mean VOR gain was 0.98 (±0.15). Among 

all participants, the mean intracranial volume was 1,235,318 mm3 (±118,375) and the mean 

hippocampal volume (i.e. overall mean of each participant’s mean of right and left 

hippocampal volume) was 3178.9 mm3 (±411.6).

The raw data and linear trend of the relationships between vestibular physiologic function 

and mean (i.e. mean of right and left) hippocampal volume across all participants are 

provided in Figure 2. Univariate linear regression showed that with each increase in year of 

age, there was a decrease of 19.8 mm3 mean hippocampal volume (p<0.001) among all 

participants.

In a multivariate linear model adjusted for age, intracranial volume, sex, and race, each 1 μV 

increase of cVEMP amplitude was associated with 319.1 mm3 (p=0.003) increase in mean 

(i.e. mean of right and left) hippocampal volume (Table 3). Neither oVEMP nor VOR gain 

were significantly associated with mean hippocampal volume. We further evaluated the 

significant relationship between cVEMP and hippocampal volume by considering right and 

left cVEMP stimuli and also right and left hippocampal volumes to assess for laterality of 

associations (Table 4). We found that relationships between cVEMP amplitude and 

hippocampal volume were significant for left-sided cVEMPs but not right-sided cVEMPs, 

although the right vs. left cVEMP coefficients were not statistically significantly different 

(Table 4). We also did not find any significant differences in the coefficients comparing the 

associations between cVEMP and right vs. left hippocampal volume (Table 4).

DISCUSSION

In this cross-sectional study of healthy older adults, we observed a significant association 

between higher cVEMP amplitude and greater mean hippocampal volume. The cVEMP 

measures the function of the saccule, which is the vestibular end-organ that detects linear 

accelerations and head tilts in the vertical axis and is thought to be critical to maintaining 

spatial orientation. 3,32 In prior work also in healthy older adults, we observed that higher 

cVEMP amplitudes were associated with better performance on measures of spatial 

cognitive function. 18 The current study provides a potential neuroanatomic mechanism by 

which reduced vestibular function may influence spatial cognition – via hippocampal 

atrophy.

Our study builds on an emerging body of evidence that the vestibular system is critical to 

spatial cognitive function. 24,30,41 The hippocampus is thought to play a critical role in 
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spatial memory and navigation via transmission through hippocampal place cells that encode 

a cognitive map. 42,43 The peripheral vestibular organs make substantial projections to the 

hippocampus. 44–48 Moreover, a study in rats demonstrated that vestibular signaling is 

critical for the normal functioning of hippocampal place cells. 49 These studies offer 

compelling evidence for an association between vestibular loss and spatial cognitive decline. 

Indeed, some have hypothesized that vestibular loss contributes to the onset of AD more 

broadly, 50 given the large population of cholinergic fibers that project from the vestibular 

system to the hippocampus.

In our study, we specifically found an association between saccular function and 

hippocampal volume. The saccule is the vestibular end-organ involved in detecting the 

orientation of the head with respect to gravity, and is thought to play a pre-eminent role in 

the orientation and encoding of space. 3,32 Mice with congenitally absent saccular function 

showed poorer ability to navigate their environment and poorer homing skills than normal 

controls. 51,52 The saccule detects gravitational forces which are directed along the vertical 

axis, and one study observed that rats placed in hypergravity had subsequent impaired 

spatial memory and up-regulation of a growth factor gene in the hippocampus, consistent 

with a saccular influence on hippocampal physiology. 53 Additionally, a recent study using 

functional MRI (fMRI) found that the hippocampus (specifically the posterior hippocampus) 

was sensitive only to movements in the vertical axis, which are encoded by the saccule. 54 In 

prior work, we observed associations between saccular function and spatial cognitive skills 

in healthy older adults. 13,18,55 Additionally, we found that patients with AD specifically had 

poorer saccular and utricular function relative to age-matched controls. 14 The saccule 

appears to have particular relevance for spatial cognitive function, and may make specific 

connections to regions of the hippocampus that are involved in spatial cognition. Moreover, 

we observed that left saccular function had a greater association with both right and left 

hippocampal volumes relative to right saccular function, although the difference between left 

and right saccular function was not statistically significant. Lateralization of vestibular 

processing has been described at the cortical level. 56 Whether lateralization also exists of 

peripheral vestibular inputs which function in a push-pull manner remains to be established.

In this study, we only considered total hippocampal volume rather than the volume of 

functionally-specific hippocampal subfields. Numerous studies have considered which sub-

regions of the hippocampus are involved in spatial cognition. A study comparing taxi drivers 

to normal controls showed taxi drivers with navigational experience had significantly larger 

posterior hippocampi and smaller anterior hippocampi relative to controls. 57 This pattern of 

increased posterior hippocampal volume and decreased anterior hippocampal volume was 

also seen in professional dancers and slackliners, who are presumed to have high levels of 

spatial cognitive ability. 58 With respect to vestibular loss and hippocampal structure, 

patients with vestibular neuritis were observed in one study to have relative atrophy of the 

left posterior hippocampus, regardless of laterality of disease. 59 Additionally, a study 

comparing patients with bilateral vestibular failure to normal controls showed no overall 

difference in gray matter hippocampal volume, but saw a significant relationship between 

decreased CA3 region volume and vestibular symptom severity. 44 Evaluating which specific 

regions of the hippocampus are atrophic in the setting of vestibular loss could provide 

further mechanistic insight into how vestibular loss might impact hippocampal structure.
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Limitations of this study include the cross-sectional design, such that causal inferences about 

the influence of vestibular loss on hippocampal volume cannot be made. Future longitudinal 

studies will be needed to determine the causal nature of this association. Nevertheless, these 

findings provide preliminary evidence that the common phenomenon of age-related 

vestibular loss is associated with CNS structural change (specifically of the hippocampus), 

which may manifest phenotypically as reduced spatial cognitive ability and consequently 

spatial disorientation, gait abnormality, and falls.
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Figure 1. Volume Analysis Using MRI Cloud
Images are processed via automated parcellation through MRI Cloud and volumes are 

determined by binary segmentation.
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Figure 2. Scatterplots of Vestibular Test Results and Mean Hippocampal Volume
The mean of the right and left hippocampal volume (mm3) was used for analyses. The data 

presented in the following plots are unadjusted.
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Table 1
Demographic Characteristics of Cohort

Baltimore Longitudinal Study of Aging (BLSA), 2013–2015.

Demographic Characteristics Total Cohort (n=103)

Age, n (%)

 60–69 25 (24.3)

 70–79 28 (27.2)

 80–89 44 (42.7)

 ≥90 6 (5.83)

Sex, n (%)

 Female 29 (28.2)

 Male 74 (71.8)

Race, n (%)

 White 74 (71.8)

 Black 23 (22.3)

 Other 6 (5.83)
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Table 2
Vestibular Testing and Brain Volume

Baltimore Longitudinal Study of Aging (BLSA), 2013–2015.

Vestibular Testing and Brain Volume n Mean (±SD)

cVEMP amplitude1 in μV 35 1.75 (±0.54)

oVEMP amplitude2 in μV 40 19.3 (±9.50)

VOR gain 90 0.98 (±0.15)

Intracranial volume in mm3 103 1,235,318 (±118,375)

Mean3 hippocampal volume in mm3 103 3178.9 (±411.6)

1
For those who had a response, the cVEMP amplitude of the better ear was used for the analysis.

2
For those who had a response, the oVEMP amplitude of the better ear was used for the analysis.

3
The mean of the right and left hippocampal volume for each participant was calculated. The mean of this value for the entire cohort is displayed in 

the table.
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Table 3
Linear Models of Mean Hippocampal Volume and Vestibular Tests

Baltimore Longitudinal Study of Aging (BLSA), 2013–2015. The dependent variable was the mean of right 

and left hippocampal volume (mm3). Models were adjusted for age, intracranial volume, sex, and race.

Vestibular Variable β (95% CI) Standard Error p-value

cVEMP1 319.1 (110.6, 527.7) 106.4 0.003*

oVEMP2 −10.9 (−23.6, 1.77) 6.48 0.09

VOR Gain −257.1 (−749.5, 235.3) 251.2 0.31

1
For those who had a response, the cVEMP amplitude of the better ear was used for the analysis.

2
For those who had a response, the oVEMP amplitude of the better ear was used for the analysis.

*
p-value <0.05 and statistically significant.
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Table 4
Mean Hippocampal Volume and cVEMP by Laterality

Baltimore Longitudinal Study of Aging (BLSA), 2013–2015. The dependent variables include the mean of 

right and left hippocampal volume, the right hippocampal volume, and the left hippocampal volume (mm3). 

All models were adjusted for age, intracranial volume, sex, and race.

cVEMP Amplitude Mean Hippocampal Volume Right Hippocampal Volume Left Hippocampal Volume p-value1

β (95% CI) β (95% CI) β (95% CI)

Best cVEMP Amplitude 319.1 (110.6, 527.7) 342.3 (128.9, 555.6) 296.0 (78.0, 514.0) 0.31

n=35 (p=0.003) (p=0.002) (p=0.008)

Right cVEMP Amplitude 230.4 (−53.4, 514.2) 249.5 (−31.4, 530.4) 211.2 (−104.8, 527.2) 0.58

n=19 (p=0.11) (p=0.08) (p=0.19)

Left cVEMP Amplitude 516.9 (227.6, 806.2) 541.8 (233.1, 850.6) 492.0 (210.2, 773.7) 0.46

n=25 (p<0.001) (p=0.001) (p=0.001)

p-value2 0.06 0.06 0.08

1
Comparing regression coefficients for right hippocampal volume to left hippocampal volume.

2
Comparing regression coefficients for right cVEMP to left cVEMP.
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