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Abstract

Balance impairment and falls are among the most prevalent and morbid conditions affecting older adults. A critical contributor to balance
and gait function is the vestibular system; however, there remain substantial knowledge gaps regarding age-related vestibular loss and its
contribution to balance impairment and falls in older adults. Given these knowledge gaps, the National Institute on Aging and the National
Institute on Deafness and Other Communication Disorders convened a multidisciplinary workshop in April 2019 that brought together
experts from a wide array of disciplines, such as vestibular physiology, neuroscience, movement science, rehabilitation, and geriatrics. The goal
of the workshop was to identify key knowledge gaps on vestibular function and balance control in older adults and develop a research agenda
to make substantial advancements in the field. This article provides a report of the proceedings of this workshop. Three key questions emerged
from the workshop, specifically: (i) How does aging impact vestibular function?; (ii) How do we know what is the contribution of age-related
vestibular impairment to an older adult’s balance problem?; and more broadly, (iii) Can we develop a nosology of balance impairments in
older adults that can guide clinical practice? For each of these key questions, the current knowledge is reviewed, and the critical knowledge
gaps and research strategies to address them are discussed. This document outlines an ambitious 5- to 10-year research agenda for increasing
knowledge related to vestibular impairment and balance control in older adults, with the ultimate goal of linking this knowledge to more
effective treatment.
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Balance impairment and falls are among the most prevalent and
morbid conditions affecting older adults. Nearly 30% of older adults
aged 65 and older fall each year, and recent data report that the mor-
tality rate associated with falls has more than doubled from 51.6 per
100,000 persons in 2000 to 122.2 per 100,000 persons in 2016 (1).
In 2008, Americans reportedly experienced 80 million falls, resulting
in 10 million fall-related injuries (2). Balance and gait impairments
are considered the most important causes of falls in older adults (3).
However, a clear understanding of the multiple interacting physio-
logic and pathophysiologic mechanisms that underlie balance im-
pairments in older adults and that can inform clinical practice is
lacking. Notably, a critical contributor to balance and gait function
is the vestibular system, and compelling epidemiologic evidence sug-
gests that vestibular impairment is a significant contributor to im-
balance and falls in older U.S. adults (4,5). Symptomatic vestibular
impairment has been estimated to increase the odds of falling over
12-fold (4). However, these studies have yet to be widely replicated
and recognized, and as such in the clinical setting, vestibular impair-
ment is rarely screened for or treated in older adults with balance
impairment and falls.

Given these substantial knowledge gaps, the National Institute
on Aging and the National Institute on Deafness and Other
Communication Disorders recently convened a workshop to
evaluate current knowledge and establish research priorities about
changes in balance control with aging, with a special emphasis on
age-related vestibular impairment. Representatives with expertise
in basic, clinical, epidemiologic, and population health research in
the fields of gerontology, geriatrics, vestibular physiology, neurology,
neuroscience, movement science, movement disorders, and rehabili-
tation came together for a 2-day workshop in April 2019. This art-
icle provides a report of the proceedings of this workshop. We will
start with a brief overview of balance control and the anatomy and
physiology of the vestibular system. We will then outline the three
key questions that emerged from the workshop, specifically: (i) How
does aging impact vestibular function?; (ii) How do we know what
is the contribution of age-related vestibular impairment to an older
adult’s balance problem?; and more broadly, (iii) Can we develop
a nosology of balance impairments in older adults that can guide
clinical practice? For each of these key questions, we will summarize
the current knowledge, then discuss critical knowledge gaps and re-
search strategies to address them over the next 5-10 years.

Overview of Balance Control

Balance or postural control is a complex process that results from a
dynamic interplay between the specific postural tasks to be accom-
plished, the functional level of an individual’s physiological systems,
and the given environment (Figure 1) (6). Different postural tasks are
controlled by different central and peripheral nervous system net-
works and can be categorized into three types: (i) steady state pos-
ture (eg, sitting, standing, and walking) (7,8); (ii) reactive postural
responses to unanticipated, external postural perturbations (eg, fixed
support using ankle, hip, and shoulder torques, or change in support
using stepping or reaching strategies) (9-11); and (iii) proactive pos-
tural control (ie, anticipatory postural adjustments preceding most
voluntary activity, such as postural transitions and navigation) (12).
An aging individual’s sensory, motor, cognitive, psychological, and
cardiovascular health form the basis for how an individual performs
the postural tasks in a particular environment. Moreover, the brain’s
integration of various sensorimotor cues is critical for balance con-
trol; indeed, several studies have noted that multisensory integration
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Figure 1. Model of balance as a dynamic process that is a function of
individual characteristics (impairments), the type of balance task, and
the environmental conditions. Source: adapted from Shumway Cook and
Woollacott (6).

(eg, of visual and somatosensory inputs) are predictive of balance
function and falls (13,14). In addition, the cognitive load, environ-
mental, and emotional conditions will affect an individual’s balance
control (15-17).

Overview of the Vestibular System

The vestibular system is a sensory organ housed in the inner ear that
serves critical functions vital for survival: sensing movement of the
head and the orientation of the head with respect to gravity (18,19).
The vestibular system was not considered one of Aristotle’s cardinal
five senses. However, since the discovery of the vestibular organ in
the middle of the 19th century, it is clear that the vestibular system
provides sensory information to the brain about head movement
and position; as such the vestibular system has been described as the
“sixth sense.” (20) Sensory information from the vestibular system
is widely distributed in the brain, brainstem, and spinal cord, and
contributes to multiple physiological and behavioral responses that
utilize information about head movement and orientation (21). The
vestibular system is critical for keeping the visual world stable during
head movement (eg, while walking) via very fast vestibulo-ocular
reflexes (VORs) (22). Vestibular impairment often results in diz-
ziness due to blurring or apparent oscillation of the visual world,
because the eyes cannot compensate quickly enough for head move-
ments (23). Vestibular inputs also drive vestibulo-spinal responses
(VSRs) that maintain postural control (24). Vestibular impairment
results in imbalance due to inadequate postural stabilization during
changes in head position and orientation, which can result in falls
(25). Additionally, the vestibular system contributes to vestibulo-
autonomic responses (VARs), whereby the vestibular signal about
head position is used for homeostatic regulation of processes, such
as blood pressure, respiratory rate, and gastrointestinal activity
during position change (24,26). Vestibular impairment can lead to
lightheadedness due to lack of immediate stabilization of intracra-
nial perfusion during position change (27). The vestibular system
also contributes to an individual’s perception of their self-motion
and self-orientation in space (sometimes referred to as vestibular per-
ception, or spatial orientation) via vestibulo-thalamo-cortical projec-
tions (28). Vestibular impairment can lead to spatial disorientation
and reduced spatial memory and navigation ability (29). Finally, ves-
tibular inputs also project to the cerebellum, which is thought to
play a role in adaptation and calibration of the behavioral responses
(motor, autonomic, perceptual, etc.) to vestibular sensory input (20).
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Loss of vestibular inputs to the cerebellum results in dysmetria and
loss of adaptive control of behavioral responses (30).

Key Question 1: How Does Aging Impact the
Vestibular System?

Current Knowledge

With respect to age-related structural changes, a few histopatho-
logical studies have been conducted in aged animals and in human
temporal bone specimens examining age-related changes in per-
ipheral and central vestibular structures. Some studies have noted
age-related reduction in both peripheral (eg, hair cells) and central
(eg, vestibular afferent nerve, brainstem vestibular nuclei neurons)
vestibular cell populations (31-46), although the evidence is not
uniform. With respect to age-related changes in clinical vestibular
function, the evidence is also equivocal, and varies according to
the type of test used for evaluation (47,48). Currently, there is no
definitive, universal physiologic test of vestibular function used in
vestibular clinical practice or research (eg, unlike the audiogram).
Each vestibular physiologic test has certain advantages and disad-
vantages. The caloric test is perhaps the most widely used vestibular
test, and assesses horizontal semicircular canal function. Limits of
the caloric test are that it only measures relative function between
the right and left side and does not measure absolute vestibular func-
tion, and also that the caloric stimulus is an aphysiologic stimulus
that is much lower that what is naturally encountered by the ves-
tibular system (49). Rotatory chair testing is another test that has
good reproducibility, although also only measures horizontal canal
function and also cannot disambiguate between right and left ves-
tibular impairment (50). Video head impulse testing (VHIT) is a
newer measure that can assess the function of all semicircular ca-
nals (horizontal, anterior, and posterior separately for each side)
(51). It is a powerful, portable test; however, testing artifacts can
limit the validity of the vHIT, particular in older adults in whom
facial skin laxity presents a challenge in achieving the tight fit of the
vHIT goggle on the face needed to accurately administer the test
(52). Vestibular-evoked myogenic potential tests are the mainstay of
otolith function testing; however, vestibular-evoked myogenic poten-
tial inter-rater reliability and reproducibility can be low, given that
test performance relies on patient effort and examiner factors that
can vary across tests (53). Linear movement threshold testing is an-
other method of assessing otolith function; however, the six-degree
of freedom platform needed to conduct this testing is available in
only a few research laboratories (54). Finally, posturography is an-
other test used to assess the vestibular system, particularly under
conditions where other sensory cues to maintain standing balance
are eliminated (eg, eyes closed, on foam). However, posturography is
a global measure of standing balance and does not directly measure
the function of the vestibular end-organ (55). A vestibular test bat-
tery that probes both semicircular canal and otolith function, and
overcomes the previous technical challenges, and that is universally
applied (such as the audiogram) is clearly needed. Numerous studies
have observed decrements in VOR function with age (56), although
in some studies substantial reductions were noted only over age 75
(57-59). Postural stability declines with aging; however, the extent
to which age-related reduction in VSRs contributes to postural sta-
bility decline is unclear (48,60—63). Similarly, orthostatic hypoten-
sion is significantly more prevalent in older adults (64,65); however,
the relative contributions of impaired vestibulo-autonomic reflexes,
vascular disease and/or use of specific medications to orthostatic

hypotension is unclear (66). Furthermore, spatial orientation and
navigation ability is known to decline with aging (67); however, the
contribution of declining vestibular inputs to thalamo-cortical and
hippocampal spatial cognitive centers to declining spatial cognitive
ability is unclear. Finally, very little data exist on potential genetic
etiologies for age-related vestibular impairment.

Knowledge Gaps and Key Barriers

Given the current level of evidence, the group identified three major
knowledge gaps related to understanding age-related changes in the
vestibular system (Figure 2). First, at this time, we lack a comprehen-
sive understanding of the impact of aging on peripheral and central
vestibular structures, with respect to the onset (when do changes
start), sequence (which peripheral/central structures are affected and
in what temporal order), and timing (what is the time course of the
sequence of changes that occur) of age-related changes. Second, we
also lack a clear understanding of the time course and severity of
age-related changes in vestibular functional pathways (eg, VOR,
VSR, VAR) and the impact of these functional changes on clinical
symptoms (eg, postural instability, orthostatic hypotension). Third,
our understanding of structure-function relationships, that is, how
structural changes at each of these levels (peripheral to central ves-
tibular structures) correlate with changes in vestibular functional
pathways, is also limited. For example, it has been suggested that
functional VOR changes occur much later than would be expected
based on the onset of histopathological changes in the vestibular
system, possibly due to a broad range of CNS compensation for
VOR impairment, and that otolith impairment disproportionately
influences vestibulo-autonomic and vestibulo-spatial pathways.
However, rigorous evidence of these relationships is lacking.

Key barriers to generating this evidence include (i) paucity of
animal and human temporal bone data on impacts of aging on per-
ipheral and central vestibular structures; (ii) lack of specific, reliable,
reproducible clinical physiologic measures of semicircular canal
and otolith function in humans; (iii) lack of any clinical physiologic
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Figure 2. Conceptual model of key gaps 1 and 2.
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measures of central vestibular function in humans; (iv) lack of
population-based longitudinal studies of vestibular physiologic func-
tion extending greater than 5 years; (v) lack of rigorous studies cor-
relating structural-functional changes in animals or in humans pre/
post mortem. As a result of these knowledge gaps, emerging new
therapies that address vestibular hair cell loss (eg, hair cell regen-
eration, electrical vestibular stimulation) cannot be effectively de-
ployed because individuals with hair cell structural changes and
resulting functional impairment cannot be accurately identified.

Research Strategy

1) Develop and define specific, reliable, reproducible clinical meas-
ures of semicircular canal and otolith function in humans that
can be linked to pathological change to the vestibular system and
to patient symptoms

Develop clinical measures of central vestibular function in hu-

»

mans that are also linked to pathology and phenotype

[*5}

Track age-related changes in vestibular physiologic function lon-

gitudinally in population-based cohorts for 10+ years

4) Expand animal and human temporal bone data on impacts of
aging on peripheral and central vestibular structures to include
hundreds to thousands of subjects

5) Expand studies correlating structural-functional changes in ani-

mals or in humans pre-/postmortem to include hundreds to thou-

sands of subjects

Key Question 2: In an Older Adult With Balance
Problems, How Do We Know What Is the
Contribution of Age-Related Vestibular Loss to
Their Balance Problem?

In the clinical setting, the balance problems that older adults often
present with are dizziness, disequilibrium, unsteady walking, and in-
creased falls (68-70). While vestibular impairment (peripheral and/
or central) is a common cause of these symptoms, multiple other
age-related deficits may also contribute to these symptoms, including
other sensory (eg, vision, somatosensory, hearing), neuromotor and
musculoskeletal (eg, weakness, arthritis), cognitive (eg, attentional
control (71), sensory integration (71,72), motor coordination/plan-
ning), and psychological impairment (eg, fear of falling) (73,74).
Additionally, certain systemic conditions that increase in preva-
lence with age, such as vascular disease and diabetes, have wide-
spread pathological effects and can impact multiple contributors
to balance control (eg, sensory loss/peripheral neuropathy, cerebral
hypoperfusion/orthostatic hypotension) (75). These risk factors may
add to the impact of vestibular impairment on balance control, or
may interact with the vestibular impairment to produce a specific
balance phenotype. Definitively establishing the extent to which ves-
tibular impairment may contribute to an older individual’s balance
problem can be challenging. Determining a vestibular contribu-
tion is critical, however, particularly in light of emerging therapies
that specifically target the vestibular system, such as vestibular hair
cell regeneration and prosthetic electrical vestibular stimulation. In
order to effectively deploy these treatments, we need to know that
an individual’s balance problem is at least in part caused by their
vestibular impairment rather than other coexisting impairments,
such that balance function could be improved following vestibular
treatment. This section outlines current knowledge about vestibular
contributions to the balance phenotype, and identifies gaps in

knowledge that need to be filled to successfully manage older adults
with balance disorders.

Current Knowledge

Akin to hearing and vision loss in older adults (ie, presbycusis and
presbyopia, respectively), vestibular impairment in older adults is
thought to occur as a progressive, bilateral, partial loss of vestibular
function (56). Age-related vestibular losses can be unilateral or
asymmetric though are typically bilateral, given that the exposures
related to aging (eg, cumulative toxic, metabolic, ischemic, infec-
tious exposures) are typically systemic. Bilateral vestibular loss is
known to affect specific balance tasks in particular environments,
such as steady state standing/walking and reactive balance responses
when both visual and surface information from the environment
are not available or not reliable (76). Indeed, standing balance in
the absence of both vision and surface information is impaired in
a majority of U.S. adults aged 65 and older (4), and vestibular loss
is a significant contributor to the ability to stand without vision
or surface information (77,78). With respect to proactive balance
tasks that guide transition and navigation, emerging evidence sug-
gests that the vestibular system plays an important role in spatial
memory and navigation ability. Older adults with vestibular im-
pairment were more likely to have impaired performance on be-
havioral tests of spatial navigation, and also more likely to have
real-world evidence of spatial deficits including difficulty driving
(79-82). Interestingly, these deficits appear to be magnified in pa-
tients with Alzheimer’s disease, in whom vestibular loss was linked
to an increased rate of spatial disorientation (83-85). However, the
extent to which specific vestibular pathways (ie, VOR, VSR, VAR,
and/or vestibular perception) mediate the relationship between per-
ipheral vestibular loss and balance impairment is unclear. The most
common clinical vestibular tests assess the VOR (eg, caloric testing,
rotatory chair testing). Assessing the VSR and vestibular perception
requires specialized equipment (electromyography and a motion
platform, respectively) that is only available in a few vestibular re-
search centers. Furthermore, there are no clinical tests that specific-
ally assess the VAR (66), although the contribution of the vestibular
system to cardiovascular control and orthostatic hypotension has
been demonstrated in animal models (27).

The phenotype of vestibular impairment in older adults is char-
acterized not only by the severity and type of vestibular physiologic
deficit, but also by the extent of vestibular compensation. Vestibular
compensation can be defined as the processes by which the system
compensates for loss of vestibular inputs. Specifically, neurons re-
ceiving vestibular input can increase their gain to the diminished ves-
tibular input, and/or reweight/upweight signals coming from other
more reliable sensory systems (eg, vision) (86—88). There are nu-
merous vestibular-related areas in the brain that are involved in this
process, including the brainstem vestibular nuclei, vestibulocerebellar
pathways, and higher-level cortical areas involved in sensorimotor
processing and cognition (86). Age-related deficits in vestibular
compensation can occur due to impairment in neuronal plasticity/
reweighting mechanisms, which can occur due to CNS pathology or
to the use of CNS-active medications (89). For example, it is known
that cholinergic (3%-4% per decade) and dopaminergic (5%-8%
per decade) losses also occur as part of normal aging (90-94). These
neurochemical losses are most severe in neurodegenerative condi-
tions, such as Parkinson’s Disease (PD) and atypical parkinsonian
disorders, which may lie at the end of the spectrum of age-related
changes. PD and atypical parkinsonian disorders are associated with
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reduced cholinergic transmission from brainstem and cerebellar ves-
tibular nuclei to cortical centers involved in motor planning and co-
ordination, and may contribute to both reduced central vestibular
signaling and reduced central vestibular compensation. At present,
disambiguating whether clinical symptoms are due to physiologic
deficits versus compensation deficits is challenging. Clinical tests
that comprehensively assess vestibular compensation are lacking.
Measures that assess a single aspect of vestibular compensation have
been developed, such as the identification of a particular strategy of
vestibular adaptation (generating compensatory saccadic eye move-
ments in the setting of an impaired VOR) (95). However, current
assessments of sensory reweighting, for example, involve platform
perturbation paradigms that are only available in select research
centers (96). Identifying vestibular compensation deficits may be
particularly relevant for guiding vestibular rehabilitation, which is
predicated on enhancing vestibular compensation (97-99).

Knowledge Gaps and Key Barriers

Based on the current evidence, the group identified three major
knowledge gaps related to our understanding of the contribution of
vestibular declines to imbalance (Figure 2). First, it is unclear how
each of the vestibular functional pathways (VOR, VSR, VAR, and
vestibular perception) individually and in combination impact the
complex process of balance. For example, VOR and VSR deficits may
impair reactive postural tasks, while vestibular perceptual deficits
may impair anticipatory postural adjustments that guide navigation.
However, these relationships have not been comprehensively inves-
tigated and remain unclear. Second, there is a lack of understanding
of the complex interactions between age-related vestibular loss and
other age-related physiological changes. As such, it is unclear how
multiple concomitant deficits combine to impact balance, and to
what extent an individual’s balance symptoms can be attributed to
their vestibular loss. Third, it is unknown how to identify deficits in
central compensation for physiologic losses (to the vestibular system
as well as other systems), and whether these deficits are contributing
to an individual’s balance phenotype. The determinants of effective
central compensation are poorly understood, including the impact of
neurodegenerative conditions such as PD and Alzheimer’s disease on
central vestibular signaling and central compensation.

Key barriers to filling these knowledge gaps include: (i) lack of
clinical measures of all vestibular physiologic functions (while can-
didate measures exist, clear, scalable clinical measures of VAR and
vestibular perception are notably absent) (100); (ii) infrequent as-
sessment of balance tasks in different environmental contexts; (iii)
infrequent measurement of all contributors to balance control (eg,
vestibular function, vision, somatosensory function, cognition) in
siloed clinical and research contexts; (iv) lack of specific clinical
measures of central compensation deficits; (v) lack of understanding
of the contributors to effective central compensation.

Research Strategy

1) Develop and define specific, reliable, reproducible clinical meas-
ures of all vestibular functional pathways (including VOR, VSR,
VAR and vestibular perception)

Develop models that integrate multiple physiologic factors (eg,
vestibular function, vision, somatosensory function, medication
use, cognitive status, cardiovascular health) to predict balance

=

task performance in specific environments. Model development
might need big data/machine learning approaches to leverage

data contained in medical records or existing data sets that can
be combined and used to generate the predictive models

[*¥]

Develop clinical measures of central vestibular processing and
central compensation (eg, sensory integration, reweighting
ability)

Conduct studies in animals or use structural and functional

*

neuroimaging to understand age-related changes in central ves-
tibular processing and sensory reweighting at the level of the
cerebellum, vestibular cortex, basal ganglia and thalamus, and
central vestibular pathways that integrate with large-scale neural
networks

A conceptual model summarizing the current knowledge and know-
ledge gaps for key questions 1 and 2, as well as research strategies,
is presented in Figure 2.

Key Question 3: Can a Nosology of Balance
Problems in Older Adults Be Developed to
Guide Clinical Management (Diagnosis and
Treatment)?

Current Knowledge

As noted previously, recent understanding of balance control de-
fine balance as a dynamic process that at any given time is a func-
tion of the specific balance task, an individual’s characteristics,
and the environmental context (Figure 1). Postural control is no
longer considered simply a summation of static reflexes but, ra-
ther, a complex skill based on the interaction of dynamic sensori-
motor processes. The control of posture involves many different
underlying physiological systems that can be affected by path-
ology or subclinical constraints related to aging. Damage to any
of the underlying systems will result in different, context-specific
instabilities. Thus, the conditions leading to falls and the most
effective rehabilitation of balance to improve mobility and to
prevent falls requires a better understanding of the multiple mech-
anisms underlying postural control (10). However, there is a lack
of multimodal models that can classify and characterize a given
individual’s balance phenotype in a way that can help identify the
contributing factors and guide rational treatment. One example
is the Balance Evaluation Systems Test (BESTest), a comprehen-
sive clinical evaluation across six domains of balance control with
the goal of focusing rehabilitation on the specific balance domains
affected (12). For example, inability to stand in the dark on an
unstable surface is suggestive of vestibular impairment, and may
be improved with vestibular rehabilitation (101). In contrast, a
difficulty recovering equilibrium in response to external perturba-
tions may benefit more from practice responding to surface slips.
However, the clinical test could be instrumented for increased
objectivity and sensitivity and the relative benefits of rehabilita-
tion targeted to specific balance deficits versus generalized balance
training needs to be verified by clinical studies.

Although many wearable sensors are currently available to
measure activity, or quantity of mobility in daily life, far fewer sys-
tems exist to measure guality of unsupervised gait and turning in
daily life (102). Quantity of activity is not a predictor of falls and is
not always sensitive to neurological disorders (103). Furthermore,
most wearable systems measuring quality of mobility during daily
life consist of a single inertial sensor worn on the belt to esti-
mate spatiotemporal parameters of gait (104). These estimates of
gait measures from the belt are not as accurate and more limited
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compared with gait measures from inertial sensors on or in shoes,
likely resulting in more variability and therefore poorer effect size
as outcome measures (105). A limitation to current body-worn
sensors is that they cannot measure increases in stride width,
which is a well-known compensation for postural instability while
walking. Current body-worn sensor systems also cannot identify
the context of mobility, such as whether walking occurred inside
or outside the home, limiting potential fall prediction. Since the
particular measures of mobility are likely to be different and spe-
cific for different pathologies and the reasons for their mobility
disability and fall risk, studies are needed that compare objective
measures of mobility during daily life across a range of age-related
limitations on mobility (106,107).

A nosology of balance control, based on physiological, patho-
logical, and/or functional models will help direct links between
comprehensive clinical assessments and specific balance interven-
tions. The clinical and research barriers related to developing useful
nosologies of balance control and strategies to overcome these bar-
riers are presented in Table 1.

Knowledge Gaps and Key Barriers

Given the current state of knowledge, the group identified four key
knowledge gaps toward establishing a useful nosology (ie, classifica-
tion or heuristic system) of balance problems that can guide effective
treatment. First, the field currently lacks a widely accepted, multi-
modal classification model of balance to guide the development and
testing of targeted, rational interventions (10,101). Second, there is
a lack of clinically accessible performance-based or instrumented
outcome measures to assess different types of balance dysfunction
in daily life (10,12). Third, effective methods to translate balance

interventions into the clinical and community setting are lacking.
It is thus currently unclear whether and how balance interventions
transfer into meaningful balance and other functional gains in
daily life (110). Fourth, little is known about the optimal dosage of
balance intervention (111).

Key barriers to developing this knowledge include: (i) lack of
large data sets with comprehensive assessment of the multiple di-
mensions of balance with rigorous characterization of contribu-
tors to balance control (eg, vision, vestibular function, cognition,
etc.) and of balance phenotype/symptoms; (ii) few trials of balance
interventions that are targeted towards specific individual impair-
ments and particular balance tasks and environmental contexts; (iii)
the lack of ecologically valid measures of balance (both objective
and patient-reported measures) to assess function and response to
treatment.

Research Strategy

1) Conduct population-based studies that include older adults as
well as comprehensive assessments of balance function that target
steady state, proactive, and reactive elements of balance control
and also assess genetic, physiologic, sensorimotor, behavioral,
cognitive, emotional, and environmental factors that contribute
to balance. These data can be used to develop a clinical nosology
of balance problems to help guide clinicians in the clinical man-
agement of older adults. In line with the first two key questions, a
particular focus on age-related vestibular impairment in this clin-
ical nosology will be critical given that age-related vestibular im-
pairment has been less well-recognized or studied in the broader
fields of gerontology and geriatrics.

Table 1. Barriers and Strategies to Developing Multimodal Models for Comprehensive Clinical Assessments and Interventions for Balance

Disorders
Barriers Strategies
Lack of nosology of balance Short-term:

problems to guide clinical
practice
Long-term:

Identify the genetic, physiologic, sensorimotor, behavioral, cognitive, emotional, and environmental
contributors to balance assessment.

Incorporate these individual factors into multimodal classification models to guide the development of a
clinical nosology of balance problems and delivery of personalized balance interventions.

Lack of clinically accessible, Short-term:
ecologically valid measures to
assess different types of balance
dysfunction

Long-term:

Develop cost effective, ecologically valid measures that assess the 3 different balance domains.
Develop patient-reported quality of balance scales focused on vestibular and other balance disorders that
are linked to objective measures of balance control.

Develop consensus on currently available (eg, Mini-BEST test) (108) and emerging technologies/measures
(eg, perturbation-based reactive balance tasks) (109) to include as part of a core set of balance outcomes.

Translation of novel balance Short-term:
interventions into clinical and

community practice

Develop clinical interventions that incorporate the three different balance domains and are feasible (ie,
cost effective, practical, easily implemented, portable/compact, safe) in different subgroups of patients

with different ages, sexes, races, and comorbidities

Demonstrate efficacy of laboratory-based interventions in different settings, including the community,

hospital, nursing homes, etc.
Long-term:

Integrate effective balance interventions into clinical and community practice.

Lack of dosage recommendations Short-term:

for balance interventions

time, and type of exercise/activity).

Long-term:

Assess balance dosage prescription based on the FITT principle of interventions (ie, frequency, intensity,

Establish clinical practice guidelines for the dosage of balance interventions and educate clinicians and

researchers in the use of these guidelines.
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2) Develop cost-effective and validated outcome measures that can
be deployed within nonlaboratory, nonclinical settings that assess
the three different balance domains (ie, steady state, proactive,
and reactive tasks). Such assessments will likely need to stress the
balance control system by purposefully manipulating both envir-
onmental and task constraints. To this end, the development of
“dual-task” or “multi-task” paradigms that measure the capacity
to maintain balance performance during execution of ecologic-
ally valid cognitive and/or motor tasks, are expected to be of
particular importance. Develop and test wearable sensors and in-
strumented homes capable of accurately measuring and training
balance during habitual physical activities in older adults.

3) Develop interventions that target all three balance domains and
that can be widely adopted. For example, scalable technolo-
gies that incorporate virtual reality, real-time biofeedback, and
perturbation training which vary the balance task and environ-
mental context can be considered. Such technologies could en-
able remote administration (and evaluation) of interventions to
large numbers of individuals. For all intervention trials, focused
studies will also be needed to establish dosing recommendations
based on the FITT principle (ie, frequency, intensity, time, and
type of exercise/activity). The effectiveness of balance interven-
tions will need to be evaluated based on ecologically valid ob-
jective and patient-reported outcome measures.

In this article, we draft an ambitious agenda for the critical in-
sights that need to be gained in the next 5-10 years to better under-
stand and treat balance and vestibular problems in older adults.
Specifically, we identify three key questions that need to be answered
to improve balance function in older adults: (i) How does aging im-
pact vestibular function?; (ii) How do we know what is the con-
tribution of age-related vestibular impairment to an older adult’s
balance problem?; and (iii) Can we develop a nosology of balance
impairments in older adults that can guide clinical practice? We pro-
pose a series of research steps that will provide answers to the three
key questions, which will involve both basic science and clinical re-
search approaches. Moreover, we emphasize that because balance
control involves numerous organ systems in the body, multidiscip-
linary teams will be needed to advance knowledge and improve
outcomes related to the complex but primal process of balance con-
trol. Balance impairment and falls are highly common and morbid
in older adults; as such the potential public health benefit of better
understanding and addressing vestibular and balance problems in
older adults is profound.
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