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ABSTRACT

Falls are the leading causes of accidental injury in older adults and directly contribute to more than 600,000 deaths
each year worldwide. Although the issue of falls is complex, balance dysfunction is one the principal contributors to
the heightened incidence of falls in older adults. A nationally representative survey of older adults in the United
States showed that an inability to stand on a foam pad with the eyes closed was associated with more than a six-fold
increase in the odds of reporting “difficulty with falls.” As stability in the “eyes closed, on foam” condition is reliant
upon intact vestibular cues, these data implicate age-related vestibular loss as a potential contributor to falls, yet, the
specific causal mechanism explaining the link between age-related vestibular loss and imbalance/falls was not known.
Here we review recent data showing that, vestibular perceptual thresholds, an assay of vestibular sensory noise, were
found to, (1) account for nearly half of subclinical balance impairment in healthy older adults and (2) correlate with
postural sway in healthy young adults. Based upon the identified links between balance dysfunction and vestibular
noise in healthy adults, we posit the following causal chain: (a) increased “noise” in vestibular feedback - yielding a
reduced signal-to-noise ratio in vestibular feedback-increases sway, (b) excessive sway leads to imbalance, and (c)
imbalance contributes to falls. Identifying the “cause” of age-related balance dysfunction will inform the development
of interventions tailored to prevent falls, and fall-related injuries, in the growing population of older adults.
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Using a large nationally representative National Health and
Nutrition Examination Survey (NHANES) sampling of older adults

INTRODUCTION

A common consequence of aging is a progressive decline in
balance [1-3] leading to a heightened risk for falls and fall-
related injuries [4-6]. Imbalance can result from the decline
in a number of different sensorimotor factors (e.g., strength
[7], proprioception [8], vision [9]); however recent findings
suggest that agerelated vestibular loss may serve as one
preeminent factor contributing to, and potentially causing, the
observed incidence of age-related balance impairment and fall
risk [10,11]. Identifying an element hypothesized to cause age-
related imbalance poses a unique opportunity to intervene
prior to the onset of falls and fall-related injuries, preserving
the mobilityand independence of the aging population.

(N=5,086), Agrawal, et al. [12] found that the inability to stand
with the eyes closed on a foam pad was associated with more
than a six-fold increase in the odds of reporting a difficulty with
falls in the past year (Odds Ratio=6.3, 95% CI 2.9 to 13.8). This
test condition is often referred to as the “vestibular condition” of
the modified Romberg Test of Balance as it is thought to require
the subject to down weight the perturbed proprioceptive cues
and absent visual cues in favor of the unperturbed vestibular
cues [3]. As such, the finding by Agrawal was postulated to
provide a link between age-related vestibular loss and falls. The
strengthening of this correlation in the presence of concurrent
dizziness (Odds ratio of 12.3, 95% CI 7.9 to 16.7) further
bolstered this conclusion [12]. These results are robust because
of the large, representative sample and the consideration of
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several potential confounders in the statistical analysis; however,
the specific influence of vestibular loss on the human balance
system cannot be inferred from performance on a balance task
in isolation.

Balance represents one’s ability to maintain their center of mass
within their base of support [3,13], allowing us to remain
upright in the face of internal and external perturbations.

Balance results from the contribution of several sensory systems,
including but likely not limited to vision, proprioception, and

vestibular [14-16]. Thus, while the “eyes closed, on foam” task
likely prioritizes vestibular cues, it does so in concert with
alternative sensorimotor inputs (e.g., proprioceptive, tactile), and
thus cannot represent the specific effects of vestibular
impairment [3]. Furthermore, just as balance assessments in
isolation cannot allow us to fully account for the role that each
sensory system plays in balance, these assessments also are
unable to account for the multimodal nature of the human
vestibular system and which of its subcomponents may be most

important for balance [17].

The vestibular system senses both linear acceleration and gravity
using two otolith organs and rotations using three orthogonally
oriented semicircular canals. This complexity allows humans to
sense rotations and translations of the head in six degrees of
freedom and provides a suitable mechanism by which to sense,

and subsequently respond to, balance perturbations. To identify
the specific contributions of the vestibular system to age-related
imbalance, the integrity of each of the five vestibular sensor
pairs (i.e., vestibular organs are found in both inner ears) must
be determined. Thus, while the ability to stand on foam with
vision removed is suggestive of vestibular impairment, the
relative effects of the specific vestibular end organs (semicircular
canal or otolith) and associated sensory modalities (i.e., rotation,
tilt, or translation sensation) on balance performance cannot be
determined from balance testing in isolation. We posit that
comparing specific, sensitive, quantitative measures of vestibular
function to valid measures of balance performance can provide
unique insights into the role of vestibular cues in postural sway.

LITERATURE REVIEW

BermudezRey and colleagues measured a battery of vestibular
perceptual thresholds, alongside the “eyes closed, on foam”
balance task (identical to that used in the NHANES study) in a
sample of 99 adults aged 18 to 89 [18]. These data showed large
vestibular threshold increases above the age of 40. In a later
multivariable analysis of this dataset, roll tilt perceptual
thresholds were found to correlate with the likelihood of
completing the balance task (p=0.006) [19]. Roll tilt describes
the rotation of the head about a naso-occipital axis; as the
rotation occurs about an axis aligned perpendicular to gravity,
roll tilt activates the angular velocity sensing vertical semicircular
canals as well as the tilt sensitive otolith organs. In a reanalysis
of these data, Beylergil and colleagues showed that roll tilt
thresholds accounted for (i.e., mediated) 46% of the effect of
age on balance performance [20]. One possible explanation for
these large correlations is that roll tilt represents an ecologically
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valid stimulus for the control of upright posture since the head
is tilted away from gravitational vertical. However, given that
vestibular thresholds assay vestibular noise, consistent with that
explanation, we posit a more general supposition, that
subclinical balance impairment increases as vestibular tilt noise
increases [21]. While the categorical nature of the pass/fail, “eyes
closed, on foam” balance test precludes a more sensitive analysis
of the specific vestibular modalities (translation, rotation, tilt)
relevant for the control of balance, we specifically note that
increased roll tilt noise, consistent with increased roll tilt
thresholds, would be expected to yield increased mediolateral
sway.

The categorical test limitation was addressed in a recent
publication by Karmali et al. in the Journal of Neurophysiology
[22]. Karmali et al. compared a battery of thresholds, similar to
what was used by Bermudez-Rey, to postural sway quantified by
measuring displacement of the center of pressure under various
sensory conditions. They showed that in young to middle-aged
populations (range 21-61 years), postural sway was selectively
correlated with lateral translation thresholds and that the
correlation was strengthened in conditions where proprioceptive
cues were altered (eyes closed, on a sway referenced support).
This finding suggests that the processing of head lateral
translation cues may be a critical determinant for postural
control in conditions where proprioceptive and visual cues are
absent and/or degraded (e.g., walking across a plush carpet in
the dark). In contrast to the findings of Bermudez-Rey, roll tilt
thresholds were not shown to correlate with these quantitative
measures of postural sway. The age difference between the
populations in these two studies may implicate roll tilt vestibular
noise as having specific effects on age-related imbalance.

Here, we have described studies where vestibular thresholds have
been compared to postural sway measured only under quiet
stance conditions. Given the breadth of our definition of
balance-which additionally includes dynamic anticipatory, and
dynamic compensatory responses-quiet stance represents but
one of several sub functions that comprise the human balance
system. Nevertheless, we posit that the significant correlations
observed between quiet stance postural sway and falls support
the ability of quiet stance sway metrics to quantify the integrity
of the human balance system. Thus, quiet stance sway metrics
may provide a relatively simple screening test for fall risk.

Several investigators over the past 40 years have attempted to
relate static, anticipatory, and compensatory balance measures to
falls, with the static balance measures resulting in the most
accurate predictions of falls. In the early 1990’s, Maki, et al.
used quantitative measures of quiet stance postural sway to
prospectively predict the incidence of falls over a l-year follow-
up period in a sample of 100 healthy adults [1]. They showed
that falls, and in particular falls that occurred secondary to a
perturbation to the center of mass or base of support, were best
predicted (p=0.008) by mediolateral sway measured in an eyes
closed quiet stance condition [1]. These findings appear
consistent with the vestibular threshold findings reported above;
recall that increased roll tilt thresholds represent noisier roll tilt
sensation, and increased roll tilt noise should cause increased
mediolateral sway.
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In this study, Maki also tested dynamic compensatory and
anticipatory postural sway as well as clinical measures; a stepwise
analysis selected mediolateral sway during eyes closed quiet
stance “as the single measure that best differentiated between
fallers and nonfallers” [1]. Subsequent studies of larger
populations by Thapa et al. (n=303) [23] and Stel et al. (n=439)
confirmed the value of eyes closed quiet stance as a measure
predictive of falls [24]. As previously mentioned, Agrawal
reported a similar result even when quiet stance balance
performance was quantified only as a categorical “pass/fail”
metric [12]. In their sample of more than five-thousand older
adults, passing or failing a quiet stance balance task was
independently associated with fall risk even after controlling for
age, sex, ethnicity, and cardiovascular risk factors [12]. These
four independent sets of data clearly oppose the “common
sense” supposition that balance tasks that reflect “real-world”
challenges that typically yield falls (e.g., slips, trips, and other
perturbations) must be more relevant to fall risk assessment than
quiet stance.

Furthermore, Maki included both quiet stance and dynamic
measures and  described  potential
methodological problems with dynamic tasks that yielded wide
inter-participant variability in the performance of anticipatory
tasks and a lack of realworld transient responses [1]. These
limitations provide potential explanations for why quiet stance
metrics were found to be the best predictors. Another advantage
of using quiet stance sway metrics, as opposed to dynamic ones,
is the suitability for use in nearly all clinical settings given the
minimal equipment, and expertise
requirements. To replicate the categorical test of Agrawal one
requires only a foam pad and a wristwatch. Quantifying sway,
which we recommend because it is objective and also likely to

postural  control

space, specialized

yield higher sensitivity than a categorical assay, requires only the
addition of either a force plate or Inertial Measurement Units
(IMUs), without needing any additional specialized skills to
score the test reliably. Nonetheless, while data clearly show that
sway during quiet stance can be used to quantify fall risk, we
also suggest that additional studies should be conducted to
determine the relationship between vestibular thresholds and
alternative, dynamic postural control measures in side-by-side
comparisons with quiet stance metrics.

DISCUSSION

The identified link between vestibular noise, assayed using
vestibular thresholds, and quiet stance balance performance
provides insight into one potential factor contributing to fall
risk among otherwise healthy older adults. While correlation
alone cannot prove causation, the identified robust correlation
between roll tilt thresholds [25] and balance findings [22]
alongside a robust correlation between the exact same balance
findings and falls [12] suggest a causative chain. Specifically, we
posit the following causal chain: (a) increased “noise” in
vestibular feedback increases sway, (b) excessive sway leads to
imbalance, and (c) imbalance contributes to falls. Furthermore,
since the correlations shown both by Karmali, et al. [21], as
well as Karmali, et al. [19] were made in healthy,asymptomatic
populations, these results implicate vestibular noise as a
potential cause of subclinical balance declines. As such, these
data suggest that quiet stance balance screening could be used
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early to identify individuals with subclinical balance declines
and/or to quantify fall risk. We suggest thatwhen such a balance
screening indicates increased fall risk, a follow-up test of
vestibular thresholds could then identify (1) whether the
subclinical balance impairment was due to vestibular noise and
(2) which vestibular modality (e.g., roll tilt, lateral translation) is
responsible for the observed balance impairment.

CONCLUSIONS

We emphasize three additional points for consideration:

* Once balance screening has identified those at risk of falling,
effective fall prevention will likely benefit from the inclusion
of a detailed and biofidelic set of tests that quantify the
integrity of multiple elements relevant to balance control
(vestibular, vision, proprioception, strength, cognition, etc.).

* As additional data accumulate, dynamic balance tests that
overcome previous methodological limitations may eventually
replace the quiet stance balance screening if substantially
stronger links to falls are measured in side-byside

comparisons.

Use of such balance and vestibular screening tests could
provide data to guide the use of therapeutic interventions
designed specifically to prevent the onset of falls by improving
the use of vestibular cues for postural control. Such methods
may include rehabilitation focused on improving tilt and/or
lateral translation sensation or the use of prosthetic devices to
restore the perception of tilt and/or lateral translation cues.
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