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Abstract

Objective—To investigate the association between otolith function and age-related gait 

impairment.

Study design—Cross-sectional analysis within the Baltimore Longitudinal Study of Aging 

(BLSA), a longitudinal prospective cohort study.

Setting—Vestibular testing and gait laboratory within an acute care teaching hospital.

Patients—Community-dwelling participants, who did not use assistive devices.

Intervention(s)—Cervical and ocular vestibular-evoked myogenic potentials (VEMPs) as 

measures of saccular and utricular function respectively, and gait speed as a measure of age-

related gait impairment.

Main outcome measure(s)—Cervical and ocular VEMP latency and amplitude responses, and 

usual, rapid, and narrow walk gait speed assessment over a 6 meter course.

Results—We analyzed 246 subjects (mean age 73.2, range 26–98). Significant decreases in gait 

speed with age were observed for all three gait types (p=0.000). Age-related vestibular losses were 

noted for both men and women. After age adjustment, cervical VEMP latencies were associated 

with lower usual (p=0.029), rapid (p=0.005), and narrow (p=0.012) gait speeds in women. In men, 

increases in cVEMP latency were associated with increased rapid gait speed (p=0.009). Ocular 

VEMPs were not associated with gait speed in men or women.

Conclusions—These findings suggest that age-related declines in saccular function are 

associated with changes in gait in a cohort of community-dwelling individuals. Additionally, these 

data suggest that males and females with age-related saccular loss make opposite adjustments to 

their gait: males increase gait speed while women decrease gait speed.

Introduction

The vestibular system is responsible for maintaining the sense of head orientation and 

acceleration, both at rest and in motion(1,2). Vestibular inputs are thought to play a greater 

role during locomotion by controlling gaze(3) and head(4,5) stabilization through vestibulo-
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ocular connections and trunk stabilization through vestibulo-spinal connections. As gait 

speed increases, vertical displacement of both the body center of mass(6) and the head(7) 

increase. This leads to an increased role for vestibular information, and particularly the 

otolith organs (the saccule and the utricle), in the coordination of balance and body 

movements. As expected, disorders of the vestibular system have been associated with gait 

abnormalities including decreased stride length(8), decreased gait speeds(9), and increased 

variation of stance, swing, and double support duration(10). Reduced gait speed and 

increased gait variability have been associated with increased fall risk and survival, 

particularly in aging populations(11,12).

While several cross-sectional(13–22) and longitudinal(23) studies have reported age-related 

declines in vestibular function, the impact of vestibular loss due to age on gait outcomes has 

not been fully addressed. Previous studies have shown that head impulse testing, when used 

to screen for semi-circular canal function in older individuals, predicted slower gait speeds 

and increased fall risk(24). Yet the impact of the otolith organs in age-related vestibular loss 

and functional gait parameters has not been fully investigated.

The identification of vestibular evoked myogenic potentials (VEMP) and the 

characterization of different stimulus and response parameters have made possible the 

independent assessment of saccular versus utricular function. Air-conducted cervical 

VEMPs (cVEMP) and bone vibration conducted ocular VEMPs (oVEMP) have been 

described as measures of saccular and utricular function respectively(25). In this study, we 

investigated the association between age-related changes in saccular and utricular function 

and gait in a cohort of community-dwelling individuals across the age range. We considered 

three different types of gait: usual, rapid, and narrow gait. This allowed us to assess whether 

age-related vestibular loss had a greater impact during gait with increased head displacement 

(rapid gait) or decreased base of support (narrow gait). Thus, the aim of this study was to 

measure VEMPs and gait characteristics in an older population in order to determine the 

impact of age-related otolithic vestibular loss on gait.

Materials and Methods

This study was conducted as part of the Baltimore Longitudinal Study of Aging (BLSA), a 

longitudinal observational study initiated in 1958. All testing was conducted at an inpatient 

facility with onsite gait and vestibular laboratories.

Participants

From February of 2013 to September of 2013, community-dwelling participants underwent 

both cVEMP and oVEMP testing in conjunction with gait measurements as part of a three-

day inpatient stay at the BLSA facility. Participants were excluded from oVEMP testing if 

they could not participate in the calibration procedures due to blindness. Exclusion criteria 

for cVEMP testing included conductive hearing loss or the inability to maintain a flexed 

sternocleidomastoid (SCM) muscle during the testing interval. Gait measures were recorded 

only for participants able to ambulate without the use of an assistive device. Information on 

participant age and gender were also collected.
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VEMP Testing

VEMP testing was conducted using a commercial electromyographic (EMG) system 

(Medelec Synergy, software version 14.1, Care Fusion, Dublin, Ohio). Cervical VEMPs 

were elicited using monoaural air-conducted 500 Hz (125 dB SPL) tone bursts at a rate of 5 

pulses per second delivered for 20 seconds through over-the-ear headphones (Viasys 

Healthcare, Madison, Wisconsin). Recording electrodes were placed along the ipsilateral 

SCM belly and the sternoclavicular junction as well a ground electrode on the sternum. 

Participants were placed in the supine position with their upper bodies elevated 30 degrees 

above the horizontal and were asked to actively flex their neck by raising their heads just 

prior to testing. The beginning of the cVEMP response was identified as the maximal 

positive deflection between 11 and 15 ms after the onset of the stimulus, with the subsequent 

maximal negative deflection indicating the end of the response. Peak-to-peak amplitudes 

were corrected for the background EMG activity (greater than 40 microvolts) recorded just 

prior to stimulus onset.

Ocular VEMPS were elicited using manual taps delivered to the hairline in the midline using 

a reflex hammer with an inertial trigger (VIASYS Healthcare). The first recording electrode 

was centered 2 cm below the pupil with the second located 0.5 cm below the edge of the 

first. Electrode placement and symmetry was checked with 20-degree vertical saccades 

(<25% asymmetry) prior to testing. During administration of the stimulus the participant 

was instruction to fix their gaze at a target 30 degrees above their normal gaze position. The 

beginning of the oVEMP response was identified as the maximal negative peak occurring 5–

10 ms after the onset of the stimulus, with the subsequent maximal positive deflection 

indicating the end of the response.

Gait Testing

Gait data was collected as part of the extended Short Physical Performance Battery(26). All 

gait speeds were hand-timed over a 6-meter course. Participants were asked to complete the 

course at their usual walking speed before being asked to attempt the course at their fastest 

possible speed. Narrow walk pace was also measured over a 6-meter course, with 

participants instructed to walk only within a marked 20 cm wide path. Touching or crossing 

the marked boundaries two or more times resulted in a failed attempt. Participants unable to 

complete the gait courses without assistance were not considered for analysis.

Statistical Analysis

Multiple regression was used to compare gait and vestibular parameters. Left and right-sided 

responses were correlated within each patient, with correlation coefficients as follows: 

oVEMP latency (r=0.666, p=0.000); oVEMP amplitude (r=0.986, p=0.000); cVEMP latency 

(r=0.432, p=0.000); and cVEMP amplitude (r=0.665, p=0.000). Thus bilateral responses 

were averaged for analysis. In the absence of a VEMP response the amplitude was assigned 

a value of zero, whereas for latency analysis it was treated as missing data. Patients with 

unilateral VEMP losses were excluded from analysis. All results were considered significant 

at the level of p<0.05. Stata/SE version 12.0 (StataCorp, College Station, Texas) was used 

for statistical analysis.
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Results

Demographics

A sample of 314 participants from the BLSA underwent VEMP testing and was available 

for analysis. Of the 314 participants 246 also had gait data. The mean age of this subset was 

73.2 (sd 11.6, range 26–98). Men comprised 43.5% of the sample. Participants with gait data 

were not significantly different from participants without gait data with respect to mean age 

and gender distribution.

Vestibular Parameters and Aging

Consistent with prior studies, we observed significant trends in VEMP amplitude and 

latency associated with increasing age. Trends varied between men and women, therefore 

analyses are presented separately by gender. Ocular VEMP latency increased with age only 

in men (p=0.000), while oVEMP peak-to-peak amplitude decreased for both men and 

women with age. (Figure 1) Cervical VEMP latency failed to show any change with age for 

either men (p=0.322) or women (p=0.180), while cVEMP peak-to-peak amplitude showed 

significant decreases with age for both men (p=0.000) and women (p=0.001). (Figure 2)

Gait Parameters and Aging

As expected, significant declines in gait speed with age were observed for all three gait 

types (p=0.000). No significant differences in rate of decline were observed between men 

and women for usual gait speed (p=0.247), rapid gait speed (p=0.153), or narrow walk gait 

speed (p=0.838), therefore aggregate data across gender are depicted. (Figure 3)

Associations between Vestibular Function and Gait Speed

We next evaluated associations between VEMP and gait speed in age-adjusted analyses. 

(Table 1) We observed that increased cVEMP latencies in women were associated with 

lower usual (p=0.029), rapid (p=0.005), and narrow walk (p=0.012) gait speeds. In men, 

increasing cVEMP latency predicted increasing rapid gait speed (p=0.009). Increasing 

cVEMP latency was also associated with faster usual gait speed and faster narrow walk gait 

speed in men, but these associations were not statistically significant. Cervical VEMP peak-

to-peak amplitudes were not significantly associated with gait speeds for either men or 

women. However, in men, positive trends between cVEMP amplitudes and usual (p=0.141), 

rapid (p=0.062), and narrow walk (p=0.090) support the association of saccular function 

with gait speed. (Figure 4)

After adjusting for age, neither oVEMP amplitudes nor latencies had significant 

relationships with gait function for men or women, suggesting a lesser role for utricular 

inputs during locomotion. (Figure 5)

Discussion

This study is among the first to evaluate the association between age-related otolith 

vestibular loss and gait speed. While previous studies have collected VEMP data in aging 

populations(22), these data have not been linked to gait function. Studies that have evaluated 
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the influence of vestibular function on gait have largely focused on tests of semicircular 

function such as head-impulse testing(24) or head-shake tests(8). Our analysis suggests that 

age-related changes in otolith function influence gait speed, and that these associations differ 

between men and women.

The finding of significant associations between cVEMPs and gait speed is consistent with 

prior studies demonstrating a greater role for the saccule during locomotion(4,5). Vertical 

linear accelerations in the sagittal plane during locomotion generate shearing forces within 

the vertically oriented saccular macula, resulting in increased saccular signaling. Thus, 

dysfunction of the saccule in the form of longer saccular latencies, could delay information 

needed for multisensory integration and coordinated gait. The lack of utricular influence, as 

evidenced by non-significant oVEMP correlations with gait speed in these data, may also 

reflect the anatomy and physiology of the utricle. The utricular maculi are horizontally 

oriented, and are most responsive to head tilt and horizontal translation. Thus utricular 

dysfunction would not be likely to affect gait as markedly as a dysfunction of the saccule.

Interestingly, the changes in gait speed associated with saccular dysfunction appear to differ 

between men and women. In the presence of increased saccular latencies, men have higher 

gait speeds, whereas women have lower gait speeds. Studies suggest that the adoption of a 

rapid gait confers greater stability in patients with a vestibulopathy, as automated spinal 

locomotion overrides the vestibular inputs(27,28). However, the advantages associated with 

a more rapid gait may not be the same for both men and women due to differences in hip 

geometry, body composition (e.g. muscle mass), or center of mass. The different strategies 

in men and women may alternatively be attributable to a difference in the sensitivity of the 

saccule to vertical linear displacement between men and women. While absolute vertical 

head displacement is larger in men, when corrected for leg length, men and women 

experience the same relative head bob during gait(29). If the size of the saccule is conserved 

between men and women, the smaller absolute displacement experienced by women may 

lead to decreased saccular signaling compared to men. The adoption of gender-specific gait 

strategies in response to a physiologic impairment has been observed previously. For 

example, studies have shown that men and women adopt different gait strategies in response 

to osteoarthritis, with faster and longer leg swings and decreased single support time being 

observed in men(30).

Several limitations of this study should be noted. The participants of this study represent a 

generally healthy population, who are available to travel and are committed to recurrent 

visits over several decades. Thus, our findings may not be fully generalizable to the 

population at large. Moreover, we only considered gait speed in this study. Ongoing 

analyses are currently examining kinematic data from a 3D motion capture system to more 

fully characterize the walking characteristics (e.g. joint movements, center of mass sway) of 

individuals with decreased otolith and semicircular canal function. However, such 

measurements may not be readily available to the clinician, making them less practicable as 

a diagnostic or evaluative measure. Finally our analyses adjusted for age, as a surrogate for 

age-related losses of other sensory and motor functions that influence gait function. There is 

a possibility of residual confounding by sensory or motor impairment not captured by the 

age variable alone.
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This study confirms both age-related declines in gait speed and age-related loss of otolith 

function. These findings further suggest that age-related declines in saccular function are 

associated with changes in gait in a cohort of community-dwelling individuals. Additionally, 

these data suggest that males and females with age-related saccular loss make opposite 

adjustments to their gait: males increase gait speed while women decrease gait speed.
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Figure 1. 
Effect of aging on oVEMP latency and amplitude. oVEMP latencies significantly increased 

only in men (p < 0.05). cVEMP amplitudes decreased significantly for both men and women 

with age (p < 0.05)
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Figure 2. 
Effect of aging on cVEMP amplitude and latency. cVEMP latency was not significant for 

either men or women. CVEMP amplitude significantly decreased with age for both men and 

women (p < 0.05).
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Figure 3. 
Effect of aging on gait speed for three different gait types. Significant associations between 

age and gait speed were observed for all three gait types (p<0.05).
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Figure 4. 
Effect of cVEMP amplitude and latency on gait speed. cVEMP latency was significant for 

women across all three gait functions after age-adjustment. In men, only rapid gate was 

significant. No significant relationships existed for cVEMP amplitude (α = 0.05). 

Regression lines were fitted over the amplitude and latency ranges measured for each 

gender.
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Figure 5. 
Effect of oVEMP amplitude and latency on gait speed. No significant relationships existed 

after adjusting for age (α = 0.05). Regression lines were fitted over the amplitude and 

latency ranges measured for each gender.
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