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Editorial on the Research Topic

Age-Related Vestibular Loss: Current Understanding and Future Research Directions

This Research Topic reflects the collective work of 44 authors from around the world yielding 11 
thoughtful and provocative publications. Several themes have clearly emerged from this body 
of work, which help to establish where we are in understanding age-related vestibular loss and 
the fundamental research gaps that we must address. First and foremost, it is clear that we are 
dealing with a topic of tremendous public health significance. The global population is aging, 
and age-related degeneration of the vestibular system is a widespread phenomenon that occurs 
as part of the normal aging process. Older individuals disproportionately experience falls, which 
are a disastrous event associated with tremendous morbidity and early mortality. It is known 
that the vestibular system contributes to fall risk; however, the extent to which vestibular loss 
contributes to falls in older adults is not precisely known (and may differ across individuals). 
Moreover, although falls are highly common and age-related vestibular loss is widespread, ves-
tibular therapies such as vestibular rehabilitation are seldom offered to the large number of older 
adults presenting with falls in the primary care setting. Much work needs to be done to provide a 
strong, quantitative evidence base for the causal relationship between vestibular loss and falls in 
older adults and the benefit of vestibular therapy.

A second theme that follows from the first is the clear need for efficient clinical tests that identify 
clinically meaningful vestibular loss in older adults. The vestibular system is a highly complex 
structure that encompasses five peripheral end-organs and widespread central connections through 
brainstem nuclei, the cerebellum, the thalamus, vestibular cortex, and hippocampus. The function of 
the vestibular system can be probed at many levels, based on anatomy (e.g., canal vs. otolith, periph-
eral vs. central), based on level of analysis (e.g., cellular neurotransmitters vs. cortical networks, 
reflex vs. perceptual testing), and based on functional behaviors (e.g., gait vs. spatial orientation). 
Moreover, in the context of aging, vestibular loss is typically one of the multiple concomitant deficits 
that may be occurring and contributing to a given clinical phenotype (e.g., dizziness, imbalance, 
and falls). Specifically, older adults may also have deficits in proprioception, vision, hearing, and 
muscle strength. Further, even if sensorimotor function is relatively intact, older adults may have 
deficits in central integration of these various sensory signals to generate a coherent motor output. 
Additionally, older individuals may compensate to varying degrees for their deficits, such that 
inadequacies of compensation may also contribute to the clinical picture. It is, therefore, critical for 
useful clinical tests to disambiguate the various layers of potential contributing factors (i.e., primary 
sensorimotor deficits, deficits in central integration, and deficits in compensation) within a given 
older adult, with the goal of providing “personalized” strategies to improve balance function.

The publications in this Issue highlight numerous vestibular assays that differentiate older 
from younger individuals. Chau et  al. observed reduced vestibulo-ocular reflex responses to 
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rotational stimulation among older adults with dizziness. 
Bermúdez Rey et al. observed increasing vestibular perceptual 
thresholds beginning at the age of 40, and the authors also 
found that higher roll tilt thresholds were associated with 
poorer postural stability. Chiarovano et al. reported that older 
adults with postural instability did not experience a rotation 
perception during warm caloric irrigation. They termed this 
phenomenon “vestibular neglect,” and suggested it arose from 
reduced central responsivity to peripheral stimulation. Maheu 
et al. provide a review of age-related differences in performance 
on the standard clinical vestibular tests. Several studies also 
considered how aging might lead to deficits in central vestibular 
processing. At a molecular level, Smith discussed the differences 
in neurotransmission occurring at the level of the vestibular 
nuclear complex in older vs. younger animals. Xie et al. showed 
poorer performance among older adults on a test of spatial 
navigation, the triangle completion task, relative to younger 
individuals. Arshad and Seemungal reviewed several recent 
studies that reported reduced connectivity of central vestibular 
networks associated with increased age. Two studies specifi-
cally evaluated whether compensation for vestibular loss differs 
between young and old adults. Vestibular compensation relies 
on central mechanisms (cerebellar, brainstem, striatal, etc.) 
and may thus be a measure of central nervous system rather 
than vestibular function. Scheltinga et  al. reported that older 
adults with acute unilateral vestibular loss (aUVL) experienced 
greater balance impairments compared to younger individuals 
with aUVL. Moreover, the balance impairments in older indi-
viduals took longer to improve and were less likely to resolve. 
Anson et  al. examined how age influenced the generation of 
compensatory saccades following horizontal head impulse 
testing. They observed that increased age was associated with 
larger compensatory saccade amplitude, even after accounting 
for underlying VOR gain.

These studies all assess vestibular function at a different 
level of analysis. However, the “holy grail” would be a test that 
provides a comprehensive snapshot of the extent to which the 
observed vestibular impairment contributes to the individual’s 
symptoms relative to other impairments, and the individual’s 
level of compensation. As stated by Fernández et al., “Reaching 

a complete, meaningful, and treatment-oriented diagnosis in 
elderly dizzy patients remains an important challenge for even 
the most experienced clinician.” New techniques and assays 
will likely be needed to accomplish this task. For example, 
postural assessment is becoming increasingly powerful through 
frequency-based analyses and analyses of complexity. It is pos-
sible that a simple postural test can determine the source of an 
individual’s sway (e.g., reduced proprioception vs. vestibular 
function) based on the sway frequencies observed. Moreover, as 
discussed by Anson and Jeka, assays that are more ecologically 
valid (e.g., accelerometry deployed during routine daily activi-
ties) may be more sensitive at detecting deficits that manifest 
dynamically during daily activities but that may not be evident 
in a clinical laboratory. Finally, assays that measure central 
vestibular processing and compensation may prove useful in 
understanding the clinical picture and also designing therapy. 
Currently, functional imaging studies provide insight into these 
processes, although other measures that can be more easily 
scaled may prove more useful in the clinical setting.

This research topic clearly highlights a growing awareness of 
age-related vestibular loss, and its potentially far-reaching impact 
on the public’s health. Indeed, efforts are currently underway by 
the Barany Society’s International Classification of Vestibular 
Diseases to codify diagnostic criteria for age-related vestibular 
loss. As discussed, age-related vestibular loss is a complex phe-
nomenon to manage clinically and study scientifically, largely 
owing to the complexity of the vestibular system as well as the 
complexity of the aging process. This is both a challenge and an 
opportunity to harmonize our conceptual framework, stand-
ardize our assessment tools, and catalyze innovation and new 
developments in this field.
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Vertigo and dizziness in the elderly
Lara Fernández1, Hayo A. Breinbauer 2,3 and Paul Hinckley Delano1,4*
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Juan de Dios Hospital, University of Chile, Santiago, Chile, 3 Clínica Alemana de Santiago, Facultad de Medicina Clínica
Alemana, Universidad del Desarrollo, Santiago, Chile, 4 Physiology and Biophysics Program, Institute of Biomedical Sciences
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The prevalence of vertigo and dizziness in people aged more than 60 years reaches
30%, and due to aging of world population, the number of patients is rapidly increasing.
The presence of dizziness in the elderly is a strong predictor of falls, which is the
leading cause of accidental death in people older than 65 years. Balance disorders in
the elderly constitute a major public health problem, and require an adequate diagnosis
and management by trained physicians. In the elderly, common causes of vertigo may
manifest differently, as patients tend to report less rotatory vertigo and more non-specific
dizziness and instability than younger patients, making diagnosis more complex. In this
mini review, age-related degenerative processes that affect balance are presented. Diag-
nostic and therapeutic approaches oriented to the specific impaired system, including
visual, proprioceptive, and vestibular pathways, are proposed. In addition, presbystasis –
the loss of vestibular and balance functions associated with aging – benign paroxysmal
positional vertigo, and stroke (in acute syndromes) should always be considered.

Keywords: dizziness, presbystasis, vertigo, falls, elderly, aging

Introduction

The terms dizziness and vertigo cover a variety of symptoms regarding disorders of spatial orienta-
tion andmotion perception, such as the illusion of rotatorymotion (classical rotatory vertigo) or the
feeling of unsteadiness, which can affect objectively the ability to achieve a stable gaze, posture, and
gait (1). Altogether they represent a common and serious issue in the elderly, where its prevalence
reaches 30% beyond 60 years of age (1, 2), while rising to 50% beyond 85 years (1).

The sole presence of dizziness in the elderly is a strong predictor of falls (3).Moreover, the presence
of abnormal balance tests increases the risk of hip and wrist fractures (4). Injuries related to falls
lead to mobility restriction and loss of independence, and increase the fear of falling, which also
predicts subsequent falls (2). In addition, falls are the leading cause of accidental death in persons
older than 65 years (5), while dizziness is one of the strongest contributors to the disability burden
after age 65 (6).

Although the majority of these patients present benign balance disorders, (7–9), in the elderly,
common causes of vertigo may manifest differently, with a more confusing constellation of symp-
toms, as patients tend to report less rotatory vertigo and more non-specific dizziness and instability
than younger patients presenting with the same condition (9). Underlying this phenomenon is the
progressive multimodal impairment of balance, including the loss of vestibular and proprioceptive
functions, and the impairment of central integration of these and other sensory inputs associated
with aging, which may also be called as presbystasis, presbyequilibrium, or multisensory dizziness
(4, 7, 10). In addition, the skeletal muscle strength and mass are reduced with aging, increasing the
risk of fall-related injuries in elderly patients (11).
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On the other hand, a small number of patients harbor a seri-
ous and potentially life-threatening cause, mainly associated with
stroke, and this risk of more serious diagnoses increases with age
(12, 13). Altogether, vertigo, dizziness, and balance disorders in
the elderly constitute a major public health issue, which needs
adequate management by trained physicians. This mini review
presents recent advances in the diagnosis and management of
dizziness in elderly patients.

Pathophysiology of Balance in the Elderly

Age-related degeneration of different neural structures affects
balance, including the vestibular receptors, central vestibular neu-
rons, cerebellum, and visual and proprioceptive pathways. The
number of hair cells in the vestibular organs and the number of
fibers in the superior and inferior vestibular nerves decrease with
age (14–16). From a functional perspective, age-related deficits
appear to be larger on semicircular canals, followed by saccular
function, while the utriculus remains less affected (17–19). A
steady asymmetrical decrease in the ability of sensing angular
rotation with age has been reported, as assessed by video head
impulse testing (vHIT) of the vestibulo-ocular reflex (VOR) (4, 19,
20). This fact is associated with a loss of dynamic visual acuity due
to the inability to compensate fast head rotations with corrective
eye movements, thus assuring a steady image over the retina
(21). However, while on the acute phase of vestibular loss, this
may cause intense rotatory vertigo (due to a sudden vestibular
asymmetry), on elderly patients the slow onset of these chronic
impairments would not manifest with vertigo. Instead, they com-
plain about movement intolerance, instability, and insecure gait,
particularly when sudden turns are needed, as there is an inca-
pability of processing these movements properly. This may also
explain the observed lack of rotatory vertigo in elderly patients
with benign paroxysmal positional vertigo (BPPV) (8).

Nevertheless, while “active” vestibular symptoms may be
milder or shifted toward instability, functional balance perfor-
mance and disequilibrium phenomena are actually more severe.
The sole presence of VOR asymmetry (which may present in
elderly patients without history of an acute vestibular syndrome,
and rarely in the form of bilateral vestibulopathy) is a significant
predictor of falling (4, 22). In addition, compensation phenomena
after vestibular loss are weakened in elderly patients, for example,
impairment after vestibular neuritis is harsher on the elderly (23).
Behind this lies degeneration of multiple non-vestibular subsys-
tems. For instance, the medial vestibular nucleus, important in
vestibular compensation due to its commissural fibers, shows
lower neuron density in healthy older adults (24). There is also
a mean loss of cerebellum Purkinje cells of about 2.5% per decade
(25). Vibration and touch thresholds, the ability to detect position
and direction of jointmovements, andmuscle strength also deteri-
orate with age (2). Visual accommodation, depth perception, and
the ability to suppress nystagmus by visual fixation is diminished
due to aging of the oculomotor system with increased saccade
latency, and reduced eye tracking velocity (2).

Similarly, elderly patients with chronic pathological asymmet-
ric vestibular evoked myogenic potentials (VEMPs) or deviated
subjective visual vertical (SVV) tests, do not report dizziness

or vertigo as significant symptoms, which may relate to central
compensation occurring from the beginning of this slow onset
of vestibular function (18, 19, 26, 27). This scenario leads to
no pathological symptoms at all. Therefore, it is still controver-
sial whether presbystasis by itself should be always considered
pathological or not.

In summary, in order to maintain balance, the brain uses all
available sensorial cues from vestibular, visual, and propriocep-
tive inputs, which in turn are integrated by the central nervous
system to execute adequate motor responses. In this manner,
age-related balance deterioration does not appear to behave as a
unique standardized phenomenon, but the opposite, it seems to be
extremely variable from patient to patient (17, 18, 20, 27). More-
over, minor new or acute impairments can affect disproportion-
ately their capacity to cope difficult equilibrium scenarios, as every
sensory modality may already be partially deteriorated. Current
knowledge is moving toward determining which abnormalities
in balance testing relate to higher risk of falling, and toward a
balance disorder “profile” of selective impairments, which, as we
propose, may guide a target-specific treatment (28–30). While
asymmetric, severe, and multimodal balance impairments due to
aging are likely to cause symptomatology per se, the magnification
and distortion of the symptom spectrum of specific pathologies by
presbystasis is perhaps more common. All these factors should be
taken into account in the diagnosis and management of elderly
patients.

Diagnosis of Dizziness in the Elderly

Reaching a complete, meaningful, and treatment-oriented diag-
nosis in elderly dizzy patients remains an important challenge for
even the most experienced clinician. Obtaining a good clinical
history can be a tough task. It has been reported that more than
half of elderly patients with balance disorders are vague, inconsis-
tent, or contradictory in describing their symptoms (31). Besides,
there is not a single symptom that can predict with specificity
the underlying causes of dizziness, and most of the times, elderly
patients have more than one cause of dizziness (32, 33). Moreover,
caloric test responses depend on several factors that could be
affected by age, such as ear canal volume, temporal bone thick-
ness, and blood supply to the temporal bone (34). Several studies
have found that caloric responses tend to increase in middle age
with a peak between 50 and 70 years, and then decline modestly
thereafter (35, 36).

A systematic assessment of balance should be achieved in this
type of patient, for which recent technological developments are of
great assistance. The impairment of each of the three semicircular
canals can be examined by means of vHIT (37) procuring a
reliable, objective, and quantitative value for VOR. Ocular and
cervical VEMPs give equally reliable information over utricular
and saccular function independently (38). The non-vestibular
proprioceptive and visual sensory components of balance and
their central integration in overall equilibrium performance can
be thoroughly assessed by dynamic computed posturography (39).
Altogether these tests provide an objective assessment of every
component and subsystem of balance, allowing specific profiling
of patients (40, 41).
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Besides HIT, the SVV bucket test and modified Romberg and
Fukuda tests represent low complexity alternatives for the same
assessment, and may be used to develop simple, low cost, and
quick screening procedures (20, 42). SVV by means of bucket test
may even provide sensible assessment of utricular components
beyond VEMP contributions (27). Head-shaking nystagmus and
dynamic visual acuity testing among others constitute bedside,
fast, inexpensive, and easy to interpret vestibular tests for VOR (4,
7, 18). Testing for postural hypotension, joint position sense, and
gait disorders can also contribute to assess non-vestibular compo-
nents in a bedside low-cost manner, contributing to designing an
integral but component-specific treatment.

A particular scenario exists in acute onset of severe dizziness
or vertigo; an acute vestibular syndrome, where ruling out stroke
is critical, particularly in the elderly. The HINTS assessment
protocol (head impulse test, nystagmus directionality, and test
of skew) can be performed at the bedside, with high sensitivity
and specificity to diagnose stroke in an acute vestibular syndrome
(43). This three-step bedside oculomotor examination has shown
better sensitivity than early magnetic resonance imaging (MRI).
MRI can give a false negative result in vertebrobasilar stroke
(44), and is not always readily available (45). A full description
of the management of acute vertigo in the elderly is beyond
the scope of this mini review, further readings can be obtained
elsewhere (13, 46).

Also, of note is positional testing for BPPV. This clinical entity
accounts for one in every three causes of dizziness in the elderly.
With a simple diagnosis–treatment scheme (even in the absence
of rotatory symptoms), testing should be performed routinely
(8). Consequently, to seek a precise diagnosis, it seems to be
mandatory to obtain a good clinical history and perform thorough
neuro-otologic bedside examination, including postural testing,
while the majority of patients may benefit from vestibular tests,
and stroke assessment protocols for an acute balance disorder.

Etiology

The majority of diseases that cause dizziness in any age group
becomemore prevalent in older individuals. This can be explained
by the cumulative probability of exposure or by age-related
changes that make the elderly more susceptible to these patholo-
gies (47). A summary of themain causes of dizziness in the elderly
is shown in Table 1.

Management of Elderly Patients with
Dizziness

As with younger patients, disease-specific therapies should be
provided, such as repositioning maneuvers for BPPV and reha-
bilitation exercises for vestibular hypofunction. Nevertheless, spe-
cial consideration is needed for elderly. A flowchart for the
management of these patients is proposed in Figure 1. A high
level of suspicion for BPPV should be maintained. In dubi-
ous cases, treatment attempts should be preferred, given dimin-
ished symptomatology and the safety and simplicity of reposition
maneuvers (56).

In acute syndromes, stroke should always be ruled out by
HINTS. Vestibular suppressants should be tapered quickly due

TABLE 1 | Etiology of dizziness and vertigo in the elderly.

Peripheral vestibular Benign paroxysmal positional vertigo

Vestibular neuritis

Bilateral vestibular loss

Late-onset Meniere’s disease or
decompensation (2)

Labyrinthitis

Occlusion of the anterior vestibular artery (48)

Central nervous system Vestibular migraine (49)

Transient ischemic attack of vertebrobasilar
artery (50)

Stroke

Neurodegenerative disorders (51)

Downbeat and upbeat nystagmus syndromes (51)

Cardiovascular (2) Arrhythmia

Postural hypotension

Congestive heart failure

Heart valve failure

Medications (52) Antihypertensive

Benzodiazepines

Hypnotics

Anxiolytics

Antiepileptic

Multimodal balance disorder Presbystasis (10)

Others Primary and secondary neoplasia (breast and
prostate) (53, 54)

Somatoform vertigo and psychiatric dizziness (55)

Musculoskeletal system disorders

Proprioception and somatosensory loss

to their inhibitory effect on central compensation (57). Although
steroids have been proven to diminish functional loss over time,
they may not contribute to acute symptomatic relief (58). Steroids
side effects should be carefully considered before administration,
particularly on this age group.

Current knowledge advises the initiation of vestibular rehabili-
tation (VR) as soon as possible after an acute vestibular syndrome
(29, 30). VR works as a catalyzer and enhancer of central com-
pensation on the basis of three principles: adaptation (rearrange-
ment of VOR networking), substitution (strengthening of non-
vestibular components of balance), and habituation (increase of
sensory thresholds).

Chronic dizziness derived from previously acquired vestibular
loss (vestibular neuritis, bilateral vestibulopathy among others)
has good results with VR, particularly in terms of independence
and quality of life, although it may need longer and more inten-
sive therapy (28, 59). Moreover, VR is indicated in presbystasis,
whereas the objective is to reduce symptoms or decrease the
risk of falling (29, 30, 60). In addition, if there are deficits in
lower extremity muscle strength, specific therapies directed to
locomotor dysfunctions should be indicated (61). Proper balance
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FIGURE 1 | Proposed flowchart for the management of dizziness in
elderly patients. An accurate anamnesis and physical examination will
determine further vestibular, neurological, or cardiovascular tests. Patients with
chronic vertigo should be evaluated with Dix–Hallpike maneuvers. After that,

and depending on the available resources, office or laboratory tests help to
estimate the risk of falling and define the balance profile to guide the
management of these patients. On the other hand, every acute patient should
be evaluated with the HINTS protocol.

characterizations may help in designing more specific and effi-
cient interventions. For instance, a patient lacking postural sta-
bility will require postural- and gait-focused therapy. Care should
be taken in focusing therapy on ongoing symptoms rather than
solely on testing abnormalities, as certain patients could require
other treatments prior to benefit from VR, such as in the case of
vestibular migraine, or visually induced dizziness, among others.

Importantly, spontaneous compensation strategies differ
among patients (half of the population tend to rely on visual cues,
while the other half rely on postural information), supporting the
need for customized rehabilitation programs (30). Computerized
dynamic posturography seems to allow such characterization,
while being a reliable objective measurement of the “amount” of
unbalance and risk of falling, and monitoring progress (30).

Initiatives using Internet resources and mobile devices to sup-
port adherence and the realization of rehabilitation exercises at
home have been developed (60, 62). Other balance-improving
treatments being currently explored include biofeedback devices
worn all day, which give tactile or acoustic cues when the center of
gravity is being lost, allowing the patient to react accordingly (63).
In severe cases of bilateral VOR loss and inadequate compensation
strategies, the role of vestibular implants (devices similar in their
concept to cochlear implants) is beginning to be explored, and
interventions have already been made in the first patients with
satisfying functional outcomes (64).

Conclusion

Dizziness in the elderly remains a difficult subject, given the
underlying factor of vestibular impairment due to aging in the

form of presbystasis. The diagnostic and therapeutic approach
must be multi-systemic and oriented to the visual, proprioceptive,
and vestibular systems. BPPV and stroke (particularly in acute
syndromes) should always be considered, given the frequency of
the first and the severity of the latter.

Current vestibular testing allows a complete characterization
of balance function and its deficits, and is becoming useful as a
guide to planning treatment, where a cause-specific pathology is
present, or presbystasis is the sole issue. Under this last condition,
VR should be considered in the elderly where no other plausible
balance disorder is suspected, in order to treat a probably symp-
tomatic presbystasis. Here, resolution of symptomatology would
confirm the assumed working hypothesis of presbystasis, while
lack of progress would lead to further exploration of less common
causes.

Future challenges on the subject include the further determi-
nation of vestibular impairment profiles and their specific VR
alternatives, in order to achieve the shortest and most efficient
therapy possible. However, research should also focus on pre-
ventive efforts to avoid falls. The threshold between what may
be considered non-significant vestibular abnormalities and those
correlating with a higher risk of falling should be better explored.
This will inevitably lead to the establishment of a reasonable
battery of (hopefully, bedside, low-cost, easy to interpret) exam-
inations designed to rule out unacceptable risk for falling, in the
fashion of the HINTS protocol for stroke.
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Balance disorders are common issues for aging populations due to the effects of
normal aging on peripheral vestibular structures. These changes affect the results of
vestibular function evaluations and make the interpretation of these results more difficult.
The objective of this article is to review the current state of knowledge of clinically
relevant vestibular measures. We will first focus on otolith function assessment methods
cervical-VEMP (cVEMP) and ocular-VEMP (oVEMP), then the caloric and video-head
impulse test (vHIT) methods for semicircular canals assessment. cVEMP and oVEMP
are useful methods, though research on the effects of age for some parameters are
still inconclusive. vHIT results are largely independent of age as compared to caloric
stimulation and should therefore be preferred for the evaluation of the semicircular canals
function.

Keywords: VEMP, vHIT, caloric vestibular stimulation, vestibular function tests, aging

Introduction

With the accelerating aging of the global population, age-related health issues are becoming a
growing concern (1). Increased risks of falls from loss of balance are among these health concerns
(2) and are considered by the WHO as an important burden on both the health care system and
health of the population (3). Vestibular information, which provides information related to static
and dynamic position in space, is known to play a major role in balance (4). Better understanding
of the effects of aging on the vestibular system can thus be beneficial in addressing risks of fall in an
aging population.

The vestibular system is located in the inner ear and is composed of three semicircular canals
(lateral, anterior, and posterior) that detect angular acceleration and two otolith organs (saccule and
utricule) that detect gravity (5). Information from the saccule and the posterior semicircular canal
projects to central vestibular pathways mostly through the inferior vestibular nerve. Information
from the utricule, the lateral, and the anterior semicircular canals mostly projects through the
superior vestibular nerve (5) and primarily reaches the vestibular nuclei (5).

The integrity of these vestibular structures is essential for normal balance. Investigations on
the vestibular system and aging have revealed reductions in many vestibular structures, including
otoconia in both otolith organs (6, 7), vestibular hair cells in the horizontal crista ampullaris (8),
scarpa ganglion neurons (9–11), and vestibular nuclei neurons (12, 13).

The objective of this article is to review the current state of knowledge of clinically relevant
vestibular measures part of a comprehensive assessment protocol. Indeed, with the aging population
and the increasing data from scientific research, it is becoming crucial to take a critical look at
the effects of aging on clinical test results to gain insight on best practices for clinical vestibular
evaluation in an elderly population.
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Comprehensive Assessment of the
Vestibular System

Healthcare professionals such as audiologists frequently perform
vestibular testing. These evaluations are done to detect vestibular
deficits in order to improve vestibular compensation and to reduce
both dizziness and unsteadiness. A comprehensive clinical test
battery should include appropriate techniques to assess the otolith
organs and the semicircular canals.

The vestibular-evoked myogenic potential (VEMP) is an elec-
trophysiological technique used to assess otolith function and
can be evoked using different stimuli, such as sounds, vibra-
tions, and electrical stimulations (14–17). Two responses can
be evoked using VEMP: ocular-VEMP (oVEMP) and cervical-
VEMP (cVEMP).

The cVEMP is an inhibitory response measured from the ipsi-
lateral sternocleidomastoïd muscle and originates from the sac-
cule (16, 18). The inhibition response is measured from the first
positive peak occurring around 13ms (p13 or P1) followed by a
negative peak around 23ms (n23 or N1).

The oVEMP is an excitatory response of the inferior oblique eye
muscle contralateral to the stimulated ear and is thought to origi-
nate from the utricle (18, 19). The oVEMP response is composed
of a negative peak occurring at around 11–12ms (N1) and positive
peak occurring at around 18ms (P1) (20). These responses have
been found to be robust indicators of vestibular system integrity
and are independent from hearing abilities (21, 22).

Caloric stimulation is a commonly used clinical vestibular eval-
uationmethod that induces a movement of the endolymph within
the horizontal semicircular canal by applying either warm or cold
water or air to the external ear canal (23). Despite its wide clinical
use, the mechanisms underlying caloric stimulation are contested
[for more details see Ref. (24)].

The video-head impulse test (vHIT) is a more recent tech-
nique for the functional assessment of all six semicircular canals
(25). This latest vestibular clinical assessment tool uses an
infrared camera designed to track pupillary movement and a
patient-worn gyroscope mounted on goggles (26). Gain, the
vHIT’s output, is calculated by comparing eye and head veloc-
ity during fast head movements in each of the six semicircu-
lar canals’ planes (25, 26). vHIT can provide useful informa-
tion in the assessment of semicircular canal function through
the vestibulo-ocular reflex (VOR) (25, 27). Measurement of the
vertical canal function is based on the 2D modified HIT tech-
nique (28). This method yields higher gains for the vertical
canals than the 3D HIT coil technique. vHIT is highly sensi-
tive to calibration error. This can lead to erroneous calcula-
tion of gain magnitude and make comparison between studies
difficult.

Effects of Aging and Vestibular Evaluation
Techniques

Evaluation of Otolith Function
The effects of normal aging on VEMP responses have been ana-
lyzed for different parameters, such as peak-to-peak amplitude

[the difference between both components (microvolt)], latency
[time of occurrence of both components (millisecond)], thresh-
olds [lowest intensity of a stimuli to trigger a response], response
rate [prevalence of a VEMP response (%)], and asymmetry ratio
[difference in amplitude between individual ears].

cVEMP and Aging
One of the most widely observed effects of aging with cVEMP
is a decrease in recorded amplitude (15, 19, 29–35). Indeed, this
decrease has been reported to happen at a rate of 0.14 μV per
decade (31) and is independent of the stimulus used (35). On
the other hand, cVEMP thresholds have been observed to remain
steady up to 50 years of age (15) and then progressively increase
(15, 19, 34). This increase has been reported for click and tone
burst stimulations (12). Though the majority of studies report
no significant effect of age on cVEMP latencies (19, 31, 33, 35),
few authors have observed age-related increased latency on the
p13 (15, 34) and n23 (9), while other have reported age-related
decreases to n23 (24). cVEMP response rates are widely reported
to decrease with age. However, the age at which this happens
is still contested. Some report a response rate of 100% for par-
ticipants <65 years old followed by a rapid decline (32), while
others have observed a progressive decline starting at 50 years
old (15).

oVEMP and Aging
Numerous studies have reported a decrease in oVEMP amplitude
related to age (19, 29, 31, 33, 35–37). More specifically, oVEMP
amplitude has been reported to decrease by 2.9 μV per decade,
independent of the stimulus used (19, 29, 31, 33, 36, 37). Normal
aging has been reported to increase oVEMP thresholds (12). Most
studies report significant increases in oVEMP latencywith age (19,
31, 33, 36, 37). This increase has been reported to be significant
after 60 years of age (36) and at a rate of 0.12ms per decade
(31). Interestingly, it has been suggested that this increase is only
significant in men (33). To the best of our knowledge, only one
study did not report any significant difference in oVEMP latencies
between age groups (35). oVEMP response rate has been shown
to decrease with normal aging (36, 37) but can be dependent
on the method of stimulus presentation used (36). A significant
reduction in response rate for participants over 60 years of age
can be measured when stimuli are presented by bone conduction
though no significant differences in response rate were found for
galvanic stimulation.

Evaluation of Semicircular Canal Function
Caloric and Aging
Caloric stimulation output is based on the slow-phase move-
ment of the eyes during caloric evoked nystagmus. Few recent
researches have looked at the effects of aging on caloric stimu-
lation. Investigations on the effects of normal aging on caloric
response found a significant increase in response for middle-aged
groups followed by a slow decline with increasing age (32, 38, 39).
However, this difference was only noted for the warm irrigation
(32, 39). Despite these results suggesting an effect of aging on
caloric responses, some investigations have failed to uncover any
age-related differences (40, 41).
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TABLE 1 | Effects of aging on clinical vestibular evaluation techniques.

Evaluation
technique

Parameter Effect of aging Reference

cVEMP Amplitude Decrease (15, 19, 29–35)
Thresholds Increase (15, 19, 34)
Latencies Inconclusive (15, 19, 31–35)
Response rate Inconclusive (15, 32)

oVEMP Amplitude Decrease (19, 29, 31, 33, 35–37)
Thresholds Increase (19)
Latencies Increasea (19, 31, 33, 36, 37)
Response rate Inconclusive (36, 37)

Caloric Slow-phase velocity Inconclusive (38–41, 47)

vHIT Gain No significant effectb (32, 42–46)

aPossible gender effect.
bDecrease at high rotary velocities.

vHIT and Aging
Recent advances in eye-tracking technology have led to the devel-
opment of the vHIT. Numerous methods exist to calculate vHIT
gain. The studies described in this review divided the area under
the eye velocity curve by the area under the head velocity curve
(42). In healthy adults, gain is typically between 0.8 and 1.2 (26).
Investigations on the effects of aging on vHIT gain have only
suggested a minor effect (26, 42–44). However, a higher head
rotation velocity can elicit significant differences after 70 years old
(45, 46). The decline in gain per decade has been suggested to be
0.012 (45) and significant gain differences have only been found
beginning at 90 years of age (45). Till now, research on the effects
of aging on vHIT has primarily investigated the effect of aging on
the horizontal semicircular canals. To the best of our knowledge,
only one study assessed the effect of age on vertical canals (42).
The authors found that age did not influence vHIT response for
anterior canals and gain only slightly decreased with age for the
posterior canals.

Discussion

Current clinical vestibular evaluation methods provide infor-
mation on the integrity of the peripheral vestibular system.
Understanding results from these evaluations in the context of
normal aging is crucial to properly diagnosing vestibular disor-
ders. Despite the well-known effects of aging on the peripheral
vestibular system (6, 8), the effects of normal aging on vestibu-
lar evaluations, as highlighted by this review, is of yet a largely
contested field (see Table 1). Understanding these effects has
important clinical implications to help delineate various vestibular
pathologies in an aging population.

From the existing research, it is possible to propose guide-
lines for the use of clinical vestibular evaluations in an aging
population. For instance, cVEMP is a useful tool to evaluate
saccule function and the inferior vestibular nerve for the elderly
when used with precaution. Reduced amplitude is reported with
aging but these parameters should still be considered valuable,

especially as amplitude asymmetry ratios are shown to remain
stable with age (31, 35). Despite their inconsistencies in research,
latencies can also be valuable complementary parameters. In fact,
as most studies report no significant change in cVEMP latencies
parameters, a change in latency should not be attributed to aging
and should draw the attention of the clinician (19, 31, 33, 35).
Taken together, these last two parameters can allow clinicians to
identify vestibular pathologies using cVEMP without significant
age-related interference.

Ocular-VEMP can be a useful evaluation method for utricule
function and superior vestibular nerve integrity if it is used atten-
tively. Similarly to cVEMP, amplitude remains a valid parameter
for oVEMPevaluation as there is no significant asymmetry despite
a strong decrease (31). Latencies must be considered with caution
as multiple investigations have reported significant age-related
increases (19, 31, 33, 36, 37). It has also been suggested that this
increase in latency is exclusive to men (33). We therefore propose
the use of clinician-established evaluation norms taking age and
gender into account.

On the other hand, caloric testing should be used with precau-
tion for an aging population. Till now, there is debate surrounding
the mechanisms underlying caloric responses (47). Therefore,
non-vestibular factors beyond normal aging could influence the
results (40). The lack of unanimity for caloric responses in relation
to age, combined with the debate surrounding the mechanisms
underlying thismethod (47), are indicators that caloric testing still
requires investigation before conclusive opinions on the effects of
aging can be drawn.

We propose that vHIT is the preferable method to evaluate
the vestibular canals in an aging population, although some pre-
caution is needed regarding neck stiffness to avoid neck injuries.
Results from vHIT appear to be largely independent of normal
aging (45, 46) as only the posterior semicircular canal demon-
strates a slight decrease in gainwith increasing age (42). Therefore,
semicircular canal function of older patients should be evaluated
using vHIT. However, further studies are needed to measure the
effect of aging for vHIT on the vertical semicircular canals.

Conclusion

This review provided an overlook for the existing literature for
the effects of aging on clinical vestibular evaluations. Of the most
popular evaluation methods, vHIT is largely independent of age
and should be preferred over caloric to evaluate semicircular func-
tion. This recommendation is due to a lack of understanding of the
underlying mechanisms of caloric stimulation and the inconstant
reported effects of aging. cVEMP and oVEMP are also useful
methods, though it should be kept in mind that research on the
effects of aging are still inconclusive for some parameters.
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Dizziness and imbalance are clinically poorly defined terms, which affect ~30% of people 
over 65 years of age. In these people, it is often difficult to define the primary cause of 
dizziness, as it can stem from cardiovascular, vestibular, psychological, and neuromus-
cular causes. However, identification of the primary cause is vital in determining the most 
effective treatment strategy for a patient. Our aim is to accurately identify the prevalence 
of benign paroxysmal positional vertigo (BPPV), peripheral, and central vestibular hypo-
function in people aged over 50 years who had experienced dizziness within the past 
year. Seventy-six participants aged 51–92 (mean ± SD = 69 ± 9.5 years) were tested 
using the head thrust dynamic visual acuity (htDVA) test, dizziness handicap inventory 
(DHI), as well as sinusoidal and unidirectional rotational chair testing, in order to obtain 
data for htDVA score, DHI score, sinusoidal (whole-body, 0.1–2 Hz with peak velocity at 
30°/s) vestibulo-ocular reflex (VOR) gain and phase, transient (whole-body, acceleration 
at 150°/s2 to a constant velocity rotation of 50°/s) VOR gain and time constant (TC), 
optokinetic nystagmus (OKN) gain, and TC (whole-body, constant velocity rotation at 
50°/s). We found that BPPV, peripheral and central vestibular hypofunction were present 
in 38 and 1% of participants, respectively, suggesting a likely vestibular cause of dizziness 
in these people. Of those with a likely vestibular cause, 63% had BPPV; a figure higher 
than previously reported in dizziness clinics of ~25%. Our results indicate that htDVA, 
sinusoidal (particularly 0.5–1 Hz), and transient VOR testing were the most effective at 
detecting people with BPPV or vestibular hypofunction, whereas DHI and OKN were 
effective at only detecting non-BPPV vestibular hypofunction.

Keywords: aged, postural balance, vestibular function tests, benign paroxysmal positional vertigo, peripheral and 
central vestibular function

inTrODUcTiOn

The vestibular system detects and initiates responses to changes in sensations of equilibrium. 
Disorder in any part of this system, typically occurring due to aging or injury, results in dizziness 
and imbalance, which contributes to an increased risk of falls (1). Injury to the vestibular system due 
to trauma, disease, or ototoxic drugs is often localized, e.g., to the peripheral component, whereas 
injury through aging is thought to affect the vestibular system as a whole. While structural changes 
within the vestibular system as a whole have been observed due to aging, associations between these 
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changes and dizziness (visual stability), imbalance, gait distur-
bances, and falls has yet to be established (2), and it is not clear 
whether the prevalence of dizziness and imbalance in the elderly 
of ~30% (3) is primarily due to psychological, cardiovascular, 
muscular, or vestibular system degeneration.

One component of the vestibular system is the angular 
vestibulo-ocular reflex (VOR), which is responsible for stable 
vision during head motion by rotating the eyes in the opposite 
direction to head rotation to maintain gaze and images stationary 
on the retina. The cristae ampullaris of the semicircular canals, 
which sense angular head rotations, displays the most profound 
degeneration in the vestibular end organ, where there is a 40% 
decrease in hair cells for all canals by age 80 (4–6). Cristae type 
I hair cell loss with advancing age occurs at twice the rate of the 
macule, whereas for type II hair cells, it is at the same rate for all 
five sense organs – the decline is roughly linear with age for both 
types (5, 6). However, previous studies examining the effect of 
aging on the angular VOR have been conflicting in their find-
ings. Upon stimulation of the VOR via sinusoidal rotation testing, 
gain values (gain = eye velocity/head velocity; the ideal gain of 
the VOR during typical viewing is equal to unity) were shown 
to decrease with age, whereas phase shift (the difference in time 
between ideal eye velocity for head movement compensation 
and actual eye velocity) (7) has generally been demonstrated to 
increase with age. However, the testing conditions under which 
these changes were observed were not the same, with differences 
being attributed to lower (<0.4 Hz) frequency stimuli (8–10) or 
higher (>2 Hz) frequency stimuli (11, 12). Age-related changes 
in the dominant time constant (TC) (time taken for eye velocity 
to decay to 63% of its peak velocity under constant velocity head 
rotation with unidirectional rotation testing of the VOR) have 
also been studied, again with conflicting findings. Some studies 
reporting decreasing TCs (from a mean of 15.1 s to a mean of 
11.7 s) with age (12), while others report shorter TCs in younger 
participants (13), whereas others report no age-related changes 
to the physiological function of these three (gain, phase, and 
TC) parameters (14). Therefore, for those within the healthy 
population who do not experience balance problems, it is unclear 
whether the anatomical changes described in the literature relate 
functionally to older people. Research utilizing head thrust 
dynamic visual acuity (htDVA) has also suggested a link between 
htDVA scores and propensity to falls within older, community-
dwelling populations (15). The rationale behind passive htDVA 
is that people with vestibular organ injury have problems 
stabilizing images as only the VOR can keep up with fast head 
movements, resulting in a decrease in visual acuity during head 
thrusts [i.e., a difference between static and dynamic visual acuity 
(DVA)] (16). However, while htDVA is a very specific test (90% 
unilateral peripheral hypofunction, 90% bilateral hypofunction), 
its sensitivity in detecting peripheral vestibular hypofunction is 
limited (23% unilateral peripheral hypofunction, 55% bilateral 
peripheral hypofunction), meaning that although a bad DVA 
score indicates a poor VOR, a good score may not always mean a 
well-functioning VOR (17).

Benign paroxysmal positional vertigo (BPPV) is a condition 
where the otoconia are dislodged from their usual position within 
the utricle and migrate into one of the semicircular canals (the 

posterior canal is most commonly affected due to its anatomical 
position). When the head is re-oriented relative to gravity, the 
gravity-dependent movement of the heavier otoconial debris 
within the affected semicircular canal causes pathological endo-
lymph displacement and a resultant sensation of vertigo. BPPV 
is the most common form of positional vertigo, accounting for 
nearly one half of patients with peripheral vestibular disorder. 
Approximately 18% of people seen in dizziness clinics (18) and 
25% of people sent for vestibular testing have BPPV (19). In a 
population-based survey of 1003 people, the prevalence of BPPV 
was 2.4% and the 1-year prevalence of BPPV increased with age 
such that it was seven times higher in those aged 60 years and 
older compared to those aged 18–39 years (20).

Additionally, research into the efficacy of treatments for diz-
ziness, such as vestibular rehabilitation, has seemingly indicated 
benefit and improvements in the quality of life of patients suffering 
from dizziness and imbalance (21). Identification of these people 
is important so that they can receive rehabilitation treatment. Our 
aim is to identify accurately the prevalence of BPPV, peripheral 
and central vestibular hypofunction within people over the age 
of 50 who had experienced an episode of dizziness, self-reported 
or documented, within the last year. We sought a snapshot of this 
particular population because these were the people most likely 
to present to a physician with dizziness, while acknowledging that 
this approach would likely result in an over-estimate of the true 
numbers of people with vestibular disorders in this overall age 
group. We used the Dizziness Handicap Inventory Questionnaire, 
Dix–Hallpike test, clinical head impulse test (cHIT), htDVA test, 
as well as sinusoidal and unidirectional rotational chair testing in 
order to, respectively, obtain data for BPPV, presence of refixation 
saccades, DVA, sinusoidal VOR gain and phase (between 0.1 to 
2 Hz), transient VOR gain and TC, and optokinetic nystagmus 
(OKN) gain and TC.

MaTerials anD MeThODs

Participants
We studied 76 people with self-reported dizziness who had 
experienced at least one dizziness episode within the past year; 
44 females and 28 males, aged 51–92 years old (mean = 69 ± 9.5). 
Participants were recruited through advertisements and mail 
flyers, the Neuroscience Research Australia website and news-
letter, existing clinical networks and by contacting residents of 
retirement villages. The inclusion criteria were aged 50 years and 
over, dizziness (self-reported or documented) not currently being 
treated, living independently in the community or retirement vil-
lage and able to understand English. The exclusion criteria were 
presence of a degenerative neurological condition or cognitive 
impairment. Participants identified on assessment with condi-
tions that required urgent treatment defined as suspected stroke, 
transient ischemic attack, or other undiagnosed neurological 
or acute cardiovascular condition, severe depressive symptoms, 
or severe anxiety symptoms were also excluded from the study 
and referred for appropriate treatment. No participant included 
had a history of hypotension, bradycardia, fainting, seizures, or 
vomiting/migraines due to motion sickness. All participants gave 
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written and informed consent prior to participating in the study. 
The experimental protocol was approved by the Human Research 
Ethics Committee at the University of New South Wales.

Testing Protocol
Baseline testing took 1  day to complete for each participant. 
No participant was treated on the same day as their testing. 
Participants completed the Jacobson and Newman dizziness 
handicap inventory (DHI) (22), followed by the tests below in 
the order presented.

Dix–Hallpike Test to Detect BPPV
Participants underwent the Dix–Hallpike test for vertical canal 
BPPV using Frenzel lens goggles with integrated video camera for 
eye image recording (23). With the head turned 45° to one side 
and extended about 20° backward, the participant was brought 
from a sitting position to a supine position. Once supine, the eyes 
were observed for 30 s. If no nystagmus ensued, the participant 
was brought back to the sitting position and kept stationary for 
30 s, after which the other side was tested. Horizontal canal BPPV 
testing began with the body supine and the head inclined forward 
30°. The head was then turned to either side, i.e., the supine roll 
test. The Epley or particle repositioning maneuver was not per-
formed on participants to treat their BPPV during this baseline 
testing session.

Clinical Head Impulse Test
A head impulse consists of a unilateral transient head rotation 
with peak amplitude ~10°, peak velocity ~150°/s, and peak accel-
eration ~3000°/s2 (16). Passive, five leftward and five rightward, 
head impulses were manually delivered while the subject fixated 
the examiner’s nose. The examiner noted whether or not refixa-
tion saccades occurred, i.e., positive for cHIT, for each direction 
of rotation.

Dynamic Visual Acuity
Participants who normally wore glasses or contact lenses for 
distant viewing were instructed to wear them during all DVA 
tests. Participants were seated 2  m directly in front of a high-
resolution (1920  ×  1080) 18.1-viewable-inch monitor with a 
refresh rate of 85 Hz. Static visual acuity was measured first by 
repeatedly displaying a single optotype (the letter E, randomly 
rotated each trial by 0°, 90°, 180°, or 270°) on a computer monitor. 
Participants viewed five optotypes per acuity level (letter size), 
which decreased in visual acuity levels of 0.1 LogMAR (MAR, 
minimum angle resolved). The lower the LogMAR score, the 
better the visual acuity, with LogMAR = −0.3, 0, 0.3, 0.7, 1.0, and 
1.3 corresponding to Snellen visual acuity of 20/10, 20/20, 20/40, 
20/100, 20/200, and 20/400, respectively. Static visual acuity was 
determined when the participant failed to correctly identify five 
optotypes on an acuity level or reached the LogMAR score of 
0.000 (Snellen equivalent of 20/20 acuity).

For the dynamic component of the test, two IDG500/ADXL33 
IMU (2D gyroscopes) Analog Combo Boards, aligned in the right 
anterior and left posterior (RALP) and left anterior and right pos-
terior (LARP) vestibular semicircular canal (SCC) planes attached 
to an adjustable head mount were positioned on the participants 

head to measure angular head velocity in the horizontal, LARP, 
and RALP planes. A head thrust (also known as a head impulse) 
is a manually delivered, unpredictable, unidirectional, rapid 
head rotation with peak amplitude ~10°, peak velocity ~150°/s, 
and peak acceleration ~3000°/s2. Horizontal head thrusts to 
assess horizontal canal function were performed first, followed 
by RALP, and then LARP head thrusts. Each semicircular canal 
was assessed separately, with head thrusts delivered only in its 
particular orientation until DVA was determined (i.e., leftward 
head thrusts tested the left horizontal canal and the DVA score 
was determined, followed by right horizontal canal testing, and 
so on). One practice trial for a head thrust was performed before 
commencing dynamic head thrust DVA (htDVA) testing in each 
of the planes of the horizontal, superior, and posterior SCCs. 
During each head thrust, the optotype “E” randomly oriented in 
one of the four directions ( ) was displayed on the monitor 
2 m in front of the participant when head velocity, sensed by the 
IDG500/ADXL33 Analog Combo Board, was between 120 and 
180°/s for more than 40 ms. The optotype was displayed on the 
monitor for no longer than 85 ms, during which time the head 
would have rotated 9°–13.5°. To account for loss of concentration 
or blinking, the participant was allowed to view each optotype 
a maximum of three times, at which point the participant was 
required to guess the orientation. Once the participant indicated 
a response, the next trial was started, with the test being termi-
nated when the participant incorrectly identified five optotypes 
at one acuity level or the participant reached the LogMAR score 
of 0.000. The htDVA test score was calculated by subtracting the 
static visual acuity LogMAR score from the DVA LogMAR score. 
As an aid to data interpretation only, we classified the scores as 
normal [≤0.158, i.e., ≤2 SDs from normal mean, see Ref. (17)], 
borderline (>0.158 and ≤0.316, 2–4 SDs), and abnormal (>0.316).

Rotary Chair Testing
The movements of both eyes were recorded in two dimensions 
(horizontal and vertical) using video-oculography. Eye position 
was recorded at 30  fps with a small, light-weight, high speed 
video camera mounted onto a light-weight scuba mask with an 
adjustable rubber strap that sat tightly on the bridge of the nose 
and around the eye sockets to minimize movement of the camera 
relative to the head. Two infrared light-emitting diodes (LEDs) 
were directed toward the eyes. The image of the eye was reflected 
from a hot (infrared) mirror onto the camera, the camera and 
hot mirror were mounted rigidly onto the mask. Horizontal and 
vertical eye movements were calibrated in vivo by asking the par-
ticipant to fixate sequentially on the center and then four tips of 
a cross projected from a mask-mounted cross-hair projector. Eye 
position was calculated by tracking the pupils in the video images.

The rotary chair consisted of a reinforced car seat with foot 
support, four point safety harness, and head holder brace, used 
to tightly secure the participant’s head, torso, and feet to the chair, 
respectively. The chair sat on a freely rotating hollow shaft attached 
via gears and a tension controlled toothed-belt to a floor-mounted 
motor (Baldor SD55-15A1 brushed DC servo motor, USA). The 
hollow shaft had a position encoder (S2 Optical Kit, USA) to 
monitor chair position, and slip-ring so that electrical signals, 
including power supply, could connect with equipment attached 
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to the chair. For example, signals to and from the chair and video 
data acquisition laptop computer and angular velocity (rate) 
sensor (GyroPAK3, USA) that measured chair velocity. Chair 
position and velocity were precisely controlled using a motion 
controller (NI PCI-7342, USA) and LabVIEW program (National 
Instruments, USA) running on the control PC located outside 
of the testing room. Head (angular chair position and velocity) 
and eye (video-oculography, horizontal and vertical angular eye 
position, and velocity) data were synchronously sampled at 30 Hz 
by the acquisition laptop computer (DAQ NI-USB-6008, USA), 
which wirelessly transmitted these data to the control PC.

The VOR testing protocol consisted of four steps.

 1. Each participant was examined for spontaneous nystagmus 
by asking them to fixate on a point (170 cm) directly in front 
of them at eye level, and to hold that same gaze position even 
after the lights were turned out and they were in complete 
darkness.

 2. The visual vestibulo-ocular reflex (VVOR) was tested by 
sinusoidal horizontal whole-body rotations at a series of 
frequencies (0.1, 0.2, 0.4, 0.5, 0.8, 1, 1.6, and 2  Hz, all with 
peak velocity 30°/s). The participant was tested in light, with 
instructions to visually fixate on a room-fixed point (170 cm) 
directly in front of them at eye level.

 3. The VOR was measured using the VVOR rotation protocol 
above, the only difference being that the participant was tested 
in complete darkness.

 4. The horizontal VOR was tested during transient rotations (i.e., 
acceleration steps). From stationary, the chair (and partici-
pant) accelerated (~150°/s2) up to a constant velocity of 50°/s 
lasting for 3 min and then de-accelerated (~150°/s2) to station-
ary, remaining so for at least 1 min. Testing was in complete 
darkness, except for a 1 min period starting precisely 1 min 
after acceleration commenced. During this 1  min period, 
OKN was induced by optokinetic stimuli painted on the walls 
of the room (40° subtending black stripes to 8° subtending 
white stripes). Participants were told not to fixate on the 
stripes as they entered their view. The OKN gain and TC were 
measured using the data collected during this 1 min period in 
light, whereas the VOR gains and TCs were measured during 
the 1  min periods in complete darkness immediately post 
acceleration and de-acceleration. Responses were measured 
for both leftward and rightward transient rotations.

Participant Vestibular rehabilitation 
category
Each participant was assessed at a case conference that included 
a geriatrician, vestibular physiotherapist, applied neurologist, 
vestibular scientist, and psychologist. Each specialist evaluated 
the participant’s medical history and performance on a range of 
depression and anxiety questionnaires as well as sensorimotor, 
balance, cardiovascular (data not presented here), and vestibular 
tests, including the tests outlined in this study. Each participant 
was categorized as having symptoms of dizziness due to vestibular 
hypofunction making them suitable for vestibular rehabilitation 
exercises (“Lesion” group), BPPV making them suitable for Epley 

maneuver treatment (“BPPV” group), or due to non-vestibular 
cause, e.g., cardiovascular, neuromuscular, or psychogenic con-
dition (“non-vestibular” group). Only after all the testing was 
complete and participants categorized were they referred for later 
treatment.

Data analysis
For sinusoidal data, cycles (a cycle equals one period) with quick 
phases (resetting eye movements that bring the eye back to center 
once they reach the edge of the oculomotor range) were removed, 
and the remaining (i.e., slow-phase vestibular eye movements) 
cycles were overlaid and averaged on a point-by-point basis. 
Gain and phase were computed using the horizontal eye and 
head velocities. Gain was defined as the eye/head quotient of 
amplitude for least-squares best-fit pure sinusoids approximat-
ing the eye and head velocity mean traces. Gain and phase were 
expressed with the convention that unity gain and zero phase 
imply a perfectly compensatory VOR; positive phase implies that 
eye movements lead head movements and negative phase implies 
that eye movements lag behind head movements. During testing 
at 1.6 and 2 Hz decoupling that sometimes occurred between the 
head and chair was detected by a large increase in phase shift and 
decrease in gain compared to the 1 Hz data. Decoupled data were 
not included in the analysis.

For unidirectional transient data (i.e., acceleration steps), 
the points in time where the absolute magnitude of eye velocity 
was maximal immediately after acceleration (PEXC, excitatory 
stimulus) and after de-acceleration (PINH, inhibitory stimulus) 
were determined and used to calculate the excitatory VOR 
gain (eye/head velocity at PEXC) and the inhibitory VOR gain 
(at PINH), respectively. Starting at time PEXC, points on the eye 
velocity trace immediately before the start, and after the end, 
of quick phases (therefore, only selecting the slow-phase data) 
were manually chosen and an exponential curve was fitted to the 
data in order to calculate the excitatory TC. TC was defined as 
the time taken for eye velocity to decay to 63% of peak velocity 
under constant velocity rotation. An unusually long (>30  s) 
vestibular TC suggests a central vestibular disorder (24). The 
inhibitory TC was similarly calculated by fitting points after 
time PINH. The OKN gain was calculated by selecting slow-phase 
eye velocity data points (i.e., excluding quick phase data points 
as per above) during the constant velocity rotation period with 
lights on. The average velocity of these points was calculated and 
divided by 50°/s (i.e., eye/head velocity) to calculate the OKN 
gain. The OKN TC was calculated by fitting an exponential curve 
to the slow-phase data during lights off, starting immediately 
after the period with lights on. The VOR and OKN, gains and 
TCs, calculations were identical for both leftward and rightward 
transient data.

statistical analysis
Statistical analysis was performed using Matlab 2008a 
(Mathworks, USA) and Excel 2007 (Microsoft, USA) software. 
We used a mixed-design repeated measures analysis of variance 
(ANOVA) with two-, three-, and four-factor interactions to 
analyze the data (25). Main and interaction effects of participant 
vestibular rehabilitation group (group: “lesion,” “non-vestibular,” 
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or “BPPV”), test type (test: “VVOR” or “VOR”), eye used to 
calculate the gain or phase (eye: “left,” “right”), and test frequency 
(frequency: 0.1, 0.2, 0.4, 0.5, 0.8, 1, 1.6, and 2 Hz) on sinusoidal 
VOR gain and phase were investigated. Main and interaction 
effects of “group,” “eye,” vestibular stimulus applied with respect 
to the lesion side (sameside: “yes” or “no”) and vestibular stimulus 
type (stimulus: “excitatory,” “inhibitory”) on transient VOR gain 
and TC were investigated. Main and interaction effects of “group,” 
“eye,” and “sameside” on OKN gain and TC were investigated. 
Main and interaction effects of “group,” “sameside,” and canal 
(canal: “horizontal,” “anterior,” and “posterior”) on DVA score 
were investigated. Main and interaction effects of “group” on total 
physical, total emotional, total functional, and grand total DHI 
scores were investigated. We report variables (or factors) with 
95% confidence (i.e., 5% significance) as significant and those 
with 90% confidence (i.e., 5–10% significance) as trends. We also 
report the effect size η2 for ANOVA, which was considered as 
small 0.005–0.05, medium 0.05–0.125, or large >0.125; and effect 
size Cohen-d for z-test, which was considered as small 0.15–0.45, 
medium 0.45–0.75, or large >0.75 (26).

resUlTs

Demographics
Ten participants (5 female, 5 male) were categorized into the lesion 
group, 19 (15 female, 4 male) into the BPPV group, and 47 (26 
female, 21 male) into the non-vestibular group. There was no dif-
ference in mean ages between non-vestibular (68.3 ± 9.5 years), 
lesion (70  ±  11.8  years), and BPPV (70.1  ±  8.6  years) groups 
(ANOVA: “group” variable, P = 0.749, η2 = 0.008).

We categorized the last dizzy episode for each participant into 
six time periods [test day (prior to testing), last week, last month, 
last 3 months, last 6 months, last year]. For the lesion group, three 
participants experienced a dizzy episode on the day, four in the 
last week, and three in the last month. For the BPPV group, five 
on the day, nine in the last week, three in the last month, one in 
the last 3 months, and one in the last year. For the non-vestibular 
group, 12 on the day, 10 in the last week, 16 in the last month, 5 
in the last 3 months, and 4 in the last 6 months.

For the 19 BPPV patients during Dix–Hallpike testing; 8 had 
upbeat right torsional nystagmus during right posterior canal test-
ing only; 5 upbeat left torsional nystagmus during left posterior 
canal testing only; and 6 had upbeat with left torsional nystagmus 
during left posterior canal testing and upbeat with right torsional 
nystagmus during right posterior canal testing. Fourteen out of 
the 19 BPPV participants described head movement as a clear 
trigger for their dizziness, which was predominantly a spinning 
sensation.

clinical head impulse Test
The cHIT was performed in 68 out of the 76 participants. The 
remaining eight could not be tested due to difficulty with moving 
their head due to neck stiffness and or pain. The cHIT was positive 
in 8/42 in the non-vestibular group, 1/9 in the lesion group, and 
4/17 in the BPPV group. There was no difference in these propor-
tions between groups (z-test: lesion vs. non-vestibular, P = 0.569, 

Cohen-d  =  −0.159; BPPV vs. non-vestibular, P  =  0.697. 
Cohen-d = 0.101; lesion vs. BPPV, P = 0.447, Cohen-d = 0.303).

head Thrust Dynamic Visual acuity
Table 1 shows the mean htDVA scores for non-vestibular, lesion, 
and BPPV groups as well as the proportion of participants clas-
sified as normal, borderline, and abnormal. For presentation of 
non-vestibular group data in Table 1 only, ipsilesional is left and 
contralesional is right.

The factors which affected the htDVA score were the canal 
tested (ANOVA: canal, P  <  0.05, η2  =  0.015) and participant 
group (ANOVA: group, P < 0.01, η2 = 0.021). There was a close to 
5% significant difference between ipsilesional and contralesional 
rotations (ANOVA: sameside, P = 0.0506, η2 = 0.008), and toward 
an interaction between sameside and group (ANOVA: P = 0.0715, 
η2 = 0.007).

Sub-analysis comparing only non-vestibular and lesion group 
data showed a significant difference in htDVA score between 
rotations toward the ipsilesional and contralesional (both left 
and right sides were pooled for the non-vestibular group) sides 
(ANOVA: sameside variable, P < 0.02, η2 = 0.019). Additionally, 
for the lesion group only, horizontal canal htDVA scores were 
significantly different between ipsilesional and contralesional 
sides (ANOVA: sameside, P < 0.01, η2 = 0.058).

Sub-analysis comparing only BPPV and lesion group data 
showed a significant difference in htDVA score between groups 
(ANOVA: group, P < 0.002, η2 = 0.058) as well as between canals 
(ANOVA: canal, P < 0.01, η2 = 0.068) and between ipsilesional 
and contralesional sides (ANOVA: sameside, P < 0.05, η2 = 0.023). 
There was a close to 5% significance interaction between group 
and lesion sides (ANOVA: P = 0.0558, η2 = 0.02). Examination of 
the canals individually indicated that anterior canal htDVA scores 
were significantly different between BPPV and lesion groups 
(ANOVA: group, P < 0.001, η2 = 0.217). Additionally, there was a 
trend toward a difference in posterior canal DVA scores between 
BPPV and lesion groups (ANOVA: group, P = 0.0726, η2 = 0.07) 
as well as between ipsilesional and contralesional sides (ANOVA: 
sameside, P  =  0.0996, η2  =  0.059). There were no differences 
between non-vestibular and BPPV groups.

Dizziness handicap inventory
Table 2 shows the mean DHI scores for physical, emotional, and 
functional parts of the questionnaire as well as the mean grand 
total DHI scores for the non-vestibular, lesion, and BPPV groups.

There was a significant difference in the total emotional score 
between groups (ANOVA: group, P < 0.01, η2 = 0.138). There was 
a close to 5% significant difference in grand total scores between 
groups (ANOVA: group, P = 0.0643, η2 = 0.072).

Sub-analysis comparing only lesion and non-vestibular 
group data showed a significant difference in the total emotional 
(ANOVA: group, P < 0.001, η2 = 0.186) and grand total scores 
(ANOVA: group, P < 0.02, η2 = 0.098) as well as a trend toward a 
difference in total functional scores (ANOVA: group, P = 0.0572, 
η2 = 0.064). There was a close to 5% significant difference in total 
emotional scores between lesion and BPPV groups (ANOVA: 
group, P = 0.0504, η2 = 0.135). There was no difference in DHI 
scores between the BPPV and non-vestibular groups.
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TaBle 2 | summary of mean Dhi scores for physical, emotional, and 
functional parts of the questionnaire as well as the mean total Dhi 
scores for non-vestibular, lesion, and BPPV groups.

Dhi score non-vestibular 
(n = 47)

lesion (non-BPPV) 
(n = 10)

BPPV 
(n = 19)

Mean ± sD Mean ± sD Mean ± sD

Physical 10.1 ± 6.65 11.8 ± 6.76 11.4 ± 6.96

Emotional 4.85 ± 5.56 12.4 ± 8.42 6.42 ± 6.95

Functional 8.04 ± 7.48 13.2 ± 8.34 8.74 ± 8.17

Total 23.0 ± 16.5 37.4 ± 19.2 26.5 ± 18.8

Total scores of ≤39, ≥40 and ≤69, and ≥70 indicate low, moderate, and severe self-
perception of handicap, respectively.

FigUre 1 | Mean sinusoidal vestibulo-ocular reflex (VOr) and visual 
VOr (VVOr) gains and phases for non-vestibular, lesion, and BPPV 
groups over all frequencies.

TaBle 1 | summary of mean htDVa scores for non-vestibular, lesion (non-BPPV), and BPPV groups as well as the proportion of participants classified 
as normal, borderline, and abnormal (≤0.158, >0.158 and ≤0.316, and >0.316, respectively).

side canal non-vestibular lesion (non-BPPV) BPPV

affected no. Mean ± sD affected no. Mean ± sD affected no. Mean ± sD

Ipsi. Hor. Normal 34/47 0.154 ± 0.131 Normal 3/15 0.300 ± 0.139 Normal 11/23 0.200 ± 0.131
Borderline 8/47 Borderline 5/15 Borderline 9/23
Abnormal 5/47 Abnormal 7/15 Abnormal 3/23

Ant. Normal 28/44 0.182 ± 0.180 Normal 5/15 0.237 ± 0.112 Normal 14/22 0.137 ± 0.065
Borderline 8/44 Borderline 4/15 Borderline 8/22
Abnormal 8/44 Abnormal 6/15 Abnormal 0/22

Post. Normal 18/40 0.189 ± 0.116 Normal 2/15 0.328 ± 0.151 Normal 5/20 0.249 ± 0.127
Borderline 16/40 Borderline 5/15 Borderline 10/20
Abnormal 6/40 Abnormal 8/15 Abnormal 5/20

Contra. Hor. Normal 31/45 0.160 ± 0.143 Normal 5/5 0.113 ± 0.041 Normal 8/13 0.211 ± 0.195
Borderline 9/45 Borderline 0/5 Borderline 2/13
Abnormal 5/45 Abnormal 0/5 Abnormal 3/13

Ant. Normal 20/43 0.208 ± 0.138 Normal 2/5 0.195 ± 0.081 Normal 8/12 0.135 ± 0.068
Borderline 12/43 Borderline 2/5 Borderline 4/12
Abnormal 11/43 Abnormal 1/5 Abnormal 0/12

Post. Normal 17/39 0.203 ± 0.115 Normal 3/5 0.245 ± 0.210 Normal 6/12 0.188 ± 0.096
Borderline 15/39 Borderline 1/5 Borderline 4/12
Abnormal 7/39 Abnormal 1/5 Abnormal 2/12

For the non-vestibular group, ipsilesional is left and contralesional is right.
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sinusoidal horizontal VOr and VVOr 
Testing
The factors that affected the gain were the test protocol (VOR 
or VVOR; ANOVA: test, P  <  0.0001, η2  =  0.275), participant 
group (ANOVA: P < 0.0001, η2 = 0.026), and testing frequency 
(ANOVA: P < 0.0001, η2 = 0.017). There was a significant interac-
tion between test protocol and frequency (ANOVA: P < 0.0001, 
η2  =  0.033). As shown in Figure  1, the VOR gain increases at 
frequencies ≥1.6 Hz (ANOVA: frequency, P < 0.0002, η2 = 0.025).

Sub-analysis comparing only lesion and non-vestibular group 
data showed the factors that affected gain were test protocol 
(ANOVA: P  <  0.001, η2  =  0.297), group (ANOVA: P  <  0.02, 
η2 = 0.003), and frequency (ANOVA: P < 0.001, η2 = 0.019) par-
ticularly between 0.5 and 1 Hz where the mean lesion VOR gain 
was ~25% lower than the mean non-vestibular VOR gain. Phase 
was affected by test protocol (ANOVA: P < 0.0001, η2 = 0.022) 
and frequency (ANOVA: P < 0.0001, η2 = 0.069), and there was 
a significant interaction between test protocol and frequency 
(ANOVA: P  <  0.01, η2  =  0.013). The frequency significantly 

affected phase during VOR testing only when 0.1, 1.6, and 2 Hz 
were included in the analysis (when these frequencies were 
removed, frequency no longer became significant), whereas it 
significantly affected phase at all frequency ranges of VVOR test-
ing (ANOVA: P < 0.0001, η2 = 0.156).

Sub-analysis comparing only BPPV and non-vestibular group 
data showed the factors that affected gain were test protocol 
(ANOVA: P  <  0.001, η2  =  0.238), group (ANOVA: P  <  0.001, 
η2  =  0.028), and frequency (ANOVA: P  <  0.001, η2  =  0.015). 
Between 0.5 and 1 Hz, the mean BPPV VOR gain was ~13% lower 
than the mean non-vestibular VOR gain. Phase was affected by 
test protocol (ANOVA: P < 0.0001, η2 = 0.032), group (ANOVA: 
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FigUre 2 | Mean transient (acceleration step) VOr gains and time 
constants for ipsilesional and contralesional rotational stimuli that 
are excitatory (measured during acceleration) or inhibitory (measured 
during de-acceleration) for non-vestibular, lesion, and BPPV groups. 
For the non-vestibular group, ipsilesional is left and contralesional is right.
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P  <  0.01, η2  =  0.005), and frequency (ANOVA: P  <  0.001, 
η2  =  0.045). There were significant interactions between test 
protocol and frequency (ANOVA: P < 0.0001, η2 = 0.022) as well 
as group and frequency (ANOVA: P < 0.002, η2 = 0.012). There 
was a VOR phase difference between BPPV and non-vestibular 
groups (ANOVA: P < 0.02, η2 = 0.007), which was not significant 
during testing at <2 Hz (P = 0.0871, η2 = 0.004). Frequency did 
not affect the VOR phase for frequencies >0.1 and <2 Hz. There 
was a difference between BPPV and non-vestibular groups for 
VVOR phase (ANOVA: P  <  0.05, η2  =  0.005), which was no 
longer significant during testing at <2 Hz (P = 0.0627, η2 = 0.003). 
Frequency significantly affected the VVOR phase at all frequency 
ranges of VVOR testing (ANOVA: P < 0.0001, η2 = 0.085).

Transient (acceleration steps) horizontal 
VOr Testing
Figure 2 shows the means for VOR gain and TC for ipsilesional 
and contralesional transient unilateral rotations that were 
excitatory (during acceleration) and inhibitory (during de-
acceleration) for the non-vestibular, lesion, and BPPV groups. 
For the non-vestibular group and Figure  2 only, ipsilesional is 
left and contralesional is right. Figure  3 shows the typical raw 
trace response in a participant from the non-vestibular group.

The factor which affected the acceleration step gain was whether 
the stimulus was excitatory or inhibitory (ANOVA: stimulus, 
P < 0.05, η2 = 0.019). There was a close to 5% significant effect of 
group on the acceleration step gain (ANOVA: group, P = 0.0624, 
η2 = 0.021) and TC (ANOVA: group, P = 0.0926, η2 = 0.018).

Sub-analysis comparing only non-vestibular and lesions group 
data showed a trend toward a difference in acceleration step 
gain between ipsilesional and contralesional sides (both left and 
right sides were pooled for the non-vestibular group) (ANOVA: 
sameside, P = 0.0798, η2 = 0.017). The acceleration step TC was 
not different (ANOVA: group, P  =  0.651, η2  =  0.001) between 
lesion and non-vestibular groups. Within the lesion group, there 
was a trend toward a difference in TC between ipsilesional and 
contralesional rotations (ANOVA: P = 0.0809, η2 = 0.095).

Sub-analysis comparing only non-vestibular and BPPV group 
data showed a significant difference in acceleration step gain 
between groups (ANOVA: P < 0.05, η2 = 0.021), especially during 
inhibition stimulation (ANOVA: P < 0.05, η2 = 0.038). However, 
there were no significant factors which affected the TC.

Sub-analysis comparing only BPPV and lesion group data 
showed a significant difference in acceleration step gain between 
groups (ANOVA: P < 0.05, η2 = 0.053). For inhibitory stimuli, 
there was a trend toward a difference in acceleration step gain 
between BPPV and lesion groups (ANOVA: P  =  0.0623, 
η2  =  0.069). There was also a significant difference in the TC 
between BPPV and lesion groups (ANOVA: P < 0.05, η2 = 0.06), 
as well as a trend toward a difference in TC between ipsilesional 
and contralesional rotations (ANOVA: P = 0.0796, η2 = 0.029). 
For excitatory stimuli, there was a difference in TC between 
BPPV and lesion groups (ANOVA: P < 0.02, η2 = 0.123).

Transient VOR testing identified one participant with excita-
tory response, displayed in Figure  4, with exponential decay 
longer than normal duration.

Optokinetic Testing (OKn)
Figure  5 shows the mean values for optokinetic gain and 
TC for the non-vestibular, lesion, and BPPV groups during 
ipsilateral and contralateral stimuli. For the non-vestibular 
group and Figure 5 only, ipsilesional is left and contralesional 
is right.

The factor which affected the OKN TC was whether the 
stimulus was ipsilesional or contralesional (ANOVA: same-
side, P < 0.05, η2 = 0.035). No factors affected the OKN gain. 
Within the lesion group, the TC was significantly different 
between ipsilesional and contralesional rotations (P  <  0.01, 
η2 = 0.467).

DiscUssiOn

Thirty-eight percent of participants had a detectable peripheral 
vestibular disorder (29/76) and 1% a central vestibular disorder 
(1/76), which was the likely cause of their dizziness. Of those with 
a vestibular cause, 63% (19/30) had BPPV, which is higher than 
the previously reported ~25% in dizziness clinic populations (18, 
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FigUre 4 | The VOr and OKn response during leftward rotation in a participant with central vestibular dysfunction. The left and right dashed lines 
indicate exponential decay fits to the slow-phase component of the eye movement in darkness and are used to calculate the VOR gain, VOR, and OKN time 
constants. The middle dashed line indicates a linear fit to the slow-phase component of the eye movement in light and is used to calculate the OKN gain.

FigUre 3 | Typical response from a participant in the non-vestibular group during transient VOr and OKn testing. Top panel shows responses during 
leftward rotations and bottom panel for rightward rotations.
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19). This 2.5 times larger prevalence can be explained by the fact 
that participants had experienced dizziness in the last year, which 
meant this population was biased toward having a vestibular 
disorder. However, it is also important to note that due to the 
difference in time between dizzy spell and assessment, for some 
of the participants, vestibular disorders may have resolved or 
progressed to chronic and well-compensated, which would have 
made detection less possible.

head Thrust Dynamic Visual acuity
For the non-vestibular group, htDVA scores were similar between 
left and right sides, whereas in the lesion group, there was a differ-
ence between ipsilesional and contralesional sides. For the BPPV 

group, the posterior canal htDVA score on the ipsilesional side 
was highest (worst).

The difference in lesion group horizontal htDVA scores 
between ipsilesional and contralesional head rotations is due to 
loss of vestibular function, as has been previously reported [e.g., 
Ref. (17)]. However, for all groups, there was a trend toward 
a difference in htDVA scores depending on the canal tested, 
i.e., horizontal, anterior, or posterior. In fact, within BPPV 
and lesion groups, this difference was significant. This finding 
is understandable for the BPPV group given that BPPV com-
monly occurs in the posterior canals (as was the case in all our 
participants) due to their anatomical position. The relationship 
between posterior canal htDVA score and BPPV has not been 
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FigUre 5 | Mean optokinetic nystagmus (OKn) gains and time 
constants for non-vestibular, lesion, and BPPV groups for ipsilesional 
and contralesional rotational stimuli. For the non-vestibular group, 
ipsilesional is left and contralesional is right. The * denotes significant 
difference.
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previously reported. Our finding suggests that BPPV not only 
inappropriately persists a vestibular-evoked eye movement 
once the head has stopped rotating but also alters the VOR eye 
movement during the head movement (i.e., when the optotype 
is flashed) in a way that affects DVA. By contrast, for the lesion 
group, it is not clear why the posterior canal htDVA score was 
higher than the other canals when testing the contralesional 
side. During htDVA testing, it was noted that in our population 
~59% (45/76) used bifocal or multifocal glasses. The vertical 
direction of the head thrusts during anterior and posterior 
canal testing is likely to have caused viewing lens crossover, 
which could have increased htDVA scores during the testing 
for those canals.

Dizziness handicap inventory scores
In examining the DHI scores, it appears BPPV has less effect on 
emotional and functional quality of life than other vestibular 
conditions. Participants with BBPV perceived their handicap to 
be somewhere between lesion and non-vestibular participants 

and the difference in total scores was only statistically different 
between the lesion and non-vestibular groups.

sinusoidal horizontal VOr and VVOr
We found significant differences in gain and phase between 
BPPV and non-vestibular groups. Manifestation of BPPV usu-
ally occurs in the posterior canals, given their anatomical posi-
tion, so presumably the horizontal VOR should not be affected 
by BPPV, yet our results suggest it is. Our findings show that the 
BPPV group sinusoidal horizontal VOR gain was between the 
lesion and non-vestibular group gains, especially between 0.5 
and 1 Hz, which seems to be the critical point for detecting ves-
tibular disorder during human rotary chair testing. Presumably, 
this is because the VOR contributes to vision stabilization start-
ing at around 0.5 Hz. During higher-frequency chair rotations, 
decoupling can occur between the head and chair resulting 
in larger response variation and decreased sensitivity. Across 
all groups, the VOR gain increased at stimulus frequencies 
≥1.6 Hz, whereas VVOR gain decreased at 2 Hz, which agrees 
with the findings of Li et al. (11) that suggested decreasing gain 
with increasing frequency. Our VOR phase analysis showed no 
significant difference between non-vestibular and lesion groups, 
whereas at higher frequencies (≥1.6 Hz), there were differences 
between non-vestibular and BPPV as well as BPPV and lesion 
groups.

Transient (acceleration steps) 
horizontal VOr
With Transient VOR testing, differences were noted primar-
ily between BPPV compared to non-vestibular and lesion 
groups, respectively. There was no difference in TC between 
non-vestibular and BPPV groups, whereas gain was shown to 
differ, especially during inhibitory stimulation. This finding is 
consistent with our sinusoidal VOR data, which also showed 
a difference between BPPV and non-vestibular groups. The 
largest (albeit not statistically significant) difference between 
ipsilesional vs. contralesional gain was observed in the lesion 
group during excitatory stimulation. Similarly, the largest differ-
ence between ipsilesional and contralesional TC was observed in 
the lesion group during inhibitory stimulation. Transient VOR 
testing identified one participant with likely central vestibular 
dysfunction.

Optokinetic nystagmus
With regard to horizontal OKN testing, for the lesion and BPPV 
groups, there was a significant difference in TC between ipsile-
sional and contralesional rotations. No other significant results 
were obtained from any of the comparisons for TC or gain. This 
is a somewhat surprising result given that the OKN response 
is a mixture of optokinetic and smooth pursuit systems that 
should perfectly stabilize vision during 50°/s constant veloc-
ity head rotations in the light (24). A decrease in OKN gain 
or increase in TC would be indicative of central, most likely 
cerebellar, injury. In fact, in the case of the one participant with 
central vestibular dysfunction described above (see Results and 
Figure 4), the OKN TC was almost seven times the normal TC 
of about 3 s.
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Technical issues
There were some issues with the amount of viable data we 
were able to collect, especially with regard to transient VOR 
testing and OKN testing. This happened due to some partici-
pants blinking frequently (resulting in noisy data) and some 
participants closing their eyes during OKN testing to reduce 
nystagmus (leading to a lack of reinforcement of the reflex 
and consequently a lack of OKN response). During sinusoidal 
VOR testing, despite tight fitting head and body restraints 
and straps, decoupling between the head and chair, especially 
in larger participants, was unavoidable at high frequencies. 
This limitation reduced the amount of data included at these 
frequencies.

cOnclUsiOn

Overall, the results suggest that htDVA, DHI, sinusoidal VOR 
(particularly at 1  Hz), transient VOR, and OKN testing are all 
useful tools for detecting peripheral vestibular causes of diz-
ziness in older people. Our most surprising finding was that 
BPPV and lesion groups had similarly low gains compared to the 
non-vestibular group during sinusoidal horizontal VOR testing. 
We also observed a possible relationship between BPPV and an 
isolated increase in the affected posterior canal htDVA score, 
which warrants further investigation.
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Much is known about age-related anatomical changes in the vestibular system. 
Knowledge regarding how vestibular anatomical changes impact behavior for older 
adults continues to grow, in line with advancements in diagnostic testing. However, 
despite advancements in clinical diagnostics, much remains unknown about the func-
tional impact that an aging vestibular system has on daily life activities such as standing 
and walking. Modern diagnostic tests are very good at characterizing neural activity of 
the isolated vestibular system, but the tests themselves are artificial and do not reflect the 
multisensory aspects of natural human behavior. Also, the majority of clinical diagnostic 
tests are passively applied because active behavior can enhance performance. In this 
perspective paper, we review anatomical and behavioral changes associated with an 
aging vestibular system and highlight several areas where a more functionally relevant 
perspective can be taken. For postural control, a multisensory perturbation approach 
could be used to bring balance rehabilitation into the arena of precision medicine. For 
walking and complex gaze stability, this may result in less physiologically specific impair-
ments, but the trade-off would be a greater understanding of how the aging vestibular 
system truly impacts the daily life of older adults.

Keywords: aging, vestibular, vOr, balance, walking, functional testing

AGiNG AND tHe vestiBULAr sYsteM

Many systems in the human body are adversely affected by the aging process, including the vestibular 
system. It has long been known that the number of vestibular hair cells is reduced in older adults 
compared to younger adults, independent of vestibular disease (1–4). The decline in hair cells is not 
uniform throughout the vestibular periphery. The saccule and utricle experience approximately a 
25% reduction in hair cells, whereas semi-circular canals (SCCs) lose approximately 40% of their 
hair cells with age (5). Moreover, type I hair cells die off at a higher rate in the SCCs compared to the 
saccule and utricle, whereas type II hair cells experience similar rates of degeneration in the SCCs 
and otolith organs (3, 6–8). Utricular hair cells are more susceptible to age-related degeneration than 
saccular hair cells (3).

The size and number of neurons that make up the vestibular nucleus decrease by 3% each decade 
beginning around age 40 (9). The number of vestibular nerve fibers also declines with increasing 
age (10). Fewer vestibular sensory cells and neural pathways result in an age-related reduction in 
vestibular afferent signals to the central nervous system. There is also an associated reduction in the 
number of cerebellar Purkinje cells that contribute to modulation of vestibular afferents (11).
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Paralleling the anatomical changes, most behavioral experi-
ments have demonstrated a decline in functional vestibular tests 
[e.g., decreased vestibulo-ocular reflex (VOR) with increased 
age] (12–16). Fewer sensory cells in the SCCs result in a reduced 
capacity for detecting rotational head movements. In addi-
tion to reduced VOR gain, older adults also have shorter VOR 
time constants (12). Reduction in the vestibular time constant 
suggests the neural integrator as a potential site of age-related 
degeneration (13, 17). Dependence of the VOR on age appears to 
be variable as not all experiments demonstrate age-related decline 
in VOR gain (18, 19). VOR function measured by head impulse 
testing was impaired more often than otolith function based on 
vestibular-evoked myogenic potential (VEMP) testing for adults 
over 70 (20).

The functional consequence of fewer sensory cells in the 
otolith organs includes reduced sensitivity to gravity and linear 
acceleration (21, 22). Consistent with the decreased sensitivity 
of the saccule, older adults have smaller amplitude ocular and 
cervical VEMPs (23–27). Cervical VEMP response latencies are 
also longer and depend on a greater extent on stimulus volume 
to generate an effective response in older adults (27, 28). The 
optimal frequency for air conducted VEMPS also changes with 
increased age (25). Older adults display less ocular counter roll 
during slow roll tilt and also in response to galvanic vestibular 
stimulation consistent with reduced utricular responsiveness (29, 
30). Linear VOR responses to fore-aft accelerations were smaller 
in older adults than in younger adults (31), demonstrating that 
the otolith responses to movement and to sound/vibration show 
a similar pattern of decline with age. The linear VOR has been 
implicated in anticipatory eye movements and a decline in otolith 
function may contribute to abnormal gaze stability during repeti-
tive behaviors such as walking (32).

FUNctiONAL iMPAct OF tHe AGiNG 
vestiBULAr sYsteM

It has been estimated that 30–35% of older adults suffers from 
vestibular dysfunction (33, 34). The most common type of ves-
tibular disorder in the elderly is benign paroxysmal positional 
vertigo (BPPV) (35), likely due to fewer otoconia adhering to the 
saccule or utricle combined with alteration in calcium metabo-
lism (22, 26, 36). Diagnosis of BPPV is based on stereotypical 
patterns of nystagmus and vertigo during positional testing, such 
as Hallpike–Dix testing (35, 37), supine head turns (38, 39), or 
deep head hanging (40). Routine medical screening for BPPV has 
been advocated for older adults due to the prevalence and ease of 
treatment (41).

Approximately one-third to one-half of the population over the 
age of 65 experiences an injurious fall annually (42, 43). Vestibular 
dysfunction results in balance impairments that frequently result 
in falls (44). Eighty percent of fallers in a recent study were found 
to have a vestibular impairment (45). Older adults experience 
more disequilibrium following nerve section associated with 
treatment of acoustic neuroma compared to younger adults 
(46). Persistent disequilibrium suggests that sensory reweighting 
may be more difficult with reduced vestibular input to the aging 

nervous system (47–49). Sensory reweighting involves prioritiz-
ing accurate and reliable sensory information over less reliable or 
less accurate sensory information for estimating body motion in 
space (50). Deviations in subjective visual vertical with age are 
consistent with reduced sensitivity of the otolith organs that lead 
to an increase in visual weighting to identify vertical (51, 52). 
Healthy older adults also demonstrate an increase in trunk sway 
velocity with age (53, 54). Older adults with abnormal utricular 
responses to whole body tilt have more variable medio-lateral 
sway relative to young adults, partly due to altered gravitational 
integration for postural control (29). Additionally, age-related 
changes in somatosensory function (reduced nerve conduction 
velocity), visual impairments, cognitive decline, and decreased 
strength may impact balance-related sensory integration for 
older adults who develop vestibular pathology (55–57).

Reduced capabilities in the aging vestibular system may 
impair the ability to rapidly detect changes in head acceleration 
and may contribute to slower walking as a self-protective strategy 
to prevent falls in older adults. Falls are known to occur most 
frequently during walking or transitions from sitting/standing to 
walking when head acceleration is higher (58). Abnormal SCC 
function [based on clinical head impulse test (HIT)] has been 
associated with slower gait speed and increased odds of falling in 
adults over 70 years old (59). By contrast, individuals with acute 
unilateral vestibular disease do not show a strong or consistent 
relationship between trunk velocity while walking and VOR gain 
(60). These inconsistencies may represent functional distinctions 
between VOR and vestibulo-spinal pathways despite neural con-
vergence in the vestibular nuclei (61). Walking leg movement and 
trunk sway may receive different vestibular modulation as has 
been demonstrated for vision (62). Increased variability of double 
support time during walking has recently been reported for older 
female fallers with asymmetric responses to the post head shak-
ing nystagmus test (63). Saccular function has also been shown 
to contribute to age-related changes in gait speed in healthy older 
adults (64). Slower gait speed may be a compensation related to 
postural abnormalities during a task when the base of support is 
dynamically changing (65), or to impaired visual stability at faster 
head speeds (66), or both. Differences in sample size, age, and 
pathology of vestibular dysfunction limit comparisons between 
these studies and highlight the need for additional studies to bet-
ter understand the causal link between walking difficulties and 
age-related decline in SCC and otolith function.

The vestibular system has been linked to visuospatial function 
(67, 68), and individuals with vestibular loss experience dif-
ficulties with spatial navigation (69). Accurate spatial navigation 
depends on having a stable egocentric reference frame, and the 
vestibular system has been proposed as a source for that reference 
(70). Older fallers made significantly larger errors when perform-
ing a triangle walking task blindfolded, demonstrating a reduced 
ability to accurately perform spatial path integration (71, 72). 
Older adults have greater difficulty integrating multisensory cues 
for navigation than younger adults (73). Older adults are more 
likely to experience cognitive decline, and vestibular dysfunction 
mediates the decline in cognition associated with increased age 
(74). It is not clear to what extent age-related decline in spatial 
navigation measured when blindfolded relates to goal-oriented 
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walking since path direction is influenced by vision, vestibular, 
and proprioceptive input (75).

However, many older adults with degenerating vestibular 
systems do not report imbalance or dizziness (13). Symptom 
reports do not consistently relate to either physiological (i.e., 
VOR) or perceptual assessments of vestibular function such 
as dynamic visual acuity (76–80). Further complicating the 
mismatch between symptoms and physiology, older adults may 
have anxiety/depression/fear of falling that exacerbates or mimics 
symptoms from age-related vestibular dysfunction (81–84). Due 
to limitations in vestibular diagnostic testing, clinicians may not 
be able to detect residual vestibular function in older adults with 
vestibular loss confirmed by current diagnostic testing (20, 85). 
Among older adults with severe vestibular loss canal function was 
impaired in 100% of individuals, but approximately 60% of those 
individuals demonstrate some degree of preserved otolith func-
tion (86). However, canal function evaluated by HIT does not 
require complete absence of function in order to be identified as 
pathologic (87, 88); therefore, there may also be preserved canal 
function in adults with age-related decline in vestibular function 
based on HITs. In addition to partially preserved vestibular func-
tion, inconsistent subjective reports may also be due to anticipa-
tory mechanisms (89, 90), changes in lifestyle behaviors (91), or 
changes in multisensory reweighting (92, 93).

FUtUre DirectiONs FOr FUNctiONAL 
vestiBULAr testiNG

Current vestibular assessments are very good at characterizing 
the reactivity of the peripheral vestibular sensory epithelium; 
however, they rely on artificial and unnatural stimuli to deter-
mine whether the vestibular system is working (79, 94, 95). The 
relevance of these artificial assessments to natural multisensory 
functional behavior is not always clear (96, 97). Even when there 
are associations between vestibular tests and functional activi-
ties, such as standing and walking, the direct causal link between 
walking and tests performed while sitting or lying down remains 
to be elucidated. Some tests such as calorics and clinical head 
impulse testing are very good at identifying abnormal vestibular 
function (88), but they may not be sensitive enough to identify 
slow decline in vestibular function associated with age (41). 
The range for clinically normal rotational VOR gain is 0.7–1.0, 
making it is unclear whether the measure of rotational VOR gain 
is adequate to capture age-related decline (14, 15, 98). Recently, 
more attention has been placed on corrective saccades resulting 
from head impulse testing as an additional method for identi-
fying age-related change in vestibular-mediated gaze stability 
(99–101). Quantification of gaze stability based on compensatory 
saccades may prove to be more sensitive for identifying subtle 
age-related decline in vestibular function associated with aging. 
Since adaptive compensatory saccades contribute to gaze stabil-
ity to a greater extent in response to vestibular pathology (102), 
new methods to quantify “global gaze stability” during natural 
behavior are needed that allow for multiple loci for neural control.

Current clinical balance assessments cannot specifically iden-
tify change in vestibular function as the primary contribution to 

balance problems for older adults. Perturbation-based evaluation 
of balance and sensory weighting allows for balance testing to 
move beyond descriptions of sway to mechanistic identification 
of abnormal multisensory integration (50, 103). This type of bal-
ance assessment has the potential to move beyond the standard 
approach to clinical balance assessment for older adults and 
bring balance rehabilitation closer to precision medicine. Major 
limitations to implement this level of precision diagnostics for 
balance include the expense of equipment, space for equipment, 
technical skills to perform the experiment, and interpret the 
experimental results. Additionally, the time needed to conduct 
these experiments may be clinically prohibitive. Future work in 
this field should focus on adapting perturbation style laboratory 
techniques for identifying mechanistic contributions to balance 
impairments into clinical settings (104), as well as controlled 
trials designed to target impaired balance mechanisms with 
rehabilitation strategies using a precision medicine approach. 
Clinical adaptations could include the use of body worn inertial 
sensors and head-mounted displays for visual stimulation to 
reduce equipment cost and space (105, 106). Electrical vestibular 
stimulation and tendon vibration could provide specific stimula-
tion (103), rather than relying on non-specific effects encoun-
tered with foam surfaces. Demonstrating that equivalent results 
can be obtained in a shorter, more clinically friendly time frame 
is necessary before widespread clinical acceptance of this tech-
nique. Furthermore, task-specific balance assessment should not 
be restricted to standing balance. Body worn inertial sensors and 
smartphone technology can and should be leveraged to identify 
functional balance impairments during tasks, such as walking, 
obstacle crossing, and stair negotiation (60, 107, 108).

The ability to see clearly during head/body movement is 
important for many daily tasks, such as shopping, obstacle 
avoidance and manipulation, determining location/navigation 
by reading signs, and driving. The primary purpose of the VOR 
is to stabilize gaze during locomotion (109, 110). Oscillopsia, the 
apparent “jumping of objects …  due to bobbing up and down 
of the head” degrades visual acuity during head motion making 
faces or reading signs/labels difficult or impossible to recognize 
(111–113). Oscillopsia can lead to reduced quality of life through 
reduction in activity participation, elevated economic burden, 
and self-imposed limitations on driving (86, 114). In contrast to 
seated tests of gaze stability, walking gaze stability depends on 
multiple sensory systems (vision, vestibular, and proprioception) 
for coordination of ocular muscles with postural muscles that 
control movement of the head (115–118). Characterizing overall 
gaze stability during walking would provide greater insight into 
actual functional problems experienced by older adults with 
reduced vestibular function. Overall gaze stability, despite being 
less physiologically specific, during a more natural behavior 
such as walking would be more informative about the daily life 
impact that vestibular decline has on older adults. In order to 
be more patient focused, future studies should move beyond the 
laboratory to evaluate functional gaze stability in natural settings 
during typical daily tasks. This is particularly relevant for studies 
attempting to link head impulse assessment of VOR gain to gaze 
stability during walking as peak head velocity during walking 
often exceeds the peak velocity of a head impulse (119). Portable 

http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org


January 2016 | Volume 6 | Article 26931

Anson and Jeka The Aging Vestibular System

Frontiers in Neurology | www.frontiersin.org

lightweight gaze analysis systems could be sent home to capture 
a “day in the life” of an older adult or individuals with vestibular 
dysfunction.

Despite associations between VEMP tests and functional 
behaviors such as gait speed, the directionality and causality 
of those links remain unclear. Functionally relevant methods 
to evaluate otolith contributions to vestibulo-spinal control 
during standing and walking are needed (120, 121). Including 
assessments when the postural control system is under real or 
apparent threat, for example at heights, will also be important as 
vestibulo-spinal gain and postural sway are different under those 
conditions (121–123). Treadmills paired with virtual reality or 
head-mounted displays should be leveraged to evaluate spatial 
navigation for older adults. Immersive technology will facilitate 
simultaneous measurement of balance and walking ability, gaze 
stability, and eye movement control, while also tasking aspects of 
cognition, fear/anxiety, and ability to navigate through space. As 

new methods are devised to probe functional vestibular behavior, 
they will need to incorporate physiologically relevant vestibular 
stimulation for the SCCs and otoliths while also capturing the 
multiple systems influenced by the vestibular system (119, 124). 
A comprehensive and integrative approach to the evaluation of 
vestibular function should concurrently address gaze stability 
and postural control during functionally relevant standing and 
walking tasks.
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Falls in seniors are a major public health problem. Falls lead to fear of falling, reduced 
mobility, and decreased quality of life. Vestibular dysfunction is one of the fall risk factors. 
The relationship between objective measures of vestibular responses and age has been 
studied. However, the effects of age on vestibular perception during caloric stimulation 
have not been studied. Twenty senior subjects were included in the study, and separated 
in two groups: 10 seniors reporting postural instability (PI) and exhibiting absence of 
vestibular perception when they tested with caloric stimulation and 10 sex- and age-
matched seniors with no such problems (controls). We assessed vestibular perception 
on a binary rating scale during the warm irrigation of the caloric test. The function of the 
various vestibular receptors was assessed using video head impulse test (vHIT), caloric 
tests, and cervical and ocular vestibular-evoked myogenic potentials. The Equitest was 
used to evaluate balance. No horizontal canal dysfunction assessed using both caloric 
test and vHIT was detected in either group. No significant difference was detected 
between PI and control groups for the peak SPV of caloric-induced ocular nystagmus 
or for the HVOR gain. All the controls perceived rotation when the maximal SPV during 
warm irrigation was equal to or ≥15°/s. None of the subjects in the PI group perceived 
rotation even while the peak SPV exceeded 15°/s, providing objective evidence of nor-
mal peripheral horizontal canal function. All the PI group had abnormal Equitest results, 
particularly in the two last conditions. These investigations show for the first time that 
vestibular perception can be absent during a caloric test despite normal horizontal canal 
function. We call this as dissociation vestibular neglect. Patients with poor vestibular 
perception may not be aware of postural perturbations and so will not correct for them. 
Thus, falls in the elderly may result, among other factors, from a vestibular neglect due to 
an inappropriate central processing of normal vestibular peripheral inputs. That is, failure 
to perceive rotation during caloric testing when the SPV is >15°/s, should prompt the 
clinician to envisage preventive actions to avoid future falls such as rehabilitation.
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inTrODUcTiOn

Falls in seniors are a major public health problem. In studies of 
the risk of falls, seniors frequently report dizziness when walking; 
also standing upright in the dark becomes difficult with age (1). 
Maintaining balance for 30 s on a foam pad with eyes closed was 
impossible for 68% of healthy individuals over 70 years old (2). 
More than one in three people older than 65 years fall at least 
once a year (3). Falls cause primary injuries such as fracture or 
head injury. These lead to fear of falling, reduced mobility, and 
decreased quality of life in the long term (4, 5).

Falls have numerous causes, including deformations of 
skeletal geometry, peripheral, hind limb neuropathy, peripheral, 
foveal visual deficits, and vestibular deficits. Risk factors of falling 
are well described in the literature. The risk of falling increases 
linearly with the number of risk factors (3). Vestibular dysfunc-
tion is one of these risk factors (6, 7).

At the peripheral level, vestibular function changes with age. 
Horizontal canal function, as assessed by caloric stimulation (8) 
or video-HIT (9), does not appear to decline with age, but some 
reports of response to head impulses suggest that it does (10–12). 
In contrast, the use of ocular and cervical vestibular-evoked 
myogenic potentials (VEMPs) has provided evidence that otolith 
utricular and saccular functions are affected by age (13–16).

At the central level, findings concerning the changes to ves-
tibular perception with age are consistent: there is no effect of 
age on self-motion perception (17, 18), but there is an increase in 
the variability of the perception threshold (19). In that context, 
it is also interesting that there is a very large literature on canal-
otolith interaction  –  demonstrating that modulating otolithic 
input modifies canal-induced nystagmus and also canal-induced 
subjective sensations (20, 21). The neural basis for that interac-
tion is also well established  –  convergence of otolith neurons 
onto second order canal neurons (22, 23). Finally, age seems to 
decrease the activation of the cortical area activated by caloric 
stimulations such as the ipsilateral parieto-insular vestibular 
cortex (PIVC) (24, 25).

The relationship between objective measures of vestibular 
responses and age has been studied. However, to our knowl-
edge, the effects of age on vestibular perception during caloric 
stimulation and on the relation between the absence of vestibular 
perception and falls in senior subjects have not been studied. We 
therefore studied these issues in two groups of senior subjects: 
one reporting unstable feelings and exhibiting absence of ves-
tibular perception when they tested with caloric stimulation and 
the other (age-matched) group with no such problems. Patients 
with poor vestibular perception may not be aware of postural 

perturbations, and so will not correct for them; such individuals 
may be more likely than their age-matched peers to fall. Thus, 
falls in the elderly may result from a vestibular neglect due to an 
inappropriate central processing of normal vestibular peripheral 
inputs.

We assessed vestibular perception on a simple binary rating 
scale during the caloric test and more particularly during warm 
irrigation. The function of the various vestibular receptors was 
assessed using vHIT, caloric tests, and cervical and ocular VEMPs 
(26). The Equitest was used to evaluate balance.

MaTerials anD MeThODs

Twenty subjects were included in the study: ten patients and ten 
controls:

Ten senior patients (six females, four males; mean age 
77 ± 8 years; min–max: 66–85) were selected using two criteria:

• First, they complained of postural instability (PI): these 
patients reported feeling unstable as if they had drunk too 
much but without having consumed alcohol. They had to walk 
close to a wall if they wanted to walk in a straight line and 
reported feeling as if they were on a rocking boat.

• Second, these patients with PI complaints also displayed an 
absence of rotatory perception during warm caloric nystag-
mus. As it turned out, they had objectively measured PI greater 
than age-matched controls.

Ten age- and sex-matched seniors (mean age of 74 ± 6 years; 
min–max: 67–85) were also investigated. They did not complain 
of PI (controls).

The inclusion criterion for both groups was that the peak of the 
slow-phase eye velocity of their caloric nystagmus during warm 
irrigation should exceed 15°/s, providing objective evidence of 
normal peripheral horizontal canal function. Subjects were not 
included if they experienced vertigo or if they had a chronic inner 
ear disease (such as Meniere’s disease, positional vertigo, or ves-
tibular neuritis), neurological problem, or abnormal MRI. All the 
patients were informed about the different vestibular and balance 
tests and gave written informed consent. The clinical Research 
Ethics Committee approved this work, registered at ANSM (ID 
RCB 2014-A00222-45).

Dizziness handicap inventory
The Dizziness Handicap Inventory (DHI) questionnaire devel-
oped by Jacobson and Newman (27) reports activity limitation 
and restriction resulting from dizziness and unsteadiness. All 
subjects completed the DHI.

caloric Test
Caloric tests were performed using open-loop sequential bither-
mal external auditory conduct irrigations with water at 30 and 
44°C and using video-nystagmography (Synapsis, France). The 
peak velocity of the slow phase of the induced-ocular nystagmus 
(peak SPV) was recorded for each warm and cold stimulation 
(30 s of irrigation) and for each ear. Percent canal paresis (CP) 
was calculated using Jongkees’ formula (28): CP = 100 × [(LW + 
LC) − (RW + RC)]/LW + LC + RW + RC, where LW, LC, RW, 

Abbreviations: ACS, air-conducted sound; BCV, bone-conducted vibration; 
cVEMP, cervical vestibular-evoked myogenic potentials; DHI, Dizziness Handicap 
Inventory; H-VHIT, horizontal video head impulse test; HVOR gain, horizontal 
vestibulo-ocular reflex; NR, not responders to VEMPs; oVEMP, ocular vestibular-
evoked myogenic potentials; PI, postural instability; PIVC, parieto-insular 
vestibular cortex; SCM, sterno-cleido-mastoideus; SOT, Sensory Organization 
Test; SPV, slow-phase velocity of the ocular nystagmus; STB, short tone burst; 
VEMPs, vestibular-evoked myogenic potentials; VHIT, video head impulse test; 
VOR, vestibulo-ocular reflex.
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FigUre 1 | Time series of the slow-phase velocity (sPV) of caloric nystagmus to warm and cold external canal ear irrigation. Abscissa: time in seconds 
from the beginning of irrigation; Ordinates: SPV of the induced ocular nystagmus in degree per second; purple bar: duration of the ear irrigation (30 s). (a) Typical 
response of a control senior. The red vertical lines indicate the start and the end of the perception of rotation for warm irrigation. The blue vertical lines indicate the 
start and the end of the perception of rotation for warm irrigation. The perception appeared when the SPV reached a value for SPV close to 5°/s (start) and 
disappears when SPV decline to or below 10°/s (end). (B) Typical response of one of our senior complaining for postural instability. Note that despite the high SPV 
(exceeding 15°/s) to both warm and cold irrigations, the patient did not report any rotation perception.
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and RC are maximum velocity of the induced ocular nystagmus 
obtained on the left (L) and right (R) sides, with warm (W) and 
cold (C) water. A CP value above 25% was considered to indicate 
an abnormal response.

For vestibular perception, we asked the subject to report 
feelings of rotation and/or dizziness during the post-warm-
irrigation period while the induced caloric nystagmus was pre-
sent. Vestibular perception was scored 1 if there was perception 
of body rotation whose direction (to the right or the left) could 
be clearly given by the patient (Figure 1A) and 0 if there was no 
perception of body rotation (Figure 1B).

We assessed perception of rotation to warm irrigation only 
because, in our patients, warm irrigation induced more vigor-
ous ocular nystagmus than cold irrigation. Also, the peak SPV 
needed to be ≥15°/s, the value which induced a perception of 
rotatory vertigo in 100% of the controls. Individuals with a poor 
ocular response (SPV <15°/s) to warm caloric stimulations were 
excluded from the study.

Video head impulse Test
Horizontal video-HIT (OtosuiteV®, GN Otometrics, Denmark) 
was used to test horizontal semicircular canal function (29). 
Approximately 20 horizontal head impulses were manually 
applied to each side with unpredictable timing and direction. 
Gain of HVOR was quantified at similar head acceleration in the 
both groups. The HVOR gain values were separated according 
to the direction (toward the right or left) of the head impulse. A 
significant difference between the two sides has been reported in 
healthy subjects (30). For the PI group, the mean peak head veloc-
ity was 195 ± 21°/s (mean peak head acceleration: 3957 ± 283°/
s2) for impulses toward the left side and was 189 ± 29°/s (mean 
peak head acceleration: 3841 ± 943°/s2) for impulses toward the 
right side. For the control group, the mean peak head velocity was 

189 ±  17°/s (mean peak head acceleration: 3709 ±  447°/s2) for 
impulses toward the left side and was 188 ± 19°/s (mean peak head 
acceleration: 3658 ± 518°/s2) for impulses toward the right side.

The VOR gain was calculated using two methods. First, the 
method described by MacDougall et  al. (31): VOR gain was 
calculated as the area under the desaccaded eye velocity curve 
divided by the area under the head velocity curve. Second, a 
method developed in our laboratory using a linear regression 
(slope method). The linear regression was computed in MATLAB 
using linear polynomial curve fitting (polyfit) of the eye velocity 
from the start of the head movement to the peak of the head 
velocity. Noise was reduced by a rectangular low-pass filter using 
the discrete Fourier transform at 20 Hz for head velocity and at 
38  Hz for eye velocity. Only data following almost perfectly a 
straight line were included in the analysis (linearity >98%). The 
difference between left and right sides was quantified as a gain 
asymmetry ratio: ratio = (L − R)/(L + R) × 100 where L and R 
are the mean gain values from the left and right head impulses, 
respectively.

cervical and Ocular VeMPs
Vestibular-evoked myogenic potentials were recorded with a 
Nicolet Viking 4 apparatus (Nicolet Biomedical Inc., Madison, 
WI, USA) with a four-channel averaging capacity, as previously 
described (32–34).

Cervical vestibular-evoked myogenic potentials assess 
predominantly the function of the sacculo-spinal pathways 
(35). They were recorded from surface electrodes above the 
tensed sterno-cleido-mastoideus (SCM) muscle ipsilateral to 
the stimulated ear in response to air-conducted (AC) short tone 
burst (STB) stimuli: 500  Hz, 102  dB nHL, 128  dB SPL, rise/
fall time 2 ms, plateau time 2 ms, presented through calibrated 
TDH39 headphones. EMG activity of the SCM was monitored 
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TaBle 1 | Mean slow-phase peak velocity (sPV) of the induced ocular 
nystagmus obtained for warm and cold irrigations in Pi and control 
senior groups.

sPV (°/s) sPV left 
warm

sPV right 
warm

sPV left 
cold

sPV right  
cold

PI 25 ± 9.4 
(15–40)

25 ± 5  
(17–32)

13 ± 5 
(7–19)

12 ± 4  
(7–16)

Control 27 ± 8 
(20–42)

24 ± 5  
(15–33)

16 ± 5 
(6–24)

15 ± 4  
(11–23)

There was no significant difference between the two groups.
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on a display to ensure that sufficient muscle activation was 
maintained (>150 μV).

Ocular vestibular-evoked myogenic potentials assess pre-
dominantly the function of the utriculo-ocular pathways (36). 
They were recorded from surface electrodes above the inferior 
oblique extraocular muscle contralateral to the stimulated ear in 
response to AC STB, and to bone-conducted vibration (BCV) at 
Fz, and to BCV stimulation at the mastoid. The AC STB (500 Hz, 
110 dB nHL, 132 dB SPL, rise/fall time 2 ms, plateau time 2 ms) 
were presented through calibrated TDH39 headphones. BCV 
stimuli (500 Hz STB, 135 dB FL, rise/fall time = 2 ms and plateau 
time  =  2  ms) were delivered by a hand-held Bruel and Kjaer 
(Naerum, Denmark) Mini-Shaker 4810.

Patients with no measurable response on either side were 
considered to be non-responders (NR).

equitest
Equilibrium was assessed by the Sensory Organization Test (SOT) 
on the EquiTest® (37, 38). The SOT included six conditions. 
Condition 1: the subject was asked to stand upright while main-
taining eyes open. Condition 2: the subject was asked to stand 
upright while maintaining eyes closed. Condition 3: the cabin 
moved adaptively following subject’s movements. In this condi-
tion, the vision was sway-referenced. Condition 4: the support 
base moved adaptively following subject’s movements while eyes 
were open: sway-referenced proprioception. Condition 5: same as 
condition 4, but with eyes closed. Condition 6: the support base 
and the cabin moved in a synchronized way: vision and proprio-
ception are sway-referenced. According to the change of the body 
center of pressure for the six different conditions, a percentage 
somatosensory, visual, and vestibular score was calculated, a visual 
preference was estimated, and a composite score was obtained.

Vibration-induced nystagmus and head-
shaking nystagmus Test
Spontaneous nystagmus was tested using an infrared camera with 
the subject in a sitting and a supine position. Vibration-induced 
nystagmus was tested with a vibratory stimulation of 100  Hz 
applied to the mastoid (39–41). Head-shaking stimulation con-
sisted of turning the head of the patient in the horizontal plane 
to the left and the right at 2 Hz for 20 s (42–44). The presence of 
nystagmus during one or more of these tests indicated asymmetry 
of vestibular function between the ears in the horizontal plane.

audiometric Tests
Tympanometry and stapedial reflexes were carefully evaluated to 
exclude patients suffering from conductive hearing loss, which 
could lead to a misinterpretation of ACS VEMPs. The mean pure-
tone threshold (PTA) for tones at 250 and 500 Hz and 1 and 2 kHz 
was used as indicator of hearing loss.

resUlTs

Dizziness handicap inventory
The DHI score 39 ± 11% was for the PI group and 14 ± 19% for 
the control group. In the control group, 3 individuals out of 10 

with high score (20, 22, and 30), the remaining individuals had 
DHI score inferior or equal to 10. These three patients did not 
complain for instability (and did not fail on the Equitest). These 
high score was linked to high scores at questions related to their 
difficulty at performing head movement (French DHI, questions 
1, 8, 11, 12, 13, 25), a current syndrome without objective deficits 
in seniors over 70 years old. This difference was significant (non-
parametric Mann–Whitney test, p = 0.002).

Vestibular horizontal canal receptor 
Function
Horizontal canal function was assessed using both video- 
nystagmoscopy and video-nystagmography. None of the 
study population (control or PI group) exhibited spontaneous  
nystagmus in darkness or ocular nystagmus induced by either 
head shaking or vibration.

Caloric Tests
No significant difference was detected between PI and control 
groups for the peak SPV of caloric ocular nystagmus induced 
either by warm or cold water irrigations (Table 1). No CP was 
detected in either group.

All of controls perceived rotation (score 1) (Figure 2) when 
the maximal SPV during warm irrigation was ≥15°/s. The direc-
tion of the perceived rotation was in all cases toward the side of 
the fast phase of the induced ocular nystagmus. The perception of 
rotation increased progressively to a maximum at the peak of the 
SPV and then progressively decreased in good agreement with 
the eye velocity of the induced caloric nystagmus. The percep-
tion disappeared when eye velocity fell to or below 10°/s. In most 
cases, the patient’s head turned progressively in the direction of 
the slow component of caloric-induced eye nystagmus for both 
warm and cold irrigation.

None of the subjects in the PI group perceived rotation 
(score  0) (Figure  2) even while the peak SPV exceeded 15°/s. 
They all stated that did not feel anything: absolutely no sensation 
at all of head or body rotation.

Horizontal Video Head Impulse Test
There was no significant difference between the two groups in 
the mean HVOR gain calculated by either slope or area method 
(Table  2). The HVOR gain calculated using the slope method 
was similar to that using the area method, although the value 
obtained from the area was consistently greater that from the 
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TaBle 3 | Mean values of amplitude and latencies for cVeMPs and 
oVeMPs for Pi senior and control senior groups in response to acs and 
BcV at Fz and mastoid.

amplitude (μV) P13/n1 
latency (ms)

n23/p1 
latency (ms)

ACS 102 dB 
cVEMPs

PI Uncorrected: 79 ± 129 15.3 ± 0.9 22.3 ± 2.0
Corrected: 0.41 ± 0.67

Control Uncorrected: 85 ± 88 15.0 ± 1.1 21.4 ± 1.5
Corrected: 0.56 ± 0.45

ACS 110 dB 
oVEMPs

PI 2.1 ± 4.0* 11.4 ± 0.5 15.4 ± 1.0
Control 5.9 ± 5.3 11.0 ± 0.4 14.6 ± 0.8

Fz BCV 
oVEMPs

PI 3.6 ± 5.0* 11.3 ± 0.8 15.6 ± 1.0
Control 8.7 ± 7.7 11.0 ± 0.7 15.0 ± 0.8

Mastoid BCV 
oVEMPs

PI 7.7 ± 6.1 11.5 ± 1.0 15.7 ± 1.3
Control 12.9 ± 9.8 10.8 ± 0.8 15.2 ± 0.8

*Non-parametric Mann–Whitney test, p = 0.001.

FigUre 3 | graph showing the gain of hVOr calculated by slope and 
area methods. There was no significant difference in HVOR gain with age 
between 65 and 86 years even for high accelerations (mean 3700 ± 550°/s2).

TaBle 2 | Mean hVOr gain calculated with slope and area methods in Pi 
and control seniors groups.

hVOr 
gain

left with 
slope

left with 
area

right with 
slope

right with 
area

PI 0.76 ± 0.06 0.95 ± 0.11 0.90 ± 0.08 1.02 ± 0.07
Control 0.73 ± 0.08 0.90 ± 0.08 0.88 ± 0.09 1.02 ± 0.06

There was no significant difference between the two groups.

FigUre 2 | The perception of rotation score during caloric testing as 
a function of the peak of the slow-phase velocity. Ordinates: peak SPV 
induced by warm water irrigation of the right or the left ear; abscissa: 
perception rotation score during irrigation. Note that the seniors with postural 
instability did not perceive any rotation (score 0) irrespective of whether the 
left or right ear was irrigated; all controls perceived rotation.
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slope (Figure  3). The HVOR gain ratio for the PI group was: 
−8.3 ± 2.0 (min–max: −11.5 to −5.0), which was not significantly 
different from that for the control group: −8.9 ± 2.1 (min–max: 
−11.4 to −5.3).

These investigations show for the first time that vestibular 
perception can be absent during a caloric test despite objective 
measures of horizontal canal functioning suggesting that it is 
normal. We went on to test whether vestibular perception can be 
associated with PI.

Vestibular Otolithic (Utricular and 
saccular) receptor Function
None of our subjects exhibited conductive hearing loss. The mean 
PTA in the PI group was 30 ± 20 dB (min–max: 0–110 dB) and in 
the control group was 35 ± 25 dB (min–max: 5–110 dB).

Cervical VEMPs in Response to AC STB
The mean peak-to-peak (corrected and uncorrected) amplitudes 
of the early P13–N23 waves were not significantly different 
between the two groups (Table 3). The EMG activity of the SCM 
muscle was similar: 180 ± 42 for PI subjects versus 184 ± 70 for 
control subjects. No significant difference was found for the P13 
and N23 latencies between the two groups. Forty percent of PI 
and 30% of the control group were NR.

Ocular VEMPs in Response to AC STB
The mean peak-to-peak n1–p1 amplitude was significantly lower 
in the PI group than the control group (Table 3). There was no 
significant difference for the n1 and p1 latencies between the two 
groups. Sixty percent of PI subjects and 30% of the control group 
were NR.

Ocular VEMPs in Response to BCV at the Fz 
Location
The mean peak-to-peak amplitude was significantly smaller in 
the PI group than the control group (Table 3). There was no sig-
nificant difference between the groups for the n1 and p1 latencies. 
Sixty percent of PI subjects and 20% of controls were NR.

Ocular VEMPs in Response to BCV at Mastoid 
Location
The mean peak-to-peak amplitude was not significantly different 
between the PI and control groups (Table 3). The n1 and p1 laten-
cies did not differ significantly between the two groups. Twenty 
percent of PI subjects and 10% of controls were NR.
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FigUre 4 | relation between composite and vestibular score on the 
equitest and the perception score during caloric irrigation. Most 
patients with a low perception score had a poor vestibular score on the 
Equitest and a low composite score.
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equitest
All members of the control group had normal Equitest results 
in all six conditions. All the PI group had abnormal Equitest 
results: 80% fell in conditions 5 and 6; and 20% had a low score 
in condition 5 and fell in condition 6. Subjects with no perception 
of vertigo during the caloric test could not maintain balance in 
condition 5 (eyes closed, sway-referenced platform), a condition 
which tests the contribution of the vestibular inputs to balance 
(Figure 4).

DiscUssiOn

In this work, we report that a subset of patient complaining of PI, 
when submitted to caloric irrigation, displayed a lack of percep-
tion of ego motion, contrasting with a normal ocular nystagmic 
response. Such vestibular neglect appearing quite uncommon, 
we assessed their full vestibular and postural performances. We 
found that poor vestibular perception in these 10 PI patients was 
associated with an inadequate postural strategy to maintain bal-
ance in conditions 5 (eyes closed  +  sway-referenced platform) 
and condition 6 (vision-referenced + sway-referenced platform) 
of the Equitest. We hypothesized that the absence of perception 
of movement during caloric test may be a marker of risk of fall 
which has not been considered before.

Our results are consistent with a study by Diard et al. (45). They 
reported that despite normal caloric tests, some seniors failed 
to maintain balance in the conditions 5 and 6 of the Equitest, a 
syndrome they called a vestibular omission. They suggested that 
this phenomenon was due to misapplication of normal peripheral 
vestibular information. However, they did not report whether 
patients perceived rotation during caloric stimulation.

Ours is the first report of a clear dissociation between hori-
zontal canal function and perception of rotation during caloric 
stimulation in elderly subjects. We propose to call this disso-
ciation “vestibular neglect.” Despite normal responses to warm 
caloric stimulation, the subjects have no perception of rotation 
and no perception of eye movements. The only similar report we 

are aware is by Takeda et al. (46), who describe a stroke patient 
with normal caloric responses and no perception of rotation 
during caloric stimulation. We found a relationship between 
vestibular neglect and PI. This result suggested a deficit of the 
central processing of vestibular information in patients exhibiting 
vestibular neglect. In summary, we suggest that a lack of egomo-
tion perception during caloric test should draw the attention to PI 
and encourage measures to prevent falls. That said, it is clear that 
“vestibular neglect” may be one of the many causes of PI.

The effect on age on vestibular perception has been the subject 
of several studies. Roditi and Crane (17) used sinusoidal accel-
eration for surge (forward–backward), sway (left–right), heave 
(up–down), and yaw rotation. Only the thresholds for surge and 
sway for sinusoidal rotation at 0.5 and 1  Hz were found to be 
significantly higher in subjects >50 years old. Chang et al. (18) 
failed to detect any correlation between vestibular perception 
threshold, gain of VOR, and age using a rotational chair. A cor-
relation has been found between horizontal perceptual threshold 
and oVEMP amplitude in the otolith system. In contrast, no 
significant association was detected for vertical perceptual 
thresholds and cVEMP amplitudes (10, 11). Therefore, vestibular 
perception is usually tested with more specific and quantified tests 
using rotatory chairs at various frequencies of head accelerations. 
In contrast, the caloric test imposes a large vestibular stimulation, 
activating all sensors at low frequencies. To our knowledge, such 
“brute force” was, rightly so, never employed to test vestibular 
perception. It may be useful to help to prevent fall but it cannot 
be considered as a bona fide test of vestibular perception.

The persistence of a normal HVOR in the PI group contrasted 
with the absence of perception of illusory movements during 
the caloric tests. Three non-mutually exclusive factors could be  
at play.

First, this dissociation can be explained by the differences 
between the vestibulo-ocular and the vestibulo-cortical and 
vestibulo-subcortical pathways. A trisynaptic pathway links the 
canal sensors to the extraocular motoneurons in 6 ms. In con-
trast, a polysynaptic, distributed network underlies self-motion 
perception: its first relay is in the vestibular nuclei, the second 
in the thalamus, and it includes several inter-connected cortical 
areas. These areas include the PIVC, temporal superior gyrus, 
inferior parietal lobe, and insula (47–49), where visual, vestibular, 
and proprioceptive inputs converge. A number of vestibular and 
cerebellum connections have been reported [for review see Ref. 
(50)] so a dysfunction of the cerebellum could be involved. Such 
complex circuitry may be more sensitive to the aging process 
that the three-neuronal arc of the VOR. Functional MRI during 
caloric stimulation may be informative and establish whether 
there is a link between the absence of perception of rotation 
and either a cognitive failure or abnormal activation of the areas 
devoted to integrate vestibular inputs at the subcortical level and/
or the cortical network such as PIVC (48).

Second, the HVOR apparently does not decline with age as 
has been shown using calorics (8, 51) and vHIT: McGarvie et al. 
(9) failed to detect any significant decline of HVOR gain until 
age 90  years. Only a slight decrease of vertical VOR gain after 
age 80  years was found when head impulses were delivered in 
the plane of the posterior canal. These functional studies contrast 
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with morphological data. In humans, the number and the density 
of hair cells decrease with age in the cristae vestibular ampulla 
between 60 and 90 years (52–54). Moreover, there are morpho-
logical changes to the cristae hair cell cilia, including a reduction 
of the numbers, disarrangements, and formation of giant cilia 
(55, 56). Clearly, the vestibulo-ocular network displays sufficient 
plasticity to cope with these cellular alterations.

Third, an inappropriate integration of otolith and canal sig-
nals and central reweighting of sensory inputs related to motion 
detection could participate to vestibular neglect. In that regard, 
the finding of Agrawal et al. (10, 11) that perceptual thresholds 
for linear motion increased in subjects with utricular dysfunction 
is relevant. The occurrence of utricular dysfunction augmenting 
with age, and it would lead to inappropriate integration of otolith 
and canal signals at the second order vestibular neurons level and 
consequently to misperception of the canal information induced 
by the caloric irrigation. We intend to test the hypothesis of an 
inappropriate integration of otolith and canal signals and central 
valuing by comparing the perceptual thresholds for linear motion 
of patients with and without vestibular neglect.

cOnclUsiOn

We show that some seniors are unable to detect and report a sub-
jective sensation of rotation during strong unilateral horizontal 

canal stimulation, despite objective evidence that these seniors 
have normal peripheral horizontal semicircular canal function. 
We suggest that this dissociation between perception and objec-
tive vestibular responses may be a determinant of PI, because it is 
these same seniors who demonstrate greater PI than age-matched 
controls. Therefore, failure to perceive rotation during caloric 
testing when the SPV is >15°/s should encourage the clinician to 
envisage preventive actions to avoid future falls such as rehabilita-
tion. Further studies are needed to evaluate the proportion of PI 
seniors without vestibular perception, amongst a larger popula-
tion of patients with complaints of PI.
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Background: An acute unilateral peripheral vestibular loss (aUVL) initially causes severe 
gaze and balance control problems. However, vestibulo-ocular reflexes (VOR) and bal-
ance control are nearly normal 3 months later as a result of peripheral recovery and/or 
central compensation. As pre-existing vestibular sensory loss is assumed to be greater 
in the healthy elderly, this study investigated whether improvements in VOR and balance 
function over time after aUVL are different for the elderly than for the young.

Methods: Thirty aUVL patients divided into three age-groups were studied (8 age range 
23–35, 10 with range 43–58, and 12 with range 60–74 years). To measure VOR function 
eye movements were recorded during caloric irrigation, rotating chair (ROT), and head 
impulse tests. Balance control during stance and gait was recorded as lower trunk 
angular velocity in the pitch and roll planes. Measurements were taken at deficit onset, 
and 3, 6, and 13 weeks later.

results: There was one difference in VOR improvements over time between the age-
groups: Low acceleration ROT responses were less at onset in the elderly group. Deficit 
side VOR responses and asymmetries in each group improved to within ranges of healthy 
controls at 13 weeks. Trunk sway of the elderly was greater for stance and gait at onset 
when compared to healthy age-matched controls and the young and greater than that 
of the young and controls during gait tasks at 13 weeks. The sway of the young was 
not different from controls at either time point. Balance control for the elderly improved 
slower than for the young.

conclusion: These results indicate that VOR improvement after an aUVL does not differ 
with age, except for low accelerations. Recovery rates are different between age-groups 
for balance control tests. Balance control in the elderly is more abnormal at aUVL onset 
for stance and gait tasks with the gait abnormalities remaining after 13 weeks. Thus, 
we conclude that balance control in the elderly is more affected by the UVL than for the 
young, and the young overcome balance deficits more rapidly. These differences with 
age should be taken into account when planning rehabilitation.

Keywords: vestibular loss, aging, vestibulo-ocular reflex, vestibulo-spinal reflex, balance control
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inTrODUcTiOn

Because of its ability to detect linear and angular body accel-
erations, the vestibular system plays a crucial role in static and 
dynamic balance control (1). This role includes stabilizing the 
head and trunk, especially on unstable surfaces (2). Following 
acute unilateral vestibular loss (aUVL) due to acute vestibular 
neuritis or following eight nerve neurectomy, vestibular signals 
driving vestibulo-ocular reflexes (VOR) and vestibule-spinal 
reflexes (VSR) are inaccurate or absent causing postural insta-
bility (3, 4). Effects of aUVL on the VOR include spontaneous 
nystagmus, skew deviation, eye cyclotorsion, VOR gain reduc-
tions, and phase changes (1, 5, 6). VSR contributions to balance 
control are also affected. Head and body tilt and deviation of the 
locomotor trajectory toward the affected side as well as stance and 
gait instability have been observed as a result (5, 7, 8).

Patients with aUVL can regain normal gaze and balance 
control after an aUVL (7, 9–11) but the extent to which patients 
recover normal function can differ between patients (1) and 
between stance and gait tasks (4). Recovery of function can occur 
via peripheral vestibular recovery and/or central compensation 
(3). However, the recovery rates for VOR and VSR measures (as 
recorded during balance control tasks) differ. Furthermore, VOR 
and balance control measures are weakly correlated with one 
another (4, 11). Whether differences in recovery rates of VOR 
and balance measures differ with age is not known.

As with other sensory systems, e.g., hearing, the vestibular 
sensory system deteriorates with age (12–14). Because vestibular 
reflexes contribute to both the gaze and balance control, both 
functions are assumed to decline with age, too (12, 15). The elderly 
(those over 60 years of age) have greater trunk angular sway dur-
ing stance and stance tasks compared to younger subjects (16–19). 
However, weak correlations between changes in VOR function and 
balance control as a result of subject age have been found (20). Thus, 
despite the decline in the numbers of hair cells in the peripheral 
vestibular system with age (21), VOR function does not decline 
with age to the same extent as the decline in balance control during 
stance (18, 22–24). Given this difference between how VOR and 
balance control declines with age the question arises if, with an 
aUVL, balance control is changed more compared to the VOR in 
the elderly than in the young. A difference would have important 
clinical implications, because clinically it is often assumed that 
VOR and balance control functions are correlated (9).

Currently it is not known if the improvements in VOR and 
VSR function (based on measures of balance control) over time 
following an aUVL are different between the elderly and the 
young. This study therefore focused on the extent to which age 
might affect improvement of VOR and VSR function in aUVL 
patients. This knowledge could be useful when establishing 
evidence-based therapy regimes appropriate for the young and 
elderly following an acute UVL.

MaTerials anD MeThODs

subjects
Consecutively collected patient data from the University Hospital 
Basel was examined retrospectively for this study approved by 

the ethical committee of NW Switzerland (EKNZ). The 30 
subjects (13 females and 16 males) with an aUVL diagnosed 
as presumably vestibular neuritis on the basis of a pathological 
canal paresis, the presence of a spontaneous nystagmus beating 
toward the healthy ear, nausea, and the constant presence of 
symptoms over hours were subdivided into the following three 
groups: young (<35 years), middle-aged (36 < years < 60), and 
elderly (>60  years). Patients were excluded from this study if 
they had a previous history of balance problems related to the 
inner ear or had concurrent neurological or orthopedic problems 
affecting balance. The young group consisted of four men and 
four women with a mean age of 28.1 years (range 23–35). The 
middle-aged group consisted of six men and four women with a 
mean age of 51.4 years (range 43–58). The elderly group consisted 
of six men and six women with a mean age of 65.7 years (range 
60–74). Measurements were taken at acute onset of the UVL 
(within 2–5  days of the patient’s entry into in-patient hospital 
care), and planned for 3, 6, and 12  weeks after onset. Average 
times were, however, 3, 6.2, and 13.1 weeks. Although all subjects 
were measured at onset, not every subject could be measured four 
times, which resulted in 27 subjects being measured at 3 weeks; 
25 subjects at 6.2 weeks; and 25 subjects at 13 weeks. All patients 
were treated intravenously with methylprednisolone (125  mg 
Solumedrol™ per day) and then discharged 4  days after entry 
as an in-patient with oral medication. On discharge, patients 
were offered 10 sessions of balance-oriented physical therapy. 
Apart from comparisons between patient group means over 
time, group data was compared with that of an equal number of 
age-matched healthy controls recorded previously (6, 7, 18, 25). 
Written informed consent was obtained from the patients to use 
their data anonymously.

Measurement systems
To measure VOR function in response to high accelerations (above 
2000°/s2), one of two video Head Impulse Test (vHIT) systems was 
used [ICS system from GN Otometrics and EyeSeeCam (ESC) 
from Interacoustics]. Both systems were used according to the 
protocol described by MacDougall et al. (26) with head velocities 
reaching 100–250°/s by 100 ms. At least 20 head rotations to each 
side were performed. During the head movements, the patient 
was seated and fixed gaze on a small target 3 m away. Sections of 
the data with covert saccades and artifacts are removed from the 
recordings prior to gain calculations by the vHIT manufacturer’s 
software. Gains were calculated based on the quotient of the 
areas under the eye and head velocity impulse responses for the 
ICS system. The interval used started 100 ms prior to peak head 
velocity and ended when head velocity first crossed zero after the 
peak. For the ESC system, a regression between eye and head 
velocity was performed over the first 100 ms of data following 
the onset of head velocity defined as first exceeding 20°/s. As 
the ICS and ESC methods do not yield the same gain values (the 
regression fit yields lower gain values), we corrected ESC gain 
values to equivalent ICS gains based on quadratic fit between the 
gain values obtained from the two methods (27).

Rotating Chair tests (ROT) were performed according to the 
previous descriptions (25, 28). The ROT was performed with low 
accelerations of 20 and 5°/s2. For these tests, horizontal whole body 
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rotation was performed in darkness using periods of constant 
acceleration reaching velocities of 120 and 200°/s, respectively. 
Subjects were seated in the rotating chair (Tönnies, Wurzburg) 
with the head fixed to the chair. A triangular velocity profile was 
used for the 20°/s2 acceleration and slow phase eye velocity (SPV) 
amplitude of the nystagmic eye movements was measured at its 
peak just after the chair reached a velocity of 120°/s (28). For the 
constant 5°/s2 acceleration over 40  s to a velocity of 200°/s the 
mean level of SPV between 30 and 40 s of acceleration was used 
as the VOR measure (25). Further details of these vHIT and ROT 
tests are described in Allum and Honegger (11).

A SwayStar™ system (Balance International Innovations, 
Switzerland) was used to measure balance control and thereby 
VSR contributions to balance control. This system was attached 
to the trunk at L1–3 using a converted motor-cycle belt. The 
gyroscopes systems measured angular velocity in the pitch and 
roll planes from which angular displacements were calculated 
with trapezoid integration on-line. The same standard protocol of 
14 stance and gait tasks was used as described before to measure 
balance control (7). Tasks were performed by the participants 
without shoes. Stance tasks consisted of standing on one and two 
legs with eyes open and closed. All stance tasks were ended after 
20 s or when the participant lost balance or the non-stance foot 
touched the ground. Standing on one leg trials were performed 
on the preferred leg. All stance tasks except the standing on one 
leg eyes closed trial were also repeated on a foam support surface 
(thickness 10 cm, width 50 cm, length 150 cm, and density 25 kg/
m2). A semi-stance gait-like task, walking eight tandem steps, was 
performed on a normal floor and on the foam support system 
with the participants observing their feet while walking. Five 
gait tasks were all performed at the subjects’ preferred gait speed. 
Three consisted of walking 3  m with either eyes closed, while 
rotating the head left and right or while pitching the head up and 
down. The fourth gait task was to walk over four low barriers, 
each 24 cm high spaced 1 m apart. The final task was to walk up 
and down a set of stairs consisting of two up- and two downward 
steps, each 23 cm high. During all trials one or two spotters, as 
necessary, stood next to the participant to prevent a fall in case 
of loss of balance. The duration of each gait trial was the time 
needed to complete the task or to when the subject lost balance. 
As measures of balance control we used the peak-to-peak angular 
displacement and velocity in the roll and pitch directions (see 
lower right Figure 2) from each trial as well as trial durations.

Data analysis
A Wilcoxon signed rank test was performed to determine if there 
were differences in VOR and balance measures over time. A 
Kruskall–Wallis test was performed with the age-group as group-
ing variable to calculate whether test results differed for different 
age-groups and to show if there was any effect of age on recovery 
between onset of the aUVL and at 13 weeks later.

The mean recovery time (as well as of the mean plus and 
minus the SEM) of balance measures was modeled by the follow-
ing equation, y p p e p t= + −

1 2
3⋅ , where y is the measured mean at 

time, t, in weeks, p1 the steady state mean value of the measure, p2 
the difference between onset and steady state means, and 1/p3 the 
exponential decay time constant of the mean between onset and 

steady state. The parameters of the exponential model function 
were estimated using MATLAB’s nlinfit (non-linear least-squares 
regression) function. Further details may be obtained from Allum 
and Honegger (4).

resUlTs

effect of age on VOr at Onset of an aUVl 
and 13 Weeks later
Most VOR measures were not different between the age-
groups. For example, the level of spontaneous nystagmus as 
determined by its SPV was not different between the groups 
at onset of the aUVL or 13  weeks later. The mean levels for 
the young, middle-aged, and elderly were 7.4, 10.3, and 6.3°/s 
with SDs of 6.1, 5.7, and 3.1, respectively. At 13 weeks, the level 
of spontaneous nystagmus was 1.3, 1.9, and 0.8°/s with SDs 
of 1.7, 2.0 and 0.7°/s, respectively. There were slightly more 
deficits on the right side for young (61.5%) compared to the 
elderly (41.6%). The middle-aged had 40% of the deficits on the 
right. In addition, there were almost no significant differences 
between the age-groups for mean VOR responses after aUVL. 
At aUVL onset, VOR deficit side values were outside of the 
range of healthy normal as indicated by the 95% limits shown 
in Figure 1, and the statistics of Table 1; likewise for the cor-
responding asymmetries. The latter were greater than normal 
across all age-groups at aUVL onset. At 13 weeks, mean VOR 
responses for each group were in the normal range with the 
exception of the canal paresis values from the caloric test which 
remained, on average, greater than the normal upper limit of 
30% for all groups.

Relatively more of the elderly had no improvement of periph-
eral vestibular function at 13 weeks (42% with a CP remaining 
greater than 90% compared with 25% young). However, the 
number of patients with full peripheral recovery (CP <30%) at 
13  weeks was the same across the groups (50% of young, 40% 
of middle-aged, and 33% of elderly). Figure  1 also shows that 
generally differences in deficit side responses between onset and 
13 weeks were not present between the age-groups although there 
was a weak trend for decreases in VOR deficit side responses with 
age. This trend was only significant for normal (p = 0.007) and 
deficit side (p = 0.031) responses of the elderly with respect to 
the young for 5°/s ROT responses at aUVL onset (Figure 1). In 
keeping with this trend, a larger number of the elderly had ROT 
responses to the deficit side, which were not compensated to the 
lower 5% bound of normal levels (20.1°/s for 20°/s2 and 11.5°/s 
for 5°/s2 rotations at 13 weeks). That is 12% of the young, 0% of 
the middle-aged, but 33% of the elderly were not compensated for 
20°/s2 ROT at 13 weeks. The corresponding figures for 5°/s2 ROT 
were 12, 30, and 42%, respectively.

effect of age on Balance Tests at Onset of 
an aUVl and 13 Weeks later
In contrast to the limited number of differences with age for VOR 
responses, we observed several differences for stance and gait 
tests, specifically for those balance tests typically pathological for 
aUVL patients (4, 7). Figure 2 shows an example of the differences 
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TaBle 1 | significant (p) comparisons at onset of an aUVl and 13 weeks later with respect to twice the number of healthy age-matched normal 
subjects for young (23–35 years of age N = 8) and elderly (60–74 years of age, N = 12) UVl patients.

VOr test Measure Young at aUVl onset Young after 13 weeks elderly at aUVl onset elderly after 13 weeks

Caloric CP% 0.000 ns 0.000 0.009
vHIT Def side 0.047 ns 0.013 ns
ROT 20°/s2 Def side 0.000 ns 0.000 ns

Asymm 0.001 ns 0.000 ns
ROT 5°/s2 Def side 0.000 ns 0.000 ns

Asymm 0.000 ns 0.001 ns

Balance Test Measure Young at aUVl onset Young after 13 weeks elderly at aUVl onset elderly after 13 weeks

s2ecf Pivel ns ns 0.01 ns
Rovel ns ns 0.019 ns

w8tan Pivel ns ns 0.014 ns
Rovel ns ns 0.000 0.000
Piang ns ns 0.000 0.056
Roang ns ns 0.000 0.006
Dur ns ns 0.006 ns

w3mhp Pivel ns ns 0.021 ns
Rovel ns ns 0.004 ns
Piang ns ns 0.048 0.044
Roang ns ns 0.037 ns
Dur ns 0.013 ns 0.011

w3mec Pivel ns ns 0.003 ns
Rovel ns ns 0.026 ns
Piang ns ns ns ns
Roang ns ns 0.036 0.023
Dur ns 0.006 ns ns

Mean and SEM for the listed measures are provided in the figures.
In the upper part of the table of VOR measures CP stands for canal paresis; vHIT, video head impulse test; ROT 20°/s2, rotating chair test with 20°/s2 acceleration; ROT 5°/s2, 
rotating chair test with 5°/s2 acceleration. Def side stands for deficit side gain for vHIT and slow phase velocity peak amplitudes for the ROT test, Asymm for response asymmetry.
In the lower part of the table listing balance tests s2ecf stands for standing on two legs on foam with eyes closed; w8tan, walking eight tandem steps; w3mhp, walking 3 m while 
pitching the head up and down; w3mec, walking 3 m with eyes closed. ns for not significant.
Values significantly greater than normal reference values are marked in black bold font, those less, in gray font and underlined.

FigUre 1 | Means of VOr values (and seM) for young, middle-aged, and elderly patients recorded at onset and 13 weeks after an aUVl. The column 
heights represent the mean value and the vertical bars on the columns the SEM. The horizontal dashed line marks the upper (for canal paresis) and lower (for responses 
to heads rotation to the deficit side) 95% limits of healthy normal subjects. The asterisk marks a value for the elderly significantly different from the young (p < 0.05).

February 2016 | Volume 7 | Article 1846

Scheltinga et al. VOR and Balance Control after Acute Vestibular Loss: Effect of Age

Frontiers in Neurology | www.frontiersin.org

http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org


FigUre 3 | Means (and seMs) of pitch and roll velocity for the task of standing eyes closed on foam. The layout of the figure is identical to that 
of Figure 1.

FigUre 2 | x–y plots of trunk sway roll versus pitch angular velocity 
during the task of standing 2 legs on foam with eyes closed. Both the 
young and elderly patients in the plots had no peripheral vestibular 
recovery. CP changed from 84 to 92% for the elderly patient and from 85 to 
95% for the young patient. A convex hull has been plotted around each set 
of traces to show the limits of sway. The measures used to calculate 
differences in angular velocities between the groups are marked in the 
lower right x–y diagram.

February 2016 | Volume 7 | Article 1847

Scheltinga et al. VOR and Balance Control after Acute Vestibular Loss: Effect of Age

Frontiers in Neurology | www.frontiersin.org

for the stance test standing on two legs eyes closed on foam. In 
Figure 2, the original recordings are transformed into x–y (roll 
versus pitch) velocity plots, which depict the differences between 
the elderly and the young more clearly. Both patients in the figure 
had no peripheral vestibular recovery so that any improvement in 
balance function could only be due to central compensation. The 
appearance in Figure 2 of the elderly having greater sway at aUVL 
onset and 13 weeks later is confirmed (p < 0.03) by the columns 
marked with asterisks in Figure 3. As also indicated by Figure 3 

and Table 1, pitch and roll velocity values were outside the nor-
mal range across all three age populations at onset except for pitch 
velocity values for the young. The greater sway at aUVL onset in 
the elderly was the main reason why the improvement in pitch 
velocity over 13 weeks was significantly greater (p = 0.05) in the 
elderly. That is, there was a greater possibility for improvement.

Recovery to the steady state level of stance balance control 
after aUVL was normally complete for all age-groups by 13 weeks 
(Figure 4). Recovery of the normal stance control was, however, 
slower in the elderly (as modeled by the exponential fit in 
Figure 4) taking approximately 10 weeks to reach within 10% of 
the steady state value. The middle-aged took less time, 3.7 weeks, 
to reach the 10% level. Recovery in the young was so rapid that an 
exponential fit to their time series data was not possible.

In contrast to stance, control of roll angle and angular velocity 
is more crucial than that of pitch when walking in tandem steps. 
The examples in Figure  5 (again patients with no peripheral 
recovery) and the mean column plots of Figure 6 indicate that 
these measures are significantly greater in the elderly than the 
young at onset and at 13 weeks (range of p values 0.007–0.045). In 
addition, the values for the elderly were significantly greater than 
values of healthy age-matched controls at onset and at 13 weeks 
(p < 0.006, see Table 1). There were no significant differences in 
balance improvement in the young and elderly between aUVL 
onset and 13 weeks for the tandem gait task (see differences in 
pairs of column plots in Figure 6).

We also examined the gait tasks walking 3 m while pitching the 
head up and down with eyes open, and walking without voluntary 
head movements but with eyes closed. The results for these tests 
were similar. The elderly had values outside of the range of healthy 
elderly at aUVL onset but generally not at 13 weeks (Table 1). 
Both pitch angle and velocity improvements were greater in 
the elderly (see Figure 7) for the walking eyes closed task when 
compared to the young (range of p values 0.004–0.03). This was 
due partly to the greater onset values of the elderly. However, 
this effect was partially counteracted by the slower recovery in 
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FigUre 5 | Plots of roll versus pitch velocity for the task of walking 
eight tandem steps. The layout of the figure is identical to that of Figure 2. 
The young and elderly patients in this example had no peripheral vestibular 
recovery. CP young 85% at onset to 95% after 13 weeks, elderly person 
74% at onset to 100% at 13 weeks. Note the significantly larger sway at 
onset and at 13 weeks for the elderly person.

FigUre 4 | recovery time courses of pitch velocity for the different age populations for the task standing eyes closed on foam. The column heights 
indicate mean values at aUVL onset (0) and 3, 6.2, and 13 weeks after onset. The vertical bars on the columns represent the SEM. The thick line joining the means 
is an exponential fit (see Materials and Methods) to the change in the mean value over time. The dashed line above the full line is an exponential fit (same model 
form) to the means plus the SEM. The recovery times to 10% of steady state are marked by vertical arrows in the figure. The upper 95% limit of normal sway for the 
age-group is marked by a dashed horizontal line. Note the recovery of the young was so rapid that no model fit was possible.
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the elderly. As shown in Figure 8, pitch velocity recovery was to 
within 10% of steady state at 15.2 weeks in the elderly and reached 
the same relative level at 11.3 weeks in the middle age. In contrast, 
the young increased pitch velocity over time for the eyes closed 
walking task. This was due to significant increase in gait speed 
(see Table 1). Both the young and the elderly had increased gait 
speed at 13 weeks for both of these gait tasks (Table 1).

DiscUssiOn

Vestibular sensory inputs have a major influence on balance 
control even if this influence is not as powerful as that on the 
VOR (10, 11, 26, 29). Thus, it is to be expected that an aUVL 
initially has a profound effect on VOR and balance function. 
An intriguing point is that central compensation is able to 
restore VOR and balance function to nearly normal levels even 
when peripheral sensory recovery is absent (see Figures  1, 3 
and 6). That is, within 13 weeks after an aUVL VOR function 
and balance control improve to approximately normal values 
(6, 7, 11). As VOR function and balance control (in the form 
of trunk sway) deteriorate with age (12–14, 16, 17, 19, 22), we 
had expected that there would be a detrimental effect of age 
on the recovery of both functions after aUVL. Surprisingly we 
found that for balance tasks, but not for VOR tasks, the elderly 
were more detrimentally influenced by aUVL than young 
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FigUre 6 | Means and seM of roll angular velocity and angle for the task of walking eight tandem steps in the different age-groups. The layout of the 
figure is identical to that of Figure 1.

FigUre 7 | improvement in pitch angular velocity and pitch angle for the task of walking 3 m with eyes closed. As indicated by the asterisks the 
improvement in the middle-aged and elderly is significantly greater than that of the young (p < 0.05). However, as indicated in Figure 8, trunk sway measures of the 
young are weakly affected by the aUVL.
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subjects. VOR tests with low accelerations were the exception 
with a greater influence on the elderly. That is, with this minor 
exception, the combined effect of central compensation and 
peripheral recovery within VOR pathways after an aUVL was 
similar for the young and elderly.

The question arises whether the slightly decreased VOR values 
we observed for the elderly (see Figure 1) were the results of dif-
ferences in the number of left and right deficits in each age-group. 
For example, vHIT gains are 15% larger for head impulses to the 
right compared to the left when the right eye is measured (24, 30). 
The number of right deficits ears was greater in the young com-
pared to the elderly (61.5 versus 41.6%) and this difference might 
have influenced the results in the direction of trend observed 
(see Figure  1). However, a similar trend for larger deficit side 
responses in the young was also noted for the ROT results (see 

Figure 1). Therefore, we considered the greater number of right 
side deficits in the young not to have influenced our results.

The greater effect of the aUVL on balance control of the 
elderly (and to a lesser extent for the middle-aged) was manifest 
as a greater divergence from normal reference values at onset 
(Table 1) and in the time course of recovery (see Figures 4 and 
8). In other words, the aUVL had a greater absolute effect on the 
balance control in the elderly. Also in contrast to our expecta-
tions, when differences occurred, the recovery was greater in 
the elderly, because balance control in the young was hardly 
changed from normal. Another factor influencing the differences 
in balance control improvement was the rate of recovery which 
was slower for the elderly. Thus, the elderly remained with worse 
balance control than the young over a longer period of time. 
Differences in improvement were pronounced in balance tests 
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FigUre 8 | recovery time courses of pitch velocity for the different 
age populations for the task of walking 3 m with eyes closed. The 
layout of the figure is identical to that of Figure 4. Note that the data of the 
young cannot be fitted by an exponential decay model.
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with vision absent, reinforcing data indicating that the visual 
influence on gait and stance is enhanced following vestibular loss 
(4, 11). Although proprioceptive influences are a major influence 
on balance control, these influences are not increased as much as 
visual influences following an aUVL (4).

When differences in recovery were present with age, more 
recovery was also seen in the pitch plane than in the roll plane. 
This supports the idea that trunk pitch and trunk roll control 
are controlled in a different way by the central nervous system 
(29). This finding also suggests that recovery within the pathways 
responsible for pitch plane control is faster and more effective 
than the recovery within the pathways for roll plane control (4). 
Another factor influencing the faster recovery in the pitch plane 
could be the larger number of degrees of freedom for the roll 
compared to pitch plane and the use of a stiffening strategy in the 
elderly (31). Stiffening leads to balance instability particularly in 
the roll plane (32).

There was not a systematic change in durations for gait trials 
in the young with respect to elderly subjects. All subjects reduced 
gait task durations (increased gait speed) in the weeks after aUVL 
onset. However, the young increased pitch trunk sway velocity as 
expected with increases in gait speed [see Figure 8 (17)]. In con-
trast, the middle-aged and elderly decreased sway as gait speed 
increased over time. Thus, the presence of central compensation 
for a vestibular loss reducing trunk sway appears to counteract the 
normal increase in trunk sway with increased gait speed in those 
over 35 years of age. Therefore, it is an open question whether 
elderly subjects would have improved more if we had asked them 
to walk faster. Brandt et al. (5) showed that elderly aUVL subjects 
were better of running than walking following on aUVL.

Differences with age on the recovery of VOR function were 
basically not observed, except at very low accelerations during 
ROT tests at 5°/s2 but major age-related differences in balance 

control were observed. These findings support our previous 
observations that VOR and balance test measures are either 
weakly or not correlated (4, 11). The strongest correlation is 
negative between the visual contribution to stance control and the 
deficit side response amplitude for 20°/s2 ROT (R = 0.48). Other 
correlations are lower than R = 0.4 (4). It should be emphasized 
that peripheral recovery as shown by caloric testing did not show 
any difference between the age-groups. On average, recovery 
was much less than 100% in each age-group. CP values reduced 
from 87 to 52% (see Figure 1), on average, without differences 
between age-groups, even though more of the elderly had a lack 
of peripheral recovery and insufficient VOR compensation at 
13 weeks. In general, both young and elderly had VOR measures 
that were equally different from those of healthy controls. These 
results support our previous findings that lack of VOR recovery 
does not imply that balance function has not recovered and, 
oppositely, the recovery in VOR measures does not imply a 
recovery in balance function (4, 11). Rather, the young whose 
VOR values were pathological after an aUVL had balance control 
that was hardly changed from normal by the UVL, whereas the 
elderly and to a lesser extent the middle-aged had ongoing stance 
and gait balance deficits for several weeks after an aUVL despite 
significant improvements in VOR measures.

Despite the lack of strong correlations noted above, it is pos-
sible that some similar processes underlie VOR and VSR recovery 
following an aUVL. For example, a lack of peripheral vestibular 
recovery (as indicated by the greater number of elderly patients 
with caloric CP values greater than 90% at 13 weeks) and reduced 
central compensation (as determined by ROT responses of the 
elderly) may have a correlated negative influence on the central 
compensation for balance deficits. To answer this question in 
detail, additional studies with larger numbers of patients are 
required. Regardless of the cause, the longer period of gait deficits 
after aUVL in the elderly implies that the physical therapy needs 
of the elderly should be focused initially on stance and gait bal-
ance control and then after 6–8 weeks primarily on gait balance 
control, even if ROT and vHIT VOR tests indicate a return to 
normal function during this period.

The elderly are presumably always adapting to the constant 
worsening in balance control with aging over the age of 60 years 
(18). Nonetheless, they were unable to cope with the sudden 
unstable balance caused by an aUVL. To improve their responses 
to an aUVL those with risk factors indicative of UVL [e.g., see 
Chuang et al. (33) could be treated with physical therapy ahead 
of a possible UVL just as has been employed prior to surgical 
removal of cerebellar pontine angle tumors (34)]. In fact, it is one 
of the weaknesses of the current study that we were not able to 
control the activity levels of the patients prior to an aUVL nor for 
their adherence to prescribed physical therapy post aUVL.

cOnclUsiOn

Our results indicate that aUVL due, presumably, to vestibular 
neuritis causes a relative worsening of stance and gait balance 
control in the elderly compared to the young. At acute onset, the 
elderly are more unstable than the young and take longer to reac-
quire the balance abilities of age-matched controls. VOR function 
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Changes in the vestibular Nuclei
Paul F. Smith*
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There is evidence that the normal aging process is associated with impaired vestibu-
lo-ocular reflexes (VOR) and vestibulo-spinal reflexes, causing reduced visual acuity and 
postural instability. Nonetheless, the available evidence is not entirely consistent, espe-
cially with respect to the VOR. Some recent studies have reported that VOR gain can be 
intact even above 80 years of age. Similarly, although there is evidence for age-related 
hair cell loss and neuronal loss in Scarpa’s ganglion and the vestibular nucleus complex 
(VNC), it is not entirely consistent. Whatever structural and functional changes occur in 
the VNC as a result of aging, either to cause vestibular impairment or to compensate for 
it, neurochemical changes must underlie them. However, the neurochemical changes 
that occur in the VNC with aging are poorly understood because the available literature 
is very limited. This review summarizes and critically evaluates the available evidence 
relating to the noradrenaline, serotonin, dopamine, glutamate, GABA, glycine, and nitric 
oxide neurotransmitter systems in the aging VNC. It is concluded that, at present, it is 
difficult, if not impossible, to relate the neurochemical changes observed to the function 
of specific VNC neurons and whether the observed changes are the cause of a func-
tional deficit in the VNC or an effect of it. A better understanding of the neurochemical 
changes that occur during aging may be important for the development of potential drug 
treatments for age-related vestibular disorders. However, this will require the use of more 
sophisticated methodology such as in vivo microdialysis with single neuron recording 
and perhaps new technologies such as optogenetics.

Keywords: vestibular nucleus complex, aging, monoamines, glutamate, GABA, nitric oxide

AGe-ASSOCiATeD CHANGeS iN veSTiBULAR FUNCTiON

Aging in humans has been thought to be associated with an increasing impairment of the vestibulo-
ocular reflexes (VOR) and vestibulo-spinal reflexes, which results in reduced visual acuity and 
postural instability (1–14). The prevalence of dizziness and vertigo has been estimated at 30% in 
people over the age of 60, and dizziness in the elderly is associated with a high risk of falls (15, 
16). Nonetheless, there is disagreement about VOR impairment, in particular. A recent study of 
the VORs using the video head impulse test (vHIT) for all six semi-circular canals reported that, 

Abbreviations: 5-HT, 5-hydroxy-tryptamine; AMPA, α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate; GABA, 
γ-aminobutyric acid; HPLC, high performance liquid chromatography; NMDA, N-methyl-d-aspartate; NO, nitric oxide; VNC, 
vestibular nucleus complex; VOR, vestibulo-ocular reflex.
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although gain decreased with high head velocities, it was largely 
unaffected in healthy adults in the 80–89 years’ age group (17). 
Similar results have recently been reported by Matiño-Soler et al. 
(18), who observed that the horizontal VOR gain was stable up 
until 90  years of age and then decreased thereafter. McGarvie 
et al. (17) suggested that cerebellar compensation, in the form of 
VOR plasticity, may be responsible for the preservation of VOR 
function despite aging. On the other hand, Li et al. (19) reported 
that horizontal VOR gain remained stable from 26 to 79 years of 
age and then significantly declined (people over the age of 80 had 
an approximately eightfold increase in the odds of having a VOR 
gain <0.80). Kim and Sharpe (20) also found that the vertical 
VOR was relatively preserved in the elderly, although vertical 
smooth pursuit eye movement, eye-head tracking, and VOR 
cancelation during intentional head movement, were impaired. 
Studies of perceptual threshold levels related to the horizontal 
VOR have suggested that there may be little difference between 
young and older adults (21), although some dynamic visual acu-
ity studies suggest otherwise (22). Otolithic function, evaluated 
using ocular and cervical vestibular-evoked myogenic potentials 
(o- and c-VEMPs), has been reported to decline with age (19, 
23–26). Vestibulo-sympathetic reflexes have also been reported 
to be impaired with increasing age, which can lead to an increase 
in orthostatic hypotension (27, 28).

There is increasing evidence that age-related changes in 
vestibular function result in cognitive deficits (29–31). Cyran 
et  al. (31) studied the functional connectivity of a vestibular 
cortical network (i.e., the superior, middle, and inferior frontal 
and temporal gyri, the lingual gyrus, insula, superior and infe-
rior parietal lobe, parietal operculum, posterior cingulate gyrus, 
cuneus, thalamus, and cerebellar tonsil) in relation to age, using 
a tensor independent component analysis of fMRI data acquired 
in response to galvanic vestibular stimulation. They found that 
the functional connectivity of the network decreased with age, 
which they suggested was due not to structural deterioration but 
to functional changes; the somatosensory sensory networks, on 
the other hand, remained relatively intact. Recently, several large 
epidemiological studies have implicated vestibular dysfunction 
in the development of cognitive deficits in elderly humans (29, 
30, 32). Although these data are based on surveys and therefore 
necessarily correlational in nature, they are consistent with the 
results of clinical studies in humans [e.g., see Ref. (33, 34) for a 
review] and experimental studies in animals (35–40), which have 
shown that vestibular dysfunction results in cognitive impair-
ment, especially related to spatial memory.

Age-related vestibular impairment has often been attributed 
to a degeneration of the peripheral vestibular receptor hair cells 
or to changes in the number of neurons in Scarpa’s ganglion or 
the brainstem vestibular nucleus complex (VNC). Many studies 
have reported that the hair cells and their afferent connections 
decrease with age (41–50). Nonetheless, some studies have found 
no significant age-related differences in the number of hair cells 
in the crista ampullaris of aging gerbils (51) or the human utricle 
(52) and others have found no significant differences in the 
number of neurons in Scarpa’s ganglion (53, 54). Neuronal loss 
has been reported in the human VNC (55–58) and in the VNCs 
of some animal species [e.g., Ref. (59)]. However, Fernandez 

et  al. (60) could find no significant age-related decrease in the 
number of neurons in the golden hamster. Johnson and Miquel 
(61) analyzed the ultrastructure of the rat lateral vestibular 
nucleus at 4 weeks, 6–8 weeks, 6–8 months, and 18–20 months 
of age, and found a number of age-related changes that increased 
in frequency with increasing age, including nuclear membrane 
invaginations, disorganized endoplasmic reticulum, rod-like 
nuclear inclusions, and lipofuscin-like cytoplasmic dense bodies. 
In addition, the oldest age group exhibited axonal degeneration 
and dendritic swelling. Takeuchi et  al. (62) have also reported 
dystrophic axon terminals in the VNC of 360-day-old gerbils. The 
cytoplasms were found to contain neurofilaments and vesicles 
with membranous granular substances. Therefore, it is possible 
that there is age-related structural deterioration in the VNC even 
without neuronal loss itself.

In summary, there is increasing evidence that the human 
VORs are largely intact, at least until approximately 80 years of 
age. Ocular and cervical vestibular-evoked myogenic potentials 
(o- and c-VEMPs), on the other hand, appear to decline more 
obviously with age, and there is epidemiological evidence at least 
to suggest that any decline in vestibular function with age is asso-
ciated with cognitive deficits. The evidence relating to structural 
deterioration of the peripheral hair cells, and neuronal loss in 
Scarpa’s ganglion and the VNC, is divided, although there may be 
morphological changes in the VNC irrespective of neuronal loss.

The apparent discrepancies between the results of the different 
functional and structural studies in aged animals and humans 
suggest considerable variability in the effects of aging on the 
vestibular system. One obvious explanation for this is species dif-
ferences. Another possibility is that, even within a single species, 
some of this variability is the result of differences in a combination 
of genetic and environmental influences on the way that the ves-
tibular system ages and the extent to which it is capable of adaptive 
plasticity in response to aging. In this respect, it is important to 
note that Radtke-Schuller et al. (63) have recently reported that 
the cholinergic vestibular efferent neurons, which provide feed-
back to the peripheral vestibular system, do not degenerate with 
age. By contrast, cochlear efferent neurons do degenerate with age.

It is reasonable to assume that functional changes in the 
vestibular nucleus that are associated with either vestibular 
impairment or plasticity that prevents it, would be the result of 
neurochemical changes and that these would constitute a neuro-
chemical signature of the aged vestibular nucleus. The aim of this 
review is to summarize and critically evaluate what is currently 
known on this topic.

NeUROCHeMiCAL CHANGeS iN THe 
veSTiBULAR NUCLeUS wiTH AGe

By contrast with the functional and neuroanatomical studies 
of the vestibular system, there are relatively few neurochemical 
studies of the VNC in relation to aging.

Monoamines
The VNC has been shown to receive noradrenergic inputs from 
the locus coeruleus and the response of VNC neurons to glutamate 
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appears to be modulated by noradrenaline (NA) via α2 receptors 
[see Ref. (64, 65) for reviews]. NA also appears to modulate the 
response to GABA via α2 receptors and β receptors (66). Likewise, 
the VNC receives serotonergic projections from the dorsal raphe 
nucleus and VNC neurons appear to have 5-hydroxytryptamine 
(5-HT)1A, 5-HT1B, and 5-HT2 receptors [see Ref. (64, 65) for 
reviews]. VNC neurons also respond to dopamine (DA) via “D2-
like” receptors (i.e., D2, D3, and D4 receptors). There is evidence 
that DA depolarizes medial vestibular nucleus (MVN) neurons by 
acting on presynaptic “D2-like” receptors to inhibit the release of 
GABA from inhibitory interneurons [see Ref. (65) for a review].

Cransac et  al. (67) studied the levels of NA, 5-HT, and 
DA and their metabolites in the MVN of rats at 4, 21, and 
24  months of age, using homogenized micropunch samples 
and high performance liquid chromatography (HPLC). They 
found a decrease in NA with age and an increase in the ratio 
of its metabolite, 3-methoxy, 4-hydroxyphenylglycol (MHPG), 
to NA. By contrast, 5-HT and its metabolite, 5-hydroxyin-
doleacetic acid (5-HIAA), increased in the MVN with age 
while DA and 3,4-dihydroxyphenylacetic acid (DOPAC) levels 
remained unchanged. Di Mauro et al. (66) have suggested that 
a decrease in the NA content of the VNC could be responsible 
for deterioration of vestibular function with age.

Amino Acids
The excitatory and inhibitory amino acids are among the most 
important neurotransmitters in shaping the response of VNC 
neurons. Every subtype of glutamate receptor is expressed in the 
VNC (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA), N-methyl-d-aspartate (NMDA) and the metabotropic 
glutamate receptors), and glutamate is the primary neurotrans-
mitter used in the synapses between the vestibular nerve and 
VNC neurons [see Ref. (64, 65) for reviews]. Similarly, many 
VNC neurons have γ-aminobutyric acid (GABA) receptors of 
both the GABAA and GABAB subtypes, and the GABAA receptor 

is thought to primarily mediate commissural inhibition between 
the bilateral VNCs. Glycine, acting on glycine receptors, is also 
important in inhibitory neurotransmission in the VNC [see Ref. 
(64, 65) for reviews].

Him et al. (68) reported that the responses of MVN neurons to 
NMDA and AMPA were similar in brainstem slices from young 
(3 months of age) and aged rats (24 months of age), suggesting 
no change in the sensitivity of these glutamate receptor subtypes. 
Liu et al. (69) compared glutamate levels in the VNCs of rats at 
4 and 24 months of age, using homogenized samples and HPLC, 
and found that glutamate levels significantly decreased with age 
(see Figure 1A); by contrast, there was no such decrease in the 
cerebellum. Since Him et al. (68) measured only the response of 
MVN neurons to NMDA and AMPA, and Liu et al. (69) measured 
only the levels of glutamate, the results of these two studies are not 
necessarily incompatible. For example, it is possible that AMPA 
and NMDA receptors upregulated or increased their sensitivity 
to glutamate in response to a decrease in its availability, resulting 
in an approximately normal response to those agonists. However, 
neither of these studies allows the neurochemical changes to be 
attributed to any specific function within the VNC. Therefore, the 
functional significance of these results remains unclear.

Him et  al. (70) reported that neurons in the MVN from 
aged (24 months old) rats exhibited an increased sensitivity to 
the GABAA receptor agonist, muscimol, which they suggested 
might be a compensatory change in response to a loss of neurons 
within the MVN. Giardino et al. (71) detected increased levels 
of glutamic acid decarboxylase (GAD) in the 24-month-old rat 
VNC, and concluded that this may reflect an increased synthesis 
of GABA in the aged VNC. However, Liu et al. (69), again using 
homogenized samples and HPLC, found no significant change 
in GABA levels in the VNC or cerebellum with aging in the rat 
(Figure 1B).

In the only study of age-related changes in glycine receptors 
in the VNC to date, Nakayama et al. (72) demonstrated a large 
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FiGURe 2 | The arginine metabolic pathway showing the conversion 
of l-arginine to the neurotransmitter, nitric oxide (NO), and l-citrulline, 
by nitric oxide synthase (NOS), of which there are three isoforms; the 
conversion of l-arginine to agmatine by arginine decarboxylase 
(ADC), which is then converted to polyamines such as putrescine, 
spermidine, and spermine by agmatinase and ornithine 
decarboxylase (ODC); and the conversion of l-arginine to l-ornithine 
by arginase, which is then converted to the same polyamines. 
Glutamate is one of the end products of l-arginine, and glutamate serves as 
a precursor for the synthesis of GABA. Reproduced from Smith et al. (82) 
with permission from Elsevier.
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decrease in strychnine binding in the VNC as a function of age 
(3, 18, and 26 months). The amount of strychnine binding in the 
26-month-old rat was approximately 50% of that in the 3-month-
old rat. Once again, the functional significance of these changes 
is unknown. However, Nakayama et al. (72) speculated that an 
increased glycine synthesis might occur in order to prevent such 
a large decrease in glycine receptors from causing functional 
impairment.

Other Neurochemical Changes with Age
Sulaiman and Dutia (73) showed that many MVN neurons in 
brainstem slices are inhibited by δ-opioid receptor agonists such 
as [d-Ala2, d-Leu5]-enkephalin (DADLE) and [d-Pen2, Pen5]-
enkephalin (DPLPE), an effect that was blocked by the δ-receptor 
antagonist, naltrindole. Interestingly, they found that the inhibi-
tory effects of DADLE increased with age, although the oldest 
animals used were only 160–180 g in weight.

Liu et al. (69) were interested in analyzing the l-arginine meta-
bolic system in the VNC and cerebellum of aged (24 months old) 
and young (4 months old) rats. Some of the rats were housed in 
a standard environment, and others were housed in an enriched 
environment, with running wheels and toys. They employed 
homogenized samples, HPLC and liquid chromatography/mass 
spectrometry (LC/MS/MS) to quantify the concentrations of 
l-arginine, l-citrulline, l-ornithine, agmatine, putrescine, sper-
midine, spermine, as well as glutamate and GABA (the latter as 
previously mentioned). These neurochemicals are all related and 
part of the l-arginine metabolic pathway (see Figure 2). l-arginine 
is a semi-essential amino acid metabolized by nitric oxide synthase 

(NOS) in order to produce nitric oxide (NO) and l-citrulline (74). 
NO is non-conventional neurotransmitter that is important for 
synaptic plasticity and learning and memory; however, it is also 
a free radical, and therefore in excessive amounts it can be neuro-
toxic [see Ref. (75) for a review]. There is a great deal of evidence 
that NO is implicated in both the normal aging process and age-
related neurodegenerative processes [(76, 77); see Ref. (78, 79) for 
reviews]. The polyamines putrescine, spermidine, and spermine 
are down-stream metabolites of l-arginine (see Figure 2).

Liu et al. (69) found that in the VNC, putrescine, l-arginine, 
and l-citrulline increased significantly with age, while spermine 
and l-ornithine decreased (see Figure  3). In the cerebellum, 
spermidine and l-citrulline increased significantly with age, 
while spermine decreased. Linear discriminant analysis (LDA) 
was used to show that age could be predicted from a subset of 
these neurochemicals. For the VNC, the LDA could predict age 
with 100% accuracy from the levels of putrescine, spermidine, 
spermine, l-citrulline, glutamate, and GABA. For the cerebel-
lum, age could be predicted with 93% accuracy from the levels of 
spermine and spermidine only.

l-citrulline (the coproduct of NO) was significantly higher 
in the aged VNC and cerebellum, which is consistent with the 
increase in NO in the aged cerebellum that has been reported 
previously (80). Mistry et  al. (81) reported that l-arginine 
concentrations in the cerebellum were not significantly different 
between young (3–5 months old) and aged (18–22 months old) 
male rats, which is consistent with the results of Liu et al. (69).

In further analyses of the same data set, Smith et  al. (82) 
used multiple linear regression in order to determine whether 
each variable could be predicted from the others. Age was a sig-
nificant predictor variable for putrescine (R2 = 0.68), spermidine 
(R2 = 0.93), agmatine (R2 = 0.76), and l-ornithine (R2 = 0.50). 
Using cluster analyses, there were no large differences in the 
covariation of the different neurochemical variables between 
the young and aged animals, and glutamate and GABA covaried 
closely in both groups (see Figure 4).

In summary, there is evidence that, with aging, the levels of 
NA and glutamate decrease in the VNC, while those of 5-HT and 
NO increase (Figure  5). On the other hand, there is evidence 
that GABA and DA levels do not change significantly (Figure 5). 
The data relating to neuronal responsiveness are more difficult 
to interpret, since they may reflect receptor number, affinity or 
efficacy; however, the available data suggest that the response 
of VNC neurons to NMDA and AMPA receptor agonists does 
not change significantly, while GABAA receptor and δ-opioid 
receptor agonists have an increased effect. There is a significant 
downregulation of glycine receptors in the VNC with age.

CONCLUSiON AND FUTURe DiReCTiONS

Although vertigo and dizziness are common complaints among 
the elderly (15, 16), there is some disagreement as to how much 
of this is due to VOR dysfunction. Some recent studies have sug-
gested that the VOR remains relatively preserved even in people 
over the age of 80 [e.g., Ref. (17)]. There is, on the other hand, 
evidence for dysfunction of o- and c-VEMPs with advancing age 
[e.g., Ref. (19, 23–26)]. The evidence for age-related hair cell loss 
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FiGURe 3 | Levels of agmatine, putrescine, spermidine, spermine, l-arginine, l-ornithine, and l-citrulline in the vNC in in aged (A) and young (Y) rats 
housed in either an enriched environment (Y) or not (N). Symbols represent means with the SE and SD for the mean. Modified from Liu et al. (69).
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FiGURe 5 | Schematic diagram of changes in levels of dopamine, 
5-HT, noradrenaline, glutamate, GABA and nitric oxide, with age. The 
data regarding dopamine and 5-HT are from Table 1 in Cransac et al. (67). 
The data regarding noradrenaline are estimated from Figure 1 in the same 
paper. The data regarding glutamate and GABA are from Liu et al. (69). The 
nitric oxide levels are estimated from the levels of the coproduct l-citrulline 
(i.e., both are produced from the action of nitric oxide synthase on l-arginine), 
also from Liu et al. (69). In all cases, the young data are from rats at 
3–4 months of age and the aged data from animals at 24 months of age. The 
data from Cransac et al. (67) are from the MVN whereas the data from Liu 
et al. (69) are from the VNC as a whole. In all cases, the aged data are 
expressed as a proportion of the mean values for the young data in each 
study, in order to make comparisons across studies possible. The changes in 
5-HT, noradrenaline, glutamate, and nitric oxide were statistically significant.

FiGURe 4 | Dendrograms showing the similarities in the degree of 
expression of the nine neurochemical variables in the vNC of young 
(A) and aged (B) rats. Reproduced from Liu et al. (69) with permission from 
Elsevier.
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and neuronal loss in Scarpa’s ganglion and the VNC is divided; 
however, it may be that structural deterioration occurs even with-
out neuronal loss. One possibility is that some of the changes that 
lead to increased vertigo and dizziness in the elderly are related 
not to peripheral degeneration or even degeneration in the VNC, 
but to deterioration in the vestibulo-limbic and vestibulo-cortical 
pathways. Recent studies have shown age-related changes in the 
vestibulo-cortical networks and epidemiological studies have 
increasingly linked vestibular impairment to cognitive deficits in 
the elderly (29–31).

Assuming that there are structural and functional changes in 
VNC neurons with age that contribute to vestibular impairment, 
it is almost certain that these will be dictated by neurochemical 
changes, either causing deterioration of function or perhaps 
caused by that deterioration; some of these changes may even 
be compensatory and may help to preserve vestibular function, 
up to a point. Unfortunately, at this time, there are relatively 
few quantitative studies that can shed light on this topic. Of the 
studies that have been published, there is evidence for a decrease 
in NA and an increase in 5-HT in the VNC, with no change 

in DA levels (67); a decrease in glutamate levels (69) with no 
change in the sensitivity of AMPA and NMDA receptors (68) 
(Figure  5). The evidence relating to GABA is contradictory, 
with Giardino et al. (71) reporting an increase in GAD, possibly 
reflecting an increased synthesis of GABA, while Liu et al. (69) 
found no significant change in GABA levels (Figure 5). On the 
other hand, Him et al. (70) reported an increased sensitivity of 
MVN neurons to a GABAA receptor agonist. There is evidence 
for a decrease in glycine receptors (72) and an increase in the 
sensitivity of MVN neurons to the inhibitory effects of δ opioid 
receptor agonists (73). Finally, Liu et  al. (69) have reported 
complex changes in various neurochemicals that are part of the 
l-arginine metabolic pathway, some of which are implicated in 
the production of NO. Unfortunately, to completely understand 
the changes that are occurring in any particular neurotransmit-
ter system, it is necessary to have information not only about 
neurotransmitter levels, preferably their release (see below), but 
also the number, affinity and efficacy of their receptors (i.e., the 
degree to which activation of the receptor by an agonist results 
in a change in neuronal function, for example, via influx of ions 
through linked ion channels or G protein mobilization). For 
example, it is possible to have no change in neurotransmitter 
release, no change in receptor number or affinity, however a 
change in efficacy. While neurotransmitter release can be 
measured using microdialysis in  vivo, and receptor number 
can be measured using receptor binding, western blotting or 
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aging increases compensatory 
saccade amplitude in the Video 
head impulse Test
Eric R. Anson1*, Robin T. Bigelow1, John P. Carey1, Quan-Li Xue2,3, Stephanie Studenski4, 
Michael C. Schubert1, Konrad P. Weber5,6 and Yuri Agrawal1

1 Department of Otolaryngology-Head and Neck Surgery, Johns Hopkins University School of Medicine, Baltimore, MD, USA, 
2 Department of Medicine, Johns Hopkins University School of Medicine, Baltimore, MD, USA, 3 Center on Aging and Health, 
Johns Hopkins Medical Institutions, Baltimore, MD, USA, 4 Longitudinal Studies Section, National Institute on Aging, 
Baltimore, MD, USA, 5 Department of Neurology, University Hospital Zurich, University of Zurich, Zurich, Switzerland, 
6 Department of Ophthalmology, University Hospital Zurich, University of Zurich, Zurich, Switzerland

Objective: Rotational vestibular function declines with age resulting in saccades as a 
compensatory mechanism to improve impaired gaze stability. Small reductions in rota-
tional vestibulo-ocular reflex (VOR) gain that would be considered clinically normal have 
been associated with compensatory saccades. We evaluated whether compensatory 
saccade characteristics varied as a function of age, independent of semicircular canal 
function as quantified by VOR gain.

Methods: Horizontal VOR gain was measured in 243 participants age 27–93 from 
the Baltimore Longitudinal Study of Aging using video head impulse testing. Latency 
and amplitude of the first saccade (either covert  –  occurring during head impulse, 
or overt  –  occurring following head impulse) were measured for head impulses with 
compensatory saccades (n = 2230 head impulses). The relationship between age and 
saccade latency, as well as the relationship between age and saccade amplitude, were 
evaluated using regression analyses adjusting for VOR gain, gender, and race.

results: Older adults (mean age 75.9) made significantly larger compensatory saccades 
relative to younger adults (mean age 45.0). In analyses adjusted for VOR gain, there was 
a significant association between age and amplitude of the first compensatory covert 
saccade (β = 0.015, p = 0.008). In analyses adjusted for VOR gain, there was a signif-
icant association between age and amplitude of the first compensatory overt saccade 
(β = 0.02, p < 0.001). Compensatory saccade latencies did not vary significantly by age.

conclusion: We observed that aging increases the compensatory catch-up saccade 
amplitude in healthy adults after controlling for VOR gain. Size of compensatory  saccades 
may be useful in addition to VOR gain for characterizing vestibular function in aging 
adults.

Keywords: VOr, compensatory saccades, healthy aging, head impulse test, vestibular
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FigUre 1 | exemplar hiTs with and without saccades. Exemplar vHITs 
showing the presence of a normal response without saccades (upper pane), 
an isolated covert compensatory saccade (middle pane), and an isolated 
overt saccade (lower pane). Saccades are indicated by arrows. Eye velocity 
(red) has been inverted and shown superimposed on head velocity (blue).
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inTrODUcTiOn

Several studies have shown that rotational vestibular function 
declines with age (1–3). There is a reduction in the quantity of 
vestibular hair cells that occurs as a consequence of aging (4–7). 
This may result in alterations in vestibular function, characterized 
by reduced vestibulo-ocular reflex (VOR) gain and increased VOR 
gain variability with advancing age (1, 2, 8). Reduced function 
of the angular VOR results in generation of compensatory sac-
cades (3, 9, 10). Studies have shown that compensatory saccades 
occur more frequently with increasing age (3, 11). Interestingly, 
compensatory saccades have been observed in older individuals 
even when VOR gain was clinically in the normal range (10, 11).

It is unclear whether the increased frequency and amplitude of 
compensatory saccades with age reflect greater VOR gain deficits 
in older individuals, which may be either clinical or subclinical 
(12, 13). Moreover, it is unclear whether saccade characteristics 
in older adults, such as saccade timing and amplitude, differ from 
saccades observed in younger individuals.

In this study, we investigate the relationship between age and 
compensatory saccade amplitude and latency in a cohort of healthy 
older adults within the Baltimore Longitudinal Study of Aging 
(BLSA). We used video head impulse testing (vHIT) to measure 
horizontal semicircular canal function (quantified as VOR gain) 
and to detect compensatory saccades. We considered both covert 
saccades (occurring during the head impulse) and overt saccades 
(occurring after the head impulse), separately (14–16). The goal 
of the study is to evaluate whether aging influences compensatory 
saccade latency and amplitude or whether the compensatory sac-
cades observed in older individuals correlate only with reduced 
VOR function.

MaTerials anD MeThODs

Participants
The BLSA is an ongoing prospective cohort study initiated by 
the National Institute on Aging (NIA), in 1958. Participants are 
community-dwelling participants aged 20–103 who undergo 
a standardized array of tests over 3  days, every 1–4  years at 
the NIA. This study evaluated a cross-sectional sample of all 
BLSA participants between June 2014 and April 2015. During 
this time period, 243 participants completed vHIT testing. All 
participants provided written-informed consent, and the BLSA 
study protocol was approved by the Institutional Review Board 
at Harbor Hospital. Participants were asked to identify their race 
from the following options: White, Black or African-Americans, 
Asian, American Indian or Alaska Native, Native Hawaiian or 
Other Pacific Islander, “Two or More Races,” “Don’t Know,” or 
“Refused.” Race-ethnicity was grouped as “white,” “black,” and 
“other,” as the majority of participants were either white or black.

Video head impulse Testing
Vestibular function was measured for the horizontal VOR 
using vHIT. Methods to measure horizontal semicircular canal 
function have been published previously and validated in older 
adults (8, 17–19). In brief, participants wore the EyeSeeCam 
video-oculography system, a lightweight goggle frame with a 

built in camera to record right eye movements and an acceler-
ometer to record head movement at a sampling frequency of 
220 Hz (Interacoustics, Eden Prairie, MN, USA). Participants sat 
approximately 1.25 m from a visual fixation target on the wall. 
Trained examiners tilted the participant’s head 30° below hori-
zontal to bring the horizontal semicircular canal into the plane 
of head rotation and then performed 10–15 small amplitude 
(15–20°) “center-out” head impulses to the right and left, with 
peak velocity typically from 150 to 250°/s.

The EyeSeeCam software provides interpolated head impulse 
data at 1000 Hz in the exported MATLAB data file, which we 
used for subsequent post hoc analyses. During post hoc analysis, 
experienced evaluators examined individual head impulse 
traces using custom software (MATLAB, MathWorks) and 
rejected head impulses that had pupil tracking artifact during 
the head impulse or incorrectly performed head impulses (i.e., 
low peak head velocity, excessive head recoil, or overshoot) (20). 
Horizontal VOR gain was calculated as the ratio of the area under 
(AUC) the de-saccaded eye velocity curve over the area under 
the head velocity curve from the onset of the head impulse until 
head velocity returned to 0 (21). This method of gain calculation 
has been shown to be least susceptible to methodological errors 
(20). Saccades were initially identified by an automatic detection 
algorithm based on eye accelerations greater than 4000°/s2 and 
visually verified by experienced examiners. Covert saccades were 
defined as any saccade starting before head velocity returns to 
0, and overt saccades were defined as any saccade starting after 
head velocity returns to 0, see Figure 1 (15). In order to simplify 
the regression analysis, head impulses without any saccades were 
excluded from analyses relating age to amplitude and latency of 
the first compensatory saccade and were not used to calculate 
VOR gain. Head impulses without saccades were included in the 
normalization of the cumulative saccade amplitude to reduce 
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FigUre 2 | calculating eye-in-space velocity. Exemplar vHIT showing how the sum of head velocity (blue) and eye-in-head velocity (red) can be used to 
calculate eye-in-space velocity (black). The boxed in area highlights a covert saccade and demonstrates how using eye-in-space rather than eye-in-head velocity to 
calculate saccade amplitude removes the bias that results from VOR-mediated eye movement.

64

Anson et al. Aging and Saccades Amplitude

Frontiers in Neurology | www.frontiersin.org July 2016 | Volume 7 | Article 113

the potential for sample bias. Head impulses with bi-directional 
saccades were also excluded from these analyses.

To exclude volitional saccades (i.e., saccades not generated 
reflexively to compensate for a deficient VOR), we only analyzed 
saccades when the saccade latency was between 25 and 503 ms 
after head impulse testing (HIT) onset, defined as head velocity 
>20°/s (22). We chose 25  ms as the earliest that saccades may 
be present based on previously reported ranges for both active 
and passive HIT (23). To determine the latest time period for 
non-volitional compensatory saccades, we first estimated the 
population average HIT duration from our sample by bootstrap-
ping 1000 new populations allowing for resampling, with 500 
nested resamples for variance estimates (24). This resulted in a 
population average HIT duration of 253 ms. We identified 250 ms 
after the HIT ended (503 ms) as the criteria after which saccades 
could not be reliably attributed to the HIT stimulus based on 
reported values for volitional saccade latencies in older adults 
(25, 26). Saccade latency (time from the onset of the HIT until 
the onset of the saccade) and amplitude for the first compensatory 
saccade was determined for each HIT with a compensatory sac-
cade. Covert saccade amplitude was adjusted such that the veloc-
ity of the VOR and the resultant position change of the eye due 
to the VOR were removed. Eye velocity was summed with head 
velocity to calculate the velocity of the eye in space (because both 
velocities followed the convention that movement to the right was 
positive, to the left was negative), see Figure  2. Amplitude for 
all saccades was calculated as the area under the curve for the 
saccade based on the eye-in-space velocity. This served to remove 

the VOR component from covert saccades, and the amplitudes 
were largely unchanged for overt saccades since the head was not 
moving during those saccades.

Data analysis
We combined rightward and leftward HITs for a total sample of 
486 ears, of which 452 had at least one head impulse that resulted 
in a compensatory saccade. We plotted cumulative saccade 
amplitude as a function of saccade latency across the cohort, 
to graphically represent the population of saccades observed in 
the cohort and differences between younger (<60 years, mean 
age 45.0) and older (≥60  years, mean age 75.9) age groups. 
Cumulative saccade amplitudes in latency bins of 10  ms were 
normalized to account for the number of individuals and head 
impulses with and without compensatory saccades in each bin. 
T-tests were used to compare mean saccade amplitude and 
latency between young and older adults, separately for overt and 
covert saccades. Analyses of saccade latency and amplitude were 
based on individual head impulses with compensatory saccades 
[n = 2223 (353 head impulses with covert saccades, 1870 head 
impulses with overt saccades), representing 227 participants]. 
All analyses accounted for clustering by individual using mixed 
effects regression models. Covert vs. overt compensatory sac-
cades were evaluated in separate regression models. We evalu-
ated the association between latency of the first saccade and age 
and the association between amplitude of the first saccade and 
age in multivariate analyses adjusted for VOR gain, gender, and 
race. We included the individual-specific mean head impulse 
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TaBle 1 | Mean (sD) compensatory (overt, covert) saccade latency and 
amplitude for younger and older adults.

Younger adults  
(age 45.0, N = 28)

Older adults  
(age 75.9, N = 199)

t-test 
p value

Overt
Mean latency (ms) 298.2 (86.1) 302.2 (74.3) 0.4834
Mean amplitude (deg) 1.2 (0.8) 1.7 (1.4) 0.0000*

covert
Mean latency (ms) 96.1 (52) 87.3 (49.5) 0.2949
Mean amplitude (deg) 1.1 (0.8) 1.4 (1.1) 0.1042

Significant results indicated by * for p < 0.0125.

TaBle 2 | relationship between latency and amplitude of the first covert 
saccade and age controlling for VOr gain.

covert saccade latency covert saccade amplitude

Predictor 
variables

β p 95% ci β p 95% ci

Age −0.03 0.942 (−0.75, 0.70) 0.015 0.008* (0.004, 0.026)
VOR gain 34.04 0.055 (−0.79, 68.9) 0.47 0.237 (−0.31, −1.25)

race
White Ref Ref Ref Ref Ref Ref
Black −25.49 0.038 (−49.51, −1.47) 0.015 0.935 (−0.35, 0.38)
Other −12.26 0.309 (−35.86, 11.34) 0.30 0.091 (−0.05, 0.65)

gender
Female Ref Ref Ref Ref Ref Ref
Male −23.43 0.014 (−42.11, −4.76) −0.30 0.038 (−0.59, −0.017)

Significant results indicated by * for p < 0.0125.

FigUre 3 | normalized saccade amplitude. Normalized cumulative 
saccade amplitude for overt (upper panel) and VOR corrected covert (lower 
panel) saccades as a function of latency following onset of head impulse. 
Note the normalized cumulative amplitude is larger for older adults 
(≥60 years) relative to younger adults (<60 years) and that overt saccades 
have larger amplitude compared to covert saccades after correcting for VOR 
eye velocity and amplitude.
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parameters (i.e., VOR gain, saccade latency, amplitude) as 
random effects to account for the within-individual correlation 
between the repeated head impulses. This results in valid statis-
tical inference for the fixed effects (i.e., age, gender, and race). 
We estimated the model parameters via maximum likelihood 
using xtmixed in STATA. All mixed effects regression models 
were adjusted for age, gender, and race. We adjusted alpha levels 
within specific questions: for regression analyses α  =  0. 0125 
(applying a Bonferroni correction for four regressions), and an 
adjusted α = 0.0125 (applying a Bonferroni correction for four 
comparisons) was used for t-test comparisons.

resUlTs

The mean age of participants was 72.3 (SD 16.4, range 27–93) 
and 52% of the participants were female. Sixty-two percent of 
the participants were white, 21% of the participants were black, 
and the remaining 17% were classified as other. One hundred 
seventy-four of 486 ears (35.8%) had at least one head impulse 
with a covert saccade, and 417 of 486 ears (85.8%) had at least one 
head impulse with an overt saccade. The mean peak head velocity 
during head impulses with saccades was 212.9°/s (SD 31.4°/s).

The normalized cumulative amplitude of overt and covert 
saccades as a function of saccade latency was plotted for 
younger (n  =  28) adults (<60  years old) and older adults 
(n = 199; Figure 3). Mean amplitudes for overt saccades were 
significantly larger for older vs. younger adults (Table 1). Mean 
latencies were not significantly different for older vs. younger 
adults (Table 1).

relationship between saccade Metrics 
and age
Covert Saccades
We evaluated whether the covert saccade amplitudes were cor-
related with differences in VOR gain between older and younger 
adults or whether age may be an independent contributor 
(Table  2). In multivariate analyses adjusting for VOR gain, we 
observed a persistent significant association between age and 
amplitude of the first compensatory covert saccade (β = 0.015, 
p = 0.008). This association corresponds to an increase in covert 
saccade amplitude of approximately 0.15° for every decade of 
life, while controlling for VOR gain. There was no significant 
association between age or VOR gain and latency of the first 
compensatory covert saccade (Table 2).

Overt Saccades
We next evaluated whether overt saccade amplitudes were cor-
related with differences in VOR gain between older and younger 
adults or whether age was an independent predictor (Table 3). 
In analyses adjusted for VOR gain, there was a significant associa-
tion between age and amplitude of the first compensatory overt 
saccade (β =  0.02, p <  0.001). This association corresponds to 
an increase in overt saccade amplitude of approximately 0.2° for 
every decade of life, while controlling for VOR gain. There 
was no significant association between age and latency of the 
first compensatory overt saccade. Additionally, there was a 
significant association between VOR gain and amplitude of the 
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TaBle 3 | relationship between latency and amplitude of the first overt 
saccade and age controlling for VOr gain.

Overt saccade latency Overt saccade amplitude

Predictor 
variables

β p 95% ci β p 95% ci

Age 0.189 0.512 (−0.37, 0.76) 0.020 0.000* (0.011, 0.028)
VOR gain 98.44 0.000* (66.0, 130.89) −4.03 0.000* (−4.47, −3.58)

race
White Ref Ref Ref Ref Ref Ref
Black 0.20 0.982 (−17.32, 17.72) 0.047 0.727 (−0.22, 0.31)
Other −6.58 0.525 (−26.85, 13.69) 0.24 0.129 (−0.07, 0.55)

gender
Female Ref Ref Ref Ref Ref Ref
Male 1.71 0.818 (−12.84, 16.26) −0.15 0.197 (−0.37, 0.076)

Significant results indicated by * for p < 0.0125.
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first compensatory overt saccade (β  =  −4.03, p  <  0.001). This 
association corresponds to a decrease in overt saccade amplitude 
of approximately 0.4° for every 0.1 increase in VOR gain. We 
also observed a significant association between VOR gain and 
overt saccade latency (β = 98.44, p < 0.001). This corresponds 
to overt saccades happening 10 ms later for every 0.1 increase in 
VOR gain.

DiscUssiOn

The current results demonstrate that healthy older adults make 
significantly larger covert and overt compensatory saccades rela-
tive to younger adults. Additionally, we found that the higher 
amplitude compensatory saccades in older individuals were not 
fully explained by reduced VOR function in this group: even after 
accounting for lower VOR gain, older adults made significantly 
larger saccades. There are several potential explanations for 
these findings. First, the most straight forward explanation is 
that slight reductions in VOR gain with age are sufficient to 
trigger compensatory saccades. Second, it is possible that the 
saccade-generating mechanism in older adults may be impaired 
relative to younger adults. Increased levels of cerebellar disinhibi-
tion in older adults may contribute to reduced VOR calibration 
and generation of over-compensatory saccades (27). Maladaptive 
interaction between the paramedian pontine reticular formation 
and the vestibular nuclei may also contribute to the relationship 
between VOR gain and saccade amplitude reported here (28, 
29). Although saccades triggered by target-driven head free gaze 
shifts were observed to be smaller and slower in older adults 
(30), compensatory saccades triggered by retinal slip or posi-
tion error due to VOR insufficiency may result from a different 
neural mechanism or behave differently in the context of aging. 
Alternatively, declines in peripheral vestibular function in the 
context of aging may result not only in decreases in VOR gain 
but might also affect gaze stabilization by other mechanisms. 
Peng et al. showed that, during HIT, humans demonstrate a range 
of corrective eye movements superimposed on the VOR (31). 
Some of these eye movements correct primarily gaze velocity (i.e., 
retinal slip) errors and some correct primarily gaze position (i.e., 
foveal displacement) errors. The distribution of these corrective 

eye movements were found to depend on the status of vestibular 
function and the degree of challenge of the stimulus. In particular, 
normal humans exposed to high acceleration head impulses in 
their study employed more saccades that corrected gaze posi-
tion errors late in the course of the head impulse after gaze 
velocity error was minimized. Thus, gaze stabilization during 
head impulses appears to rely not only on the VOR but on eye 
movements that correct for gaze position errors as well. Whether 
the distribution of these eye movements changes with age will 
require further research, but it is clear that VOR gain is only a 
partial measure of gaze stabilization ability.

In this sample, there were approximately 6× more overt sac-
cades than covert saccades. Individuals recovering from acute 
surgical unilateral vestibular loss quickly begin using compensa-
tory saccades that, over a period of days, shift earlier in time, 
eventually becoming covert in their timing (32). Some authors 
have hypothesized that covert saccades are generated in response 
to a combination of vestibular signals, gaze velocity error, and 
gaze position error, while overt saccades are thought to be gener-
ated in response to gaze position error (given that the head is 
still, so head and eye velocity are both equal to 0) (16, 33, 34). It 
is possible that gaze velocity error during the head impulses did 
not exceed 2–4°/s, typically tolerated by healthy adults (35, 36). 
The majority of individuals in this study had VOR gain close to 
unity, which suggests only minimal retinal slip throughout the 
head impulse, despite the presence of compensatory saccades. 
Alternatively, the disproportionate number of overt saccades sug-
gests that the individuals in this study may have reduced ability 
to detect or quickly respond to gaze velocity errors that would 
produce covert saccades. The higher percentage of overt saccades 
may also have been an artifact of the less predictable “center-out” 
head impulses employed in this study (37). It is not clear whether 
saccadic adaptation to age-related decline in vestibular func-
tion – which is typically incomplete and bilateral –  is different 
from that which occurs following complete vestibular loss, which 
is typically complete and unilateral. Determining whether com-
pensatory saccades in older adults are preferentially generated in 
response to retinal position vs. retinal velocity errors will have 
implications for vestibular rehabilitation (38–40).

The current findings did not support any relationship between 
compensatory saccade latency and age, in contrast with previ-
ous work on discrete saccadic eye movements (25). The lack of 
age dependence for compensatory saccade latency is consistent 
with previous research, suggesting that compensatory saccade 
timing is a stereotypic, learned behavior (41). Latency of sac-
cades during head impulses decreases and becomes less variable 
over time, during recovery from loss of vestibular function (32). 
Unlike individuals recovering from unilateral vestibular loss, the 
cross-sectional population of older adults in this study may be 
at different stages in compensation/adaptation for age-related 
vestibular loss. Prospective longitudinal studies would be neces-
sary to demonstrate whether adults with age-related decline in 
vestibular function follow a similar learning profile with respect 
to latency of compensatory saccades.

We observed that the saccade amplitude is larger for older 
adults in a cohort of healthy adults and that saccade amplitude is 
in part related to VOR gain. It is interesting to note that, in this 
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cohort, only 17 individuals had abnormally low VOR gain (VOR 
gain <0.68) as defined in previous studies (19). Future studies 
should determine whether saccade amplitude may provide a more 
complete picture of gaze stability in aging adults than VOR gain 
alone. Additionally, future studies should determine whether sac-
cade amplitude is more strongly related to measures of functional 
mobility like balance and walking in older adults than VOR gain. 
Higher compensatory saccade amplitudes may contribute to gaze 
instability or oscillopsia with walking head motion, which may, in 
turn, result in slower walking speeds in older adults.

limitations
These data are cross-sectional and cannot be used to support 
causal inferences between changes in age and changes in com-
pensatory saccades or VOR gain. Moreover, we cannot determine 
from these data whether the larger compensatory saccades in 
healthy older adults observed in this study represent adaptive or 
perhaps maladaptive compensation to change in rotational VOR 
function. We could not precisely measure eye position relative to 
a world-fixed target using the video head impulse system, which 
would be needed to determine whether the compensatory sac-
cades brought the eye back to, or potentially overshot, the target. 
Measurement systems capable of quantifying the target location 
relative to the head are needed to address this limitation. We also 
only considered horizontal VOR gain in this study and future 
studies will need to establish whether these relationships hold for 
the vertical canals as well. Finally, to simplify our analysis and 

to ensure that we were capturing saccades of vestibular origin, 
we only considered the first compensatory saccade. A number 
of head impulses resulted in mixed types of saccades, and their 
significance will require future characterization and study.

cOnclUsiOn

The size of compensatory saccades is larger for older adults 
compared to younger adults, even after accounting for level of 
similar rotational vestibular function as measured by VOR gain. 
The amplitude of compensatory saccades may be an additional 
indicator of decline in gaze stabilization ability in aging adults 
along with VOR gain.
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Vestibular Perceptual Thresholds 
increase above the age of 40
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and Daniel M. Merfeld1,2*

1 Harvard Medical School, Boston, MA, USA, 2 Jenks Vestibular Physiology Laboratory, MEEI, Boston, MA, USA, 3 University 
of Colorado at Boulder, Boulder, CO, USA, 4 Department of Medicine, Brigham and Women’s Hospital, Boston, MA, USA

We measured vestibular perceptual thresholds in 105 healthy humans (54F/51M) rang-
ing from 18 to 80 years of age. Direction-recognition thresholds were measured using 
standard methods. The motion consisted of single cycles of sinusoidal acceleration at 
0.2 Hz for roll tilt and 1.0 Hz for yaw rotation about an earth-vertical axis, inter-aural 
earth-horizontal translation (y-translation), inferior–superior earth-vertical translation 
(z-translation), and roll tilt. A large subset of this population (99 of 105) also performed 
a modified Romberg test of standing balance. Despite the relatively large population 
(54F/51M), we found no difference between thresholds of male and female subjects. 
After pooling across sex, we found that thresholds increased above the age of 40 for all 
five motion directions investigated. The data were best modeled by a two-segment age 
model that yielded a constant baseline below an age cutoff of about 40 and a threshold 
increase above the age cutoff. For all subjects who passed all conditions of the balance 
test, the baseline thresholds were 0.97°/s for yaw rotation, 0.66°/s for 1-Hz roll tilt, 
0.35°/s for 0.2-Hz roll tilt, 0.58 cm/s for y-translation, and 1.24 cm/s for z-translation. 
As a percentage of the baseline, the fitted slopes (indicating the threshold increase each 
decade above the age cutoff) were 83% for z-translation, 56% for 1-Hz roll tilt, 46% for 
y-translation, 32% for 0.2-Hz roll tilt, and 15% for yaw rotation. Even taking age and 
other factors into consideration, we found a significant correlation of balance test failures 
with increasing roll-tilt thresholds.

Keywords: vestibular, perception, thresholds, aging

inTrODUcTiOn

Data suggest that, on average, females and males have a significantly different number of vestibular 
afferent fibers (1) and that a significant difference in the size of the vestibular labyrinth exists (2). 
Such anatomical differences could contribute to behavioral differences, but studies utilizing standard 
clinical vestibular assays (3–8) have found no significant sex effects. Nonetheless, differences could 
exist. Wall and colleagues reported a very small, but significant, difference in the VOR phase at 
0.005 Hz in a population of 25 males and 25 females (9). Benson reported perceptual translation 
thresholds (i.e., the smallest motion that can be reliably perceived as leftward or rightward) for 
females that were roughly 40% lower than for males for each of the three translation directions (7), 
but this difference was not statistically significant. Similarly, yaw rotation thresholds were reported 
to be about 20% lower in females than males (8), but again, this difference was not statistically 
significant. Given these data, we felt that a sex effect deserved study using a larger sample.
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We chose to measure vestibular thresholds for a variety of 
reasons. (1) Threshold testing uses small motions that typically 
are well tolerated. (2) Like other threshold measures (e.g., audi-
tory thresholds), vestibular thresholds have direct functional 
relevance. (3) Thresholds have been shown to be a sensitive 
measure of vestibular function that has been shown to identify 
specific peripheral vestibular deficits (10). (4) Thresholds have 
shown great promise to help diagnose central disorders such as 
vestibular migraine (11, 12), which may be the most prevalent 
vestibular disorder. (5) Unlike other vestibular responses such 
as the VOR, one previous study was unable to demonstrate 
adaptive perceptual threshold changes even following substan-
tial training efforts (13) – possibly because the brain receives 
little information to drive adaptation during threshold-level 
motion. (6) Thresholds can provide a comprehensive assay of 
many aspects of vestibular function – including perception, 
all peripheral end organ pairs, central vestibular functions, 
etc. – that are straightforward to interpret and can be compared 
across motion types (i.e., translation, tilt, and rotation) relative 
to normal.

Earlier vestibular threshold studies have come to different 
conclusions regarding the effect of age on rotation thresholds and 
translation thresholds. One study (14) measured thresholds for 
yaw rotation in a group of 19 younger subjects, aged 20–26, and a 
group of 16 older subjects, aged 63–84, and found no significant 
effect of age. Similarly, Seemungal and colleagues (15) reported 
no difference in yaw rotation thresholds between a group of 14 
young (mean age of 23) and 9 older (mean age of 63) normal 
subjects. Each of these reports is consistent with another study 
(16) of 24 normal subjects between the ages of 21 and 60 that 
found no effect of age on yaw rotation thresholds.

While published studies do not show a significant correlation 
of yaw rotation thresholds with age, there is evidence to suggest 
that translational thresholds do correlate with age. However, 
one of the studies that did not find a correlation of yaw rotation 
threshold with age (16) did report a correlation with age for 
thresholds measured using naso-occipital (x-axis) and inter-aural 
(y-axis) translations. Furthermore, Agrawal and colleagues (17) 
reported that thresholds of 42 normal subjects demonstrated a 
significant positive correlation with age for naso-occipital (x-axis) 
and inferior–superior (z-axis) translation but not for inter-aural 
(y-axis) translation, and another recent paper (18) reported that 
translation thresholds for 42 normal subjects were significantly 
correlated with age for naso-occipital (x-axis), inferior–superior 
(z-axis), and inter-aural (y-axis) translations. Finally, Kingma 
(19) reported that for a population of 28 healthy subjects between 
the ages of 22 and 60 (7 subjects/decade), thresholds increased 
linearly with age for naso-occipital (x-axis) translation but found 
no correlation for inter-aural (y-axis) translation thresholds.

Before proceeding, we also note that non-vestibular cues (e.g., 
somatosensory and proprioceptive) may contribute to these 
thresholds, but a previous study showed bilateral vestibular defec-
tive patients have significantly higher thresholds (20), suggesting 
a predominant influence of the vestibular cues.

Given the earlier findings, we decided to include a larger 
number of healthy normal subjects (54 females and 51 males) 
than reported in previous investigations. We specifically targeted 

our recruitment to obtain age- and gender-matched subjects 
for each decade spanning an age range between 18 and 80. We 
measured direction-recognition thresholds in the dark for (a) 
yaw rotations – transduced primarily by the lateral semicircular 
canals, (b) superior–inferior (z-axis) translations – transduced 
primarily by the saccular organs, (c) inter-aural (y-axis) transla-
tions – transduced primarily by the utricular organs, and (d) 
roll tilts – transduced primarily by the vertical canals and the 
utricular organs. We emphasize that this study is the first to look 
at age effects for roll-tilt thresholds; the importance of this is 
emphasized by recent reports of lowered thresholds in patients 
suffering vestibular migraine (11, 12).

MaTerials anD MeThODs

Perceptual thresholds were sampled in 105 subjects, 54 females 
and 51 males, between the ages of 18 and 80. All subjects 
filled out a general health questionnaire to confirm that they 
qualified to participate, including the absence of vestibular 
symptoms. Menstrual cycle status and diagnosis of migraine 
were determined via two separate questionnaires. A standing 
balance test was used to objectively evaluate balance function. 
Threshold data collection methods generally mimicked those 
used by Valko and colleagues (20), but data were collected for 
only a small subset of the frequencies sampled in that earlier 
study. Specifically, for each subject, yaw rotations were applied 
about an earth-vertical axis at 1 Hz, y-translations were applied 
along an earth-horizontal axis at 1  Hz, z-translations were 
applied along the earth-vertical axis at 1 Hz, and roll tilts about 
a head-centered earth-horizontal axis were applied at 0.2 and 
1 Hz. Participation in the study took about 3 h including at least 
two breaks. Informed consent was obtained from all subjects 
as dictated by the Declaration of Helsinki, and the study was 
approved by the MEEI Human Use Committee.

Questionnaires
A short health questionnaire was administered to all subjects for 
screening purposes. History of current and previous diseases, 
with an emphasis in neurological, otologic, vestibular, and 
chronic uncontrolled diseases, and medications was obtained. 
Acting conservatively, subjects diagnosed with any major health 
problem or under medications that could potentially affect 
vestibular function or decision making were excluded, as were 
subjects with any history of vestibular symptoms. As just one 
example, subjects with vestibular migraine would typically have 
been excluded because of their occasional symptoms.

Women were asked to fill out a separate questionnaire to estab-
lish menstrual cycle status (premenopausal, postmenopausal, 
or other). For premenopausal women, length and regularity of 
cycles, start of current cycle (i.e., first day of menstrual bleeding), 
and current use of hormonal contraception was recorded.

Because prevalence of migraine is known to be higher in 
females (21), we considered migraine as a potential confound-
ing factor for our analyses. The Migraine Screen Questionnaire 
(MS-Q) developed and validated by Láinez et  al. (22, 23) was 
administered to confirm history of migraine and/or to detect 
hidden migraine. A MS-Q score ≥4 was considered positive.
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Balance Testing
To assess balance function, the modified Romberg test of stand-
ing balance on firm and compliant support surfaces (24) was 
performed. This balance test consists of four steps. Each step 
must be passed in order to move to the next step. All steps are 
performed standing with feet together and arms crossed. To pass 
the first step, each participant had to stand on the floor for 15 s 
with eyes open. To pass the second step, they had to stand on the 
floor for 15 s with eyes closed. To pass the third step, they had 
to stand on memory foam with eyes open for 30 s. To pass the 
final step, they had to stand on the foam with eyes closed for 30 s. 
This final test condition primarily assesses vestibular function 
(24, 25), since visual contributions are eliminated and the foam 
makes kinesthetic cues unreliable. The balance test was scored 
on a pass/fail basis. Failure was defined as participants needing 
to open their eyes or arms or move their feet to maintain stability 
before the end of the trial. All subjects were allowed two trials at 
each step.

Motion stimuli and Psychophysical 
Threshold Tests
The motion paradigms and psychophysical tests employed 
to measure perceptual thresholds for this study have been 
previously published in detail (26, 27), so are described briefly 
herein. Motion stimuli were generated with a Moog 6DOF 
motion platform. Motion stimuli were single cycles of sinusoidal 
acceleration (either linear acceleration or angular acceleration) 
[ = π =

π



a t A ft A

t
T

( ) sin(2 ) sin
2 , where A is the acceleration 

amplitude and f is the motion frequency]. We present thresholds 
using the peak velocity of each stimulus. As shown in earlier 
papers [e.g., Ref. (8, 26)], this yields bell-shaped velocity trajecto-
ries having a maximum velocity of vmax = A/(πf).

Subjects were seated in an upright position, held via an 
adjustable five-point harness and a helmet. To minimize other 
sensory cues, motions were performed in the dark in a light-tight 
room, all skin surfaces except the face and hands were covered, 
and noise-canceling headphones played constant amplitude 
white noise during the motions to mask any auditory cues and to 
indicate the time period when each motion occurred.

A three-down/one-up (3D/1U) adaptive staircase was used 
to target stimuli near threshold (28, 29). To minimize training 
effects, suprathreshold practice trials were administered until 
each subject understood and was comfortable with the task before 
each set of trials. Each block consisted of 100 trials, where a single 
motion stimulus was provided per trial. One hundred trials was 
considered adequate because an earlier study (29) showed that 
100 trials yielded methodological threshold variations of just 18% 
– much less than the intra-subject variations reported previously 
by Benson (7, 8). Furthermore, 200 trials, while roughly doubling 
test time, yielded just an incremental improvement in threshold 
precision (from 18 to 13%). Until the first mistake, the stimulus 
was halved after three correct responses at each level. From this 
point onward, the size of the change in stimulus magnitude was 
determined using parameter estimation by sequential testing 
(PEST) rules (30). For all conditions, initial stimuli were set at a 

level that was suprathreshold for the vast majority of subjects. Yaw 
rotations began at a vmax = 4°/s, y-translations at vmax = 4 cm/s, 
z-translations at vmax = 16 cm/s, and roll tilts at vmax = 3°/s for 1-Hz 
stimuli and vmax = 2°/s for 0.2 Hz. No feedback was provided as 
to the correctness of the responses after each trial. On only one 
test (1-Hz roll tilt) did the subject increase the stimulus amplitude 
beyond the motion device motion capabilities (1 out of more than 
500 successful tests). When this occurred, since we thought that 
the subject may not have understood how to indicate the tilt 
direction, the subject was instructed again and given a second 
chance and then successfully completed the testing.

As a subtle enhancement to the published methods, all subjects 
used a two-stage task on an iPad to indicate responses. The iPad 
backlight illumination was off during all motion stimuli. Subjects 
were instructed to first tap the left (top) side of the screen if they 
perceived a leftward (upward) motion or to tap the right (bottom) 
side for rightward (downward) motion. Each tap was followed 
by feedback confirming the selection. Subjects were instructed 
that they must provide an answer. These instructions mimicked 
our earlier instructions, with the only difference as the use of an 
iPad instead of buttons to provide the binary indications. These 
standard binary data are used for all analyses presented herein.

After indicating perceived motion direction, subjects were 
instructed to indicate whether they were uncertain or not uncer-
tain. If uncertain, subjects pressed the left and right sides of the 
iPad screen simultaneously. Otherwise, they pressed the same 
side of the screen again (e.g., right side twice for a right/certain 
response). These certainty/uncertainty data are not presented 
herein and are described here only to report our exact procedures.

As noted by others (13), testing at different frequencies could 
yield different results, especially since thresholds vary with fre-
quency [e.g., Ref. (7, 8, 20, 26, 31–33)]. Roll tilts at 0.2 Hz were 
chosen to assess sensory integration between canal and otolith 
cues (34), but we chose 1-Hz stimuli for most testing because (1) 
subjects report that tasks using 1-Hz stimuli are easier than both 
(a) higher frequency (e.g., 5 Hz) stimuli that require high alert-
ness to avoid missing brief stimuli and (b) lower frequency (e.g., 
0.1 Hz) stimuli that require extended periods of attention and (2) 
they require just 1 s, so 100 trials can be accomplished in less than 
10 min (including time for responses and pauses between trials).

Data analysis
For all conditions, the threshold (σ, sometimes called the 
psychometric width parameter) was determined by fitting a psy-
chometric curve to the binary (e.g., left/right) experimental data. 
Specifically, a Gaussian cumulative distribution psychometric 
function defined by the parameters σ and μ was fit using a maxi-
mum likelihood estimate via a bias-reduced generalized linear 
model (BRGLM) (35) and probit link function (36). Fits were 
performed in MATLAB using the Statistic Toolbox version 8.3.

Geometric means were calculated for across subject averages, 
because, consistent with earlier reports (7, 8), data demonstrated 
a lognormal distribution across subjects for all conditions 
(Kolmogorov–Smirnov goodness-of-fit for lognormal distribu-
tion, p  >  0.25). Both non-parametric and parametric analyses 
(using data in logarithmic units) were used. Multiple logistic 
regression was used to estimate the odds of failing the balance 
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FigUre 1 | average (geometric mean) vestibular perceptual thresholds when grouped into five age ranges; error bars represent sD. (a,B) Top row 
shows thresholds for 1-Hz yaw rotation (blue triangle), 1-Hz roll tilt (green circle), 0.2-Hz roll tilt (red square); (c,D) bottom row shows thresholds for 1-Hz z-
translation (magenta triangle) and 1-Hz y-translation (cyan diamond). (a,c) Left column, with solid lines and filled symbols, represents data from all 105 subjects. 
(B,D) Right column, with dashed lines and open symbols, represents data from 79 subjects who completed and passed all steps of the balance test. For clarity, 
data points are offset left/right slightly to minimize overlap. Inset cartoons indicating motion direction are reprinted with permission from Wolfe et al. (40).
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test associated with thresholds and age. A Pearson correlation was 
used to test for correlation between thresholds in different axes. 
Analyses were performed using SAS statistical software (SAS 
Institute Inc., Cary, NC, USA).

Data in other sensory domains [e.g., odor identification (37), 
visual acuity (38), and speech intelligibility (39)] suggest thresh-
olds vary with age in a piecewise manner – with a flat plateau 
below an age cutoff and decreasing sensitivity above the same 
age cutoff. As our data shown in Figure 1 also suggest a similar 
piecewise linear pattern, we hypothesize thresholds remain rela-
tively constant (i.e., no effect of age) up until some age cutoff at 
which point they increase (for simplicity, we assume this increase 
is linear). For each motion condition, the following continuous, 
piecewise linear model was fit to each subject’s threshold (σi) data 
with three parameters: (1) an “age cutoff ” ( )âcutoff , (2) a “base-
line” level ( )σ̂baseline  that represents the average threshold for ages 
less than the age cutoff, and (3) a “slope” ( )m̂  that represents 
the rate of threshold increase above the age cutoff, where ai is 

each subject’s age in years rounded to the nearest integer at the 
time of testing was (e.g., 38 years of age). We present slope per 
decade (i.e., 10 years) throughout, since decades provide a more 
meaningful timescale for such changes.
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As previously discussed, the thresholds were lognormally dis-

tributed; thus, the threshold data were log transformed and then 
a log-transformed version of the above age model was fit using 
a least-squared Nelder–Mead non-linear minimization routine 
(MATLAB fminsearch.m). Residuals were analyzed to assess the 
appropriateness of the fits. A parametric bootstrap approach (41), 
with M = 2,000 simulated data sets, was used to estimate the 95% 
confidence intervals of each fit parameter.

As shown in Figure 1, the age cutoffs were found to be similar 
across motion conditions. To quantify a single overall age cutoff, 
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TaBle 2 | Thresholds for females who are and are not taking hormonal 
birth control for each of the five motion conditions.

hormonal birth control statistical analyses

 no Yes Wilcoxon rank sum

No. of participants 20 14

Yaw rotation (°/s) 0.92 (0.75–1.14) 1.32 (1.00–1.74) p = 0.0373

y-translation (cm/s) 0.56 (0.47–0.68) 0.80 (0.52–1.24) p = 0.1779

z-translation (cm/s) 1.32 (1.03–1.69) 1.65 (1.09–2.52) p = 0.4732

Roll tilt 0.2 Hz (°/s) 0.35 (0.29–0.43) 0.37 (0.28–0.48) p = 0.3303

Roll tilt 1 Hz (°/s) 0.67 (0.55–0.82) 0.80 (0.65–0.98) p = 0.3359

After multiple comparisons correction, no significant differences were found. 95% 
confidence intervals provided in parentheses.

TaBle 3 | Threshold dependent on migraine status (95% ci) for each of 
the five motion conditions.

Migraine status statistical analyses

 no Yes Wilcoxon rank sum

No. of participants 100 5

Yaw rotation (°/s) 1.11 (1.01–1.22) 1.16 (0.66–2.01) p = 0.9221

y-translation (cm/s) 0.80 (0.71–0.91) 0.46 (0.34–0.62) p = 0.0462

z-translation (cm/s) 2.03 (1.73–2.38) 1.05 (0.87–1–27) p = 0.0430

Roll tilt 0.2 Hz (°/s) 0.47 (0.42–0.52) 0.31 (0.25–0.39) p = 0.0698

Roll tilt 1 Hz (°/s) 0.94 (0.83–1.06) 0.76 (0.48–1.21) p = 0.4122

Significant differences were suggested for z-translation and y-translation, but after 
multiple comparisons correction, no significant differences were found.

TaBle 1 | Thresholds for males and females (95% ci) for each of the five 
motion conditions.

 sex statistical analyses

Male Female Wilcoxon rank sum

No. of participants 51 54

Yaw rotation (°/s) 1.05 (0.91–1.20) 1.18 (1.04–1.35) p = 0.4474

y-translation (cm/s) 0.79 (0.66–0.96) 0.77 (0.65–0.91) p = 0.8954

z-translation (cm/s) 1.84 (1.48–2.31) 2.09 (1.68–2.60) p = 0.3992

Roll tilt 0.2 Hz (°/s) 0.47 (0.40–0.54) 0.45 (0.39–0.53) p = 0.9463

Roll tilt 1 Hz (°/s) 0.91 (0.78–1.08) 0.94 (0.80–1.11) p = 0.8450

Data show no significant differences between sexes.
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a comprehensive model (same piecewise form as above) was 
fit to the thresholds across all motion conditions. The model 
consisted of 11 parameters: 1 overall age cutoff, 5 baseline levels, 
and 5 slopes (corresponding to each of the 5 motion conditions). 
Each individual threshold data point was first log transformed, 
then standardized by the motion condition using the respective 
mean and SD prior to fitting a log-transformed version of the 
linear age model described above to each of the five data sets 
simultaneously. The standardization and log transformation pro-
cesses were reversed to present model fit parameters and curves 
in the original physical units. We used likelihood ratio tests and 
Bayesian information criteria (BIC) to assess goodness-of-fit for 
the proposed piecewise two-segment linear models compared to 
alternative simple linear and average models.

resUlTs

Thresholds
Our data do not suggest any threshold differences between males 
and females (Table  1). Statistical tests fail to demonstrate any 
significant effect of sex on thresholds. Even when we included 
migraine status, age, and balance test results as factors in multi-
variate analyses, no significant sex effect was found (p > 0.4, for 
each motion condition).

We also looked for a potential difference between premeno-
pausal women under hormonal contraception and normal cycling 
women (Table 2). In all conditions, women taking hormonal birth 
control had higher thresholds. This difference did not appear 

significant except for yaw rotation thresholds (Wilcoxon rank 
sum, p =  0.037). Given multiple comparisons, we do not treat 
this difference as significant.

Furthermore, given that the association between hormonal 
contraception and yaw rotation thresholds could be explained 
by shared associations with other factors such as age, migraine 
status, or balance test results, we included all these factors in a 
multivariate analysis and found no significant effect of hormonal 
contraception on yaw rotation thresholds (p = 0.68) or for any of 
our other motion conditions.

In our sample, participants with migraine, defined as a MS-Q 
score of 4 or more (23), had lower thresholds for 4 of the 5 
conditions – all but yaw rotation – than all other subjects. After 
correcting for multiple comparisons, that potential difference was 
not significant (Table 3). Because the sample size for migraine 
sufferers was so low (N = 5), this is noted as interesting but was 
not further explored herein.

Table 4 shows the velocity threshold geometric mean for each 
motion condition separated into five age groups. As previously 
reported (7), z-translation thresholds were significantly higher 
(typically ~2× higher) than y-translation thresholds (paired t 
test, p < 0.0001). Yaw rotation thresholds were higher than roll 
tilt 1-Hz thresholds (paired t test, p = 0.0028), and roll tilt 0.2-
Hz thresholds were significantly lower than both yaw rotation 
and roll tilt 1-Hz thresholds (paired t test, p < 0.0001 each). All 
five motion conditions showed an increase of threshold (poorer 
direction-recognition performance) with age (Figure 1). We note 
that all five subplots show a relatively flat threshold plateau below 
the age of 40–49 and also show increasing thresholds above that 
same age cutoff.

When each of the five motion conditions was analyzed 
separately, this age effect was significant, even following multi-
ple comparisons correction, for four of the five motions tested 
(Kruskal–Wallis, p < 0.005) – all but yaw rotation. A similar trend 
with age was evident in the yaw rotation data, but this trend was 
not statistically significant (Kruskal–Wallis, p = 0.087). Figures 2 
and 3 show these data.

Having established that there is an age effect that is independ-
ent of other factors, we evaluated whether there is an age cutoff 
above which threshold increases accumulate by fitting a two-piece 
linear model to the data. To minimize the impact of undiagnosed 
vestibular dysfunction, this model fit was first performed only on 
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TaBle 4 | Mean threshold by age group for each of the motion conditions, with a 95% confidence interval.

age (in years) no. of subjects Yaw rotation (°/s) y-translation (cm/s) z-translation (cm/s) roll tilt 0.2 hz (°/s) roll tilt 1 hz (°/s)

All 105 1.11 (1.01–1.23) 0.78 (0.69–0.89) 1.97 (1.68–2.30) 0.46 (0.41–0.51) 0.93 (0.83–1.04)

18–29 29 1.06 (0.87–1.28) 0.61 (0.48–0.79) 1.36 (1.04–1.77) 0.37 (0.31–0.44) 0.70 (0.60–0.82)

30–39 20 1.04 (0.86–1.26) 0.64 (0.52–0.78) 1.26 (0.96–1.67) 0.37 (0.30–0.46) 0.65 (0.52–0.81)

40–49 19 0.99 (0.83–1.19) 0.79 (0.59–1.05) 1.91 (1.44–2.53) 0.46 (0.37–0.59) 0.92 (0.71–1.18)

50–59 21 1.16 (0.94–1.44) 0.99 (0.75–1.29) 2.81 (2.23–3.53) 0.57 (0.45–0.72) 1.19 (1.00–1.42)

60–80 16 1.45 (1.14–1.84) 1.15 (0.87–1.53) 4.35 (2.86–6.60) 0.67 (0.51–0.88) 1.74 (1.29–2.35)

Passed balance 79 1.04 (0.94–1.16) 0.69 (0.61–0.79) 1.62 (1.38–1.91) 0.40 (0.36–0.45) 0.81 (0.72–0.91)

18–29 24 0.98 (0.79–1.21) 0.51 (0.43–0.60) 1.14 (0.93–1.40) 0.34 (0.29–0.41) 0.63 (0.55–0.73)

30–39 20 1.04 (0.86–1.26) 0.64 (0.52–0.79) 1.26 (0.95–1.67) 0.37 (0.30–0.46) 0.65 (0.52–0.81)

40–49 13 0.87 (0.70–1.09) 0.70 (0.52–0.95) 1.74 (1.17–2.62) 0.39 (0.32–0.47) 0.81 (0.62–1.06)

50–59 14 1.16 (0.91–1.48) 0.97 (0.66–1.42) 2.43 (1.83–3.21) 0.52 (0.38–0.70) 1.17 (0.94–1.46)

60–80 8 1.37 (1.02–1.85) 1.18 (0.75–1.85) 3.80 (1.91–7.59) 0.58 (0.39–0.85) 1.45 (0.98–2.14)

FigUre 2 | Threshold data for all subjects are plotted versus age for (a) 1-hz yaw rotation, (B) 1-hz roll tilt, and (c) 0.2-hz roll tilt. Closed circles (●) 
show data for subjects who passed the balance test. Cross mark (X) show data for 20 subjects who passed conditions 1–3 but did not pass condition 4 of the 
balance test. Open circles (⚪) show data for six subjects who did not attempt the balance test. Triangles (Δ) show data for five migraineurs. Inset cartoons indicating 
motion direction are reprinted with permission from Wolfe et al. (40).
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FigUre 3 | Threshold data for all subjects are plotted versus age for (a) 1-hz y-translation and (B) 1-hz z-translation. Closed circles (●) show data for 
subjects who passed the balance test. Cross mark (X) show data for 20 subjects who passed condition 3 but did not pass condition 4 of the balance test. Open 
circles (⚪) show data for six subjects who did not attempt the balance test. Triangles (Δ) show data for five migraineurs. Inset cartoons indicating motion direction 
are reprinted with permission from Wolfe et al. (40).

TaBle 5 | Fit parameters determined by fitting each motion condition individually for subjects who passed the balance test.

Motion age cutoff (years) Baseline slope (per decade) slope (% per decade) 

Yaw rotation 1 Hz 46.2 (24.3–65.8) 0.98 (0.82–1.10) °/s 0.19 (0.04–0.94) °/s 19.56 (15.35–23.77)
Y-translation 1 Hz 39.0 (26.6–50.0) 0.57 (0.47–0.67) cm/s 0.23 (0.12–0.54) cm/s 40.33 (20.29–60.37)
Z-translation 1 Hz 42.0 (32.2–49.3) 1.24 (1.02–1.46) cm/s 1.02 (0.52–2.20) cm/s 82.80 (42.12–123.47)
Roll tilt 1 Hz 43.0 (32.2–49.7) 0.66 (0.57–0.74) °/s 0.39 (0.20–0.72) °/s 59.77 (28.42–91.11)
Roll tilt 0.2 Hz 42.6 (27.0–54.0) 0.35 (0.30–0.40) °/s 0.12 (0.05–0.33) °/s 33.32 (18.46–48.18)

95% confidence intervals provided for each parameter in parenthesis.
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data from subjects who passed the balance test. Fitting this model 
to the data set for each motion individually (Table 5), we found 
an average age cutoff of 42.6 years. The residuals were consistent 
with a normal distribution (KS tests, p > 0.4).

Given that the fitted “age cutoff ” was similar across the motion 
conditions, we also fit a model having 11 parameters that fit a sin-
gle age cutoff across all 5 threshold data sets while simultaneously 
fitting 2 parameters (slope above cutoff age, baseline below cutoff 
age) to each of the 5 motion conditions. This fit was performed 
twice – once with all of the data and once with data obtained from 
subjects who passed the balance test. Table 6 shows the results 
from this fit. As can be seen in Figures 2 and 3 and Table 6, the 
two fits yielded similar curves. The overall age cutoff when fit 
simultaneously across all motion conditions was 42.1 years for 
all subjects and 42.7 years for all subjects who passed the balance 
test. Each of the slope values shown in Table 6 was significantly 
greater than 0 (p < 0.05) corresponding to an increase in thresh-
old (worse performance) with increasing age above ~40 years.

Table  7 shows fitted degrees of freedom (DOF), variance 
explained, −2  ×  log(likelihood), and BIC for each of the four 
different models presented: mean model, simple linear model, 
simultaneous two-segment linear model, and the independent 
two-segment linear model. To allow us to provide a single esti-
mate of variance and BIC for each fitting method, we emphasize 

that each of the five data sets were standardized using customary 
calculations (i.e., the mean was subtracted from each data point 
and then divided by SD) described earlier in the methods, which 
yields two benefits. First, it makes all parameters dimensionless, 
which allows us to combine variance across different motion con-
ditions. Second, it makes the variance for each of our five motion 
dimensions the same, which provides even weighting across the 
five measures (Otherwise, the variance could be dominated by 
the measure having the greatest variance).

As one would expect, more fit parameters (i.e., more DOF) 
yields variance reductions, but the 11-parameter 2-segment 
model explains roughly twice the variance of the 10-parameter 
model. In other words, adding a single age cutoff parameter to the 
linear regression model doubles the variance explained.

Likelihood ratio testing was used to test the nested models 
(mean, simultaneous two-segment, and independent two-seg-
ment) and showed that the proposed simultaneous two-segment 
linear model was significantly better than the mean model for 
both the full data set (χ2 statistic = 121.8, DOF = 6, p < 0.0001) 
and the 79 subjects who passed the balance test (χ2 statistic = 88.6, 
DOF = 6, p < 0.0001). Likelihood ratio testing also showed the 
simultaneous two-segment linear model is not significantly dif-
ferent from the independent two-segment linear model for both 
the full data set (χ2 statistic = 0.9, DOF = 4, p = 0.92) and the 79 
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TaBle 6 | Fit parameters determined via single simultaneous fit of all threshold data.

Motion Baseline slope (per decade) slope (% per decade)

all subjects

Yaw rotation 1 Hz 1.02 (0.93–1.13) °/s 0.14 (0.04–0.27) °/s 14.0 (3.9–27.5)

Y-translation 1 Hz 0.66 (0.57–0.76) cm/s 0.21 (0.10–0.35) cm/s 31.6 (14.2–57.0)

Z-translation 1 Hz 1.39 (1.15–1.66) cm/s 1.17 (0.68–1.87) cm/s 84.1 (45.0–141.9)

Roll tilt 1 Hz 0.71 (0.61–0.81) °/s 0.40 (0.24–0.61) °/s 56.6 (32.9–90.1)

Roll tilt 0.2 Hz 0.38 (0.34–0.43) °/s 0.14 (0.07–0.21) °/s 35.4 (18.6–58.7)

Passed balance test

Yaw rotation 1 Hz 0.97 (0.87–1.09) °/s 0.15 (0.02–0.31) °/s 14.9 (01.9–34.5)

Y-translation 1 Hz 0.58 (0.50–0.67) cm/s 0.27 (0.13–0.47) cm/s 46.0 (20.5–85.6)

Z-translation 1 Hz 1.24 (1.02–1.49) cm/s 1.03 (0.56–1.86) cm/s 83.2 (42.3–160.0)

Roll tilt 1 Hz 0.66 (0.57–0.74) °/s 0.37 (0.21–0.61) °/s 56.0 (30.5–95.3)

Roll tilt 0.2 Hz 0.35 (0.31–0.40) °/s 0.11 (0.05–0.20) °/s 32.4 (13.9–58.4)

95% confidence intervals provided for each parameter in parenthesis. Top half of the table shows fitted parameters when all data are fitted; fitted age cutoff was 42.5 (37.1–46.9). 
Bottom half shows fitted parameters for subjects who passed the balance test; fitted age cutoff was 42.1 (36.5–46.6).

TaBle 7 | Degrees of freedom (DOF), variance explained, −2 ×  
log(likelihood) – which is sometimes called deviance and was calculated 
using the natural log – and Bayesian information criteria (Bic) scores are 
shown for the four different models presented herein.

name DOF % variance  
explained

−2 log(L) Bic

all subjects (N = 105)
Mean 5 – −4.02 27.29

Linear regression 10 12.10 −71.8 −9.21

Simultaneous 2-segment 11 20.70 −125.8 −56.95

Independent 2-segment 15 20.90 −126.7 −32.85

Passed balance test (N = 79)

Mean 5 – −4.03 25.86

Linear regression 10 7.20 −33.6 26.15

Simultaneous 2-segment 11 20.10 −92.6 −26.79

Independent 2-segment 15 20.30 −93.6 −3.92

The simplest model simply calculates the mean (e.g., Table 1), ignoring age variations, 
and provides a standard statistical baseline for the three other models. The linear 
regression model (Table 5) has 10 fit parameters – a slope and intercept for each of 
the 5 motion directions. The independent 2-segment model has 15 fit parameters – a 
baseline, age cutoff, and slope for each of our 5 threshold measures reported herein. 
The simultaneous 2-segment model has 11 fit parameters – a single age cutoff as well 
as a baseline measure and slope for each of 5 threshold measures. The BIC was the 
smallest (best) for the 11-parameter model both for all subjects and for subjects who 
passed the balance test.
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subjects who passed the balance test (χ2 statistic = 1.0, DOF = 4, 
p = 0.91).

Bayesian information criteria statistics showed that this 
model was substantially better than the other models considered, 
including the simple linear model. In fact, this analysis showed 
that the simultaneous two-segment model had the smallest BIC 
for both the full data set and for the 79 subjects who passed the 
balance test. The BIC for the 11-parameter 2-segment model was 
always more than 20 points lower than for any other model. For 
context, BIC differences greater than 10 are considered “very 
strong” evidence for the model with the lower BIC (42).

The two simple models – the mean and linear regression 
models – do not match our data well. The mean model cannot 
capture the fact that thresholds increase above the age of about 

40, and the linear regression model cannot capture the fact that 
thresholds are relatively constant below the age of about 40 (e.g., 
Figure 1).

Bias
For our direction-recognition task, the fitted bias parameter 
represents the stimulus magnitude at which a subject is equally 
likely to respond right (up) or left (down) (43). It is poorly under-
stood because it could originate from any of the three sources: 
(a) a bias in the information, (b) a bias in the placement of the 
decision boundary (43), or (c) a bias in the noise distribution. 
We evaluated bias and normalized bias; normalized bias is simply 
the fitted bias divided by the fitted threshold. This dimensionless 
parameter has the advantage that it is readily comparable across 
motion conditions.

Neither the mean value of the bias nor the mean value of 
normalized bias was significantly different from 0 for any of 
the 5 motion conditions. This was true across all 105 subjects as 
well as for the 79 subjects who passed the balance test (t test, 
p > 0.05 for all 20 conditions tested after correction for multiple 
comparisons).1 Furthermore, correlation coefficients for either 
bias or normalized bias versus age were not significantly different 
from 0 for any of the 5 motion conditions. Again, this was true 
for all subjects as well as for those who passed the balance test 
(Kruskal–Wallis, p > 0.1 for all 20 conditions tested).

Figures  4 and 5 show scatterplots of the normalized bias 
values for all the motion conditions. Consistent with correlation 
analyses reported above, no significant or consistent trends are 
evident.

relationship between Thresholds and 
romberg Balance Testing
Given that vestibular information is a fundamental contributor 
to balance control, we looked for associations between thresholds 

1 Prior to multiple comparison correction, only the normalized Z-translation bias 
for subjects who passed the balance test suggested a statistically significant effect 
(t-test, p = 0.0441). 
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FigUre 4 | normalized bias data for all subjects are plotted versus age for (a) 1-hz yaw rotation, (B) 1-hz roll tilt, and (c) 0.2-hz roll tilt. Closed circles 
(●) show data for subjects who passed the balance test. Cross mark (X) show data for 20 subjects who passed condition 3 but did not pass condition 4 of the 
balance test. Open circles (⚪) show data for six subjects who did not attempt the balance test. Triangles (Δ) show data for five migraineurs. Format mimics 
Figure 2.
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and performance on the modified Romberg test. A subsample of 
99 subjects performed the balance test. Not a single participant 
failed the test in conditions 1, 2, or 3, but 20% (20 of 99) failed in 
condition 4. Thresholds were significantly greater for participants 
who failed the final balance test condition (i.e., the Romberg 
test condition focused primarily on vestibular function) for all 
motion axes (Table 8).

Consistent with earlier findings (25), the proportion of bal-
ance test failures increased with age group (Fisher exact test, 
p < 0.0001). To test whether the observed difference between the 
pass and fail group may be due to an age effect or to the influence 
of other confounding factors, we adjusted for age, gender, and 
migraine using a mixed model. The significant association of bal-
ance test failure with increasing threshold remained persistent for 
roll tilt at both 0.2 and 1 Hz (p = 0.003 and p = 0.02, respectively) 
but was not significantly correlated for increasing yaw rotation 

(p = 0.09), y-translation (p = 0.50), and z-translation (p = 0.09) 
thresholds. The age effect was unchanged for all motion para-
digms – remaining significant for y-translation, z-translation, and 
roll tilt at 1 Hz (each p < 0.0001) and roll tilt at 0.2 Hz (p = 0.0007) 
and not significant for yaw rotation (p = 0.12).

Odds of failing the balance test have been associated with sig-
nificantly increased odds of falling, for American adults 40 years 
and older (25). Our data show that a 1 unit increase in roll-tilt 
thresholds at 0.2  Hz (following transformation in SAS using 
natural log) were associated with a 5.6-fold increase in the odds 
of failing the balance test (odds ratio, 5.6; 95% confidence inter-
val, 1.6–18.9) in a multiple logistic regression adjusted for age. 
One-unit increase in roll-tilt thresholds at 1 Hz (log-transformed 
version) was associated with a 3.7-fold increase in the odds of 
balance testing failure (odds ratio, 3.7; 95% confidence interval, 
1.1–12.9).
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FigUre 5 | normalized bias data for all subjects are plotted versus age for (a) 1-hz y-translation and (B) 1-hz z-translation. Closed circles (●) show 
data for subjects who passed the balance test. Cross mark (X) show data for 20 subjects who passed condition 3 but did not pass condition 4 of the balance test. 
Open circles (⚪) show data for six subjects who did not attempt the balance test. Triangles (Δ) show data for five migraineurs. Format mimics Figure 3.

TaBle 8 | Mean thresholds for subjects who passed and failed the 
balance test.

Balance test statistical analyses

Pass Fail Wilcoxon rank sum

No. of participants 79 20

Yaw rotation (°/s) 1.04 (0.94–1.16) 1.43 (1.19–1.71) p = 0.0030

y-translation (cm/s) 0.69 (0.61–0.79) 1.05 (0.81–1.35) p = 0.0066

z-translation (cm/s) 1.62 (1.37–1.91) 3.67 (2.79–4.84) p < 0.0001

Roll tilt 0.2 Hz (°/s) 0.40 (0.36–0.45) 0.76 (0.60–0.95) p < 0.0001

Roll tilt 1 Hz (°/s) 0.81 (0.72–0.91) 1.55 (1.18–2.03) p < 0.0001

Significant differences were found for each of the motion conditions.
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DiscUssiOn

In this study, we attempted to determine whether sex or age 
affected perceptual thresholds of vestibular functioning. To do 
this, we asked subjects to indicate the direction of movement they 
perceived in 5 blocks of 100 trials each for the following motion 
conditions: yaw rotation, y-translation, z-translation, roll tilt at 
1 Hz, and roll tilt also at 0.2 Hz. One primary finding was that 
thresholds increased with age for all motion directions above the 
age of about 40. This finding is consistent with a number of earlier 
threshold studies that had reported similar effects of age x-axis 
translation (16, 19) and y-axis translation (16) but inconsistent 
with a few earlier studies that reported no such age effects for yaw 
rotation (14–16). We note that the yaw rotation age effect was the 
smallest that we observed and our study had a larger total number 
of subjects than the earlier studies; these differences likely explain 
why we found a significant effect of aging in contrast to earlier 
studies.

We explicitly note that our finding of a statistically signifi-
cant effect of age on yaw rotation thresholds required both our 
two-segment model and more than 50 subjects. Our transla-
tion threshold findings showed more substantial age effects.  

These findings are consistent with earlier findings that translation 
thresholds increase with age (16–19). No previous studies have 
examined roll-tilt thresholds, which is a focus of our study (i.e., 
40% of the data reported).

The second primary finding was that increasing roll-tilt 
threshold was correlated with failure to complete the Romberg 
foam balance test. Since we know of no mechanism by which bal-
ance would impact vestibular thresholds, and since we know that 
balance depends on vestibular function [e.g., Ref. (44)] and that 
falls correlate with failure to complete the Romberg foam balance 
test (25), it is reasonable to suggest that this correlation shows 
that fall risk is substantially impacted by vestibular function. We 
emphasize that this was true even when measured in a healthy 
population chosen without any evidence of specific vestibular 
disorders.

Finally, while we did not report a full analysis of the within 
subject correlations between thresholds in different axes, our 
initial analyses showed that 9 of the 10 pairwise comparisons (all 
but the correlation of yaw rotation thresholds with y-translation 
thresholds) of the 5 threshold measurements were correlated 
(p  <  0.05); we plan to make this topic the focus of a future 
manuscript as soon as we complete extensive analyses of these 
correlations. A more detailed discussion of our findings and the 
implications are presented below.

sex Differences and individual Differences
One goal when conducting this study was to determine whether 
there were sex differences in vestibular perceptual thresholds. 
According to our findings, there were no differences between 
males and females in their perceptual thresholds; this finding is 
in line with other studies comparing sex differences (8, 16, 17, 26).

Benson and colleagues previously published a pair of compre-
hensive threshold studies (7, 8). These studies looked at rotational 
thresholds (8) and translational thresholds (7). For the 4 motions 
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studied with 24 or more subjects, all demonstrated a range of 
thresholds with a ratio of roughly 10 for all 4 motions (i.e., the 
maximum threshold divided by the minimum threshold was 
about 10). In decibel units, Benson reported SDs of 4.40 (yaw 
rotation), 4.63 (X-translation), 3.98 (Y-translation), and 6.10 
(Z-translation). When converted to decibels our experimental SDs 
were 4.11 (yaw rotation), 5.23 (Y-translation), 6.47 (Z-translation), 
4.62 (1.0-Hz roll tilt), and 4.36 (0.2-Hz roll tilt), which appear 
similar to Benson’s. These similar empiric variations reported by 
both studies are most likely due to intersubject differences since 
variations due to sampling and other methodological details have 
been shown to be an order of magnitude smaller for 100 binary 
forced-choice trials (29) than these empirical variations.

Motion Differences
Next, we looked at differences in perceptual thresholds for the 
various motion stimuli. We found differences in several of the 
motion thresholds that we tested. Namely, we found that the 
threshold for y-translation was less than the threshold for z-trans-
lation, by approximately a factor of 2. This finding is consistent 
with MacNeilage et  al. who indicated that utricles may have a 
greater sensitivity to perceive horizontal motion compared to the 
saccules’ sensitivity to perceive vertical motion (45). This sugges-
tion carries more weight when we also consider that the utricles 
have a greater density of hair cells compared to the saccules (46). 
It is possible that the additional hair cells in the utricles could 
contribute to their sensitivity and therefore lower the y-threshold. 
Furthermore, Valko et al. suggest that earth-vertical movement 
is more difficult to discriminate as the otolith must determine 
whether the gravitational force increases or decreases, whereas for 
an earth-horizontal movement, the body and brain have access to 
a greater amount of non-vestibular cues to aid in determining 
the direction of a particular motion (20). Overall, there are many 
differences between earth-vertical and earth-horizontal move-
ments; it is possible that the amount of information (e.g., tactile) 
available during earth-horizontal movement provides easier per-
ception and recognition of the motion direction compared to the 
amount of information available when moving along the z-axis.

When we divided the data by age group, the threshold veloc-
ity for roll tilt at 0.2 Hz was less than the threshold velocity for 
1-Hz roll tilt. This is consistent with Valko et  al.’s study, where 
the researchers found that roll-tilt thresholds, expressed as peak 
velocity, decreased at lower frequencies in healthy subjects (20).

Furthermore, the threshold for roll tilt at 1 Hz was also lower 
than the yaw threshold. Because roll tilt is perceived by an integra-
tion of otolith and semicircular canals, the amount of information 
available to the vestibular system may facilitate the perception of 
motion compared to the yaw rotation which primarily relies on 
the semicircular canals.

ages for Perceptual cutoffs
Finally, because we saw that thresholds for each motion condi-
tion increased from decade to decade after about age 40, we 
thought it would be interesting to determine whether there was 
one specific age at which the perceptual thresholds began to 
increase for all five motion paradigms. By modeling the data we 

collected in this study, we found that we were able to separate 
vestibular thresholds into two categories, namely, “younger” 
and “older” adults, where younger adults’ thresholds were stable 
until about 40 years of age, at which point “older” adult vestibular 
performance began to decline (i.e., thresholds began to increase) 
at a steady rate for each of the motion thresholds. Between this 
finding and findings from other studies (16, 18, 47), we can 
directly assert that changes in vestibular function occur with age. 
While increasing age above the age cutoff was associated with 
an increase in threshold in each motion condition, some condi-
tions were impacted more than others: z-translation thresholds 
increased by ~83% of the baseline per decade after the age cutoff, 
roll tilt 1 Hz by 56%/decade, y-translation by 46%/decade, roll tilt 
0.2 Hz 32%/decade, and yaw rotation 15%/decade. These rates 
of increased thresholds with aging are for the subset of subjects 
that passed the balance test, but the values when including all 
subjects are similar.

Vestibular system aging
Vestibular functioning can decline for any number of reasons 
including neurodegenerative disease, peripheral loss, and even 
medications and their side effects. Age is an important factor 
that influences the vestibular system and vestibular function. 
While the mechanisms behind aging remain disputed, it is an 
important and relevant issue to address here. While others have 
considered the mechanisms of aging and its particular effect on 
the vestibular system (48), we would like to expand on what has 
previously been proposed by comparing age-related changes in 
the vestibular system to other systems, by discussing potential 
mechanisms, and consider why little or no threshold difference 
occur before the age of 40.

Comparison to Other Modalities
We report that – for five different tests of vestibular function – 
perceptual thresholds appeared constant between the ages of 20 
and 40 and increased linearly above the age of 40. A roughly simi-
lar pattern has been reported for other sensory systems but with 
the functional performance plateau lasting until the age of 60. For 
example, average odor identification shows a plateau until about 
the age of 60 with functional declines evident above the age of 60 
(37). As shown in Figure 2 of Doty, visual acuity (38) and speech 
intelligibility (39) show similar patterns including declines above 
the age of about 60. It is interesting to note that the functional 
decline appears to begin about two decades earlier for vestibular 
function than for smell, vision, or speech intelligibility. This may 
indicate that vestibular function is preferentially targeted by 
whatever mechanism(s) causes functional sensory loss with age 
(e.g., vestibular threshold increases with age).

Mechanism
The threshold variations were qualitatively similar across all con-
ditions; this suggests at least one shared common cause. The fact 
that the functional decline pattern (i.e., roughly linear threshold 
increase begins to occur around age 40 for all conditions) is about 
the same for all conditions tested weighs against an “overstimula-
tion” cause like that reported for hearing loss (49–51), though 
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that certainly does not mean that hearing loss and functional 
vestibular loss cannot share another (or other) mechanism(s).

No explanation, including our common cause explanation, 
can explain the quantitative differences across motions (e.g., why 
do z-translation thresholds demonstrate a slope of more 80% 
while yaw rotation a 15% slope?) at this time. One simple explana-
tion is that these do not share a common cause. Alternatively, 
these deficits could reflect a common cause with the quantitative 
differences due to (a) the amount of available redundancy, which 
may vary for different motions, (b) the baseline, which obviously 
impacts this relative slope measure, and/or (c) other mechanisms 
in addition to a cause common to all motions.

Several studies have reported human vestibular hair cell and 
vestibular afferent neuron counts as a function of age (46, 52). 
Vestibular hair cell loss has been reported to show a linear decline 
with age from birth through 100 years of age that does not directly 
match our threshold data, especially the constant threshold pla-
teau we report below age 40. This argues against hair cell loss in 
isolation being a direct explanation of the threshold age pattern 
we report. Similarly, the loss of afferent neurons does not in isola-
tion match the threshold age pattern we report.

Therefore, we will briefly consider another (possibly related) 
cause – the free radical theory of aging, which is probably the 
most persistent theory of aging and could explain why perfor-
mance declines begin to be evident for vestibular thresholds 
around the age of 40 but later for some other sensory functions. 
Specifically, we note that in primates, the average firing rate of 
peripheral afferent neurons is nearly 100 spikes per second, with 
the resting rate reported as averaging 91.3 spikes per second for 
the semicircular canals (53) and 62.7 spikes per second for the 
otolith organs – 79.1 for superior nerve and 47.0 for inferior 
nerve (54). These resting rates average between 50 and 100 spikes 
per second across about 40,000 vestibular afferent neurons (40) 
and, hence, assert a substantial metabolic load. While the rest-
ing rate for individual neurons in the vestibular nuclei is a bit 
lower, the central vestibular system similarly asserts a substantial 
metabolic load [e.g., Ref. (55)].

A metabolic-related cascade that could lead to age-related 
vestibular threshold increases is sketched in the following para-
graphs. The heavy metabolic load of the vestibular system – both 
central and peripheral vestibular systems – requires extensive 
ATP production via mitochondria. Since mitochondria are the 
biggest contributors of oxidative load (i.e., free radicals) to the 
body, this leads directly to a relatively large oxidative stress. Many 
of these free radicals are quenched. Others escape and cause 
damage distributed elsewhere. But some of these free radicals 
cause local damage. This local damage can lead to dysfunctional 
central and/or peripheral function. This proposed mechanism 
would be consistent with studies showing oxidative contribu-
tions to peripheral cochlear dysfunction [e.g., Ref. (56)]. When 
the vestibular functional loss (i.e., neuronal cell death and/or 
dysfunction) leads to more “signal” loss than “noise” loss, it would 
lead to increased perceptual thresholds.

A review of the evidence for/against the free radical theory of 
aging and other theories of aging is beyond the scope of this paper 
but can be found in various books/reviews [e.g., Ref. (57–59)] We 
simply note here that the most recent incarnation (60, 61) of the 

free radical theory of aging (59, 62, 63) would be consistent with 
the cascade described above. If the free radical theory of aging 
is the major contributor to the deficit observed in thresholds 
above the age of 40, this could make vestibular threshold changes 
a relatively simple, sensitive, non-invasive behavioral biomarker 
for aging in humans above the age of 40, especially, since, as noted 
earlier, the age effects for vestibular function appear earlier than 
for odor discrimination, visual acuity, or speech intelligibility.

Why Are No Threshold Changes  
Evident below the Age 40?
Small threshold changes below the age of 40 may be evident for 
an individual but were masked by intersubject variability, since 
our study was not longitudinal. Long-term longitudinal studies 
would likely show whether threshold changes occur in individual 
humans before the age of 40.

While speculative, the free radical mechanism described 
earlier could also be consistent with the relative threshold con-
stancy before age 40. Let us assume that vestibular contributions 
are crucial and that oxidative neuronal cell loss due to cell death 
or neuronal dysfunction is inevitable. If true, one reasonable 
evolutionary strategy would be to have an excess of neurons at 
least till reproductive vigor started to wane. In other words, some 
neuronal cell loss occurs before age 40, but the available excess of 
vestibular neurons yields redundancy such that the incremental 
decrease in overall signal matches the incremental decrease in 
overall noise for each vestibular neuron lost due to dysfunction 
or death. But around age 40, the vestibular cell counts reduce to 
the point that each neuron loss causes more incremental signal 
loss than noise loss. If true, this would suggest that we have on 
the order of 40,000 vestibular afferent neurons to provide some 
redundancy to fend off functional impact of peripheral vestibular 
loss. Such peripheral redundancy could also explain why thresh-
olds as a function of age do not match the aging patterns shown 
by vestibular afferent neuron counts (52, 64) or vestibular hair cell 
counts as a function of age (46, 64). Furthermore, this hypothesis 
could account for different quantitative aging patterns reported 
herein (i.e., Z-translation slope much greater than yaw rotation 
slope relative to baseline) for different movements.

implications
Our threshold data showed that vestibular thresholds broadly 
increased with age above the age of 40 (by 15–83% per decade 
depending upon the motion condition, p < 0.05 for all five thresh-
old measures). Furthermore, our data showed that balance test 
failures increased significantly as roll-tilt thresholds increased –  
even when age and other factors were fully considered by our 
mixed-model analysis. This latter finding is important because an 
earlier study showed that failure to complete the Romberg foam 
balance test correlates highly with falls (25). More specifically, 
data from a National Health and Nutrition Examination Survey 
(NHANES) were analyzed to show that 35.4% of American 
subjects above the age of 40 were unable to stand on foam with 
their eyes closed – the exact same failure that we showed to be 
significantly correlated with increasing roll-tilt thresholds. The 
earlier study (25) also reported increased odds of falling – an 
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odds ratio of 6.3 – for such individuals with subclinical vestibular 
dysfunction relative to those without dysfunction (i.e., individu-
als who were able to complete the balance testing successfully).

Given different definitions and different methods, these 
American findings are neither far from the findings of a German 
study that estimated prevalence of vertigo to be 22.9% (65) nor 
from self-reported vertigo prevalence rates of about 20% (66, 67).  
In fact, self-reported dizziness for the American study was 
27.0% – certainly in line with the earlier estimates. For the frac-
tion of such symptomatic individuals with measured vestibular 
dysfunction, the American study reported increased odds of 
falling – i.e., an odds ratio of 12.3. Our findings of a decrement in 
vestibular function – directly assessed via vestibular thresholds – 
above the age of 40 could certainly help explain why 35% of the 
NHANES population above the age of 40 demonstrated balance 
dysfunction.

Given the clear evidence presented herein that vestibular func-
tion declines with age above the age of 40 and given the relative 
consistency of the earlier estimates of vestibular and balance 
dysfunction (25, 65–67), it seems reasonable to try to make a 
conservative estimate of the number of people who might die 
each year due to vestibular dysfunction. For example, it seems 
likely that at least some of the transportation accidents (e.g., car 
crashes) that lead to the death of about 50,000 Americans each 
year (39) are due to vestibular dysfunction, but, unfortunately, 
we were unable to find enough relevant data at this time to 
estimate the contributions of vestibular dysfunction to motor 
vehicle accidents. On the other hand, available data do allow us 
to conservatively estimate the number of deaths each year caused 
by falls related to vestibular dysfunction. These calculations are 
provided in detail in Appendix A. Table A1 in Appendix provides 
a range of estimates – some more conservative and some less so. 
The annual death estimates correlated with vestibular dysfunc-
tion range from 48,000 to 152,000.2 While the largest estimate of 
nearly 152,000 deaths per year may prove inaccurate, it is worth 
noting that this would be placed third in the US behind only heart 
disease and cancer. Even the lowest estimate of ~48,000 deaths 
per year – which would place this as the tenth largest cause of 
death in the US – conveys the gravity of the problem.

We emphasize that estimating death rates was not a goal of 
our study but rather an implication of the finding – even after 

2 A reviewer helpfully suggested that the paper might be better off without the 
appendix. After dialog engendered by the Frontier’s process, this footnote has been 
added to specifically note that we all agree that (a) the estimated range is large 
because available data do not allow solid estimates, (b) the issue was too important 
to gloss over by ignoring it, (c) the only way to resolve the matter is to obtain better 
data, and (d) including these broad estimates is likely to encourage the acquisition 
and analysis of better data. 

correcting for age effects – that the proportion of balance test 
failures increased with roll-tilt thresholds, especially at 0.2  Hz 
(p = 0.0007); 1 unit increase in roll-tilt thresholds (log-transformed 
version) corresponded to a 5.6-fold increase in the odds of fail-
ing the balance test. We further emphasize that extrapolating the 
current data to fall risk has limitations. Nonetheless, the range 
of estimated deaths potentially due to vestibular dysfunction 
(Table A1 in Appendix) suggests the scope of the problem and 
highlights the need for broader epidemiologic studies focused on 
mortality associated with vestibular dysfunction.

We close this implications section by juxtaposing some facts 
discussed above. (1) Data showed that vestibular thresholds, 
including roll-tilt thresholds, broadly increased with age above 
the age of 40 (by 15–83% per decade depending upon the motion 
condition). (2) Analyses showed that balance test failures, which 
have previously been shown to correlate highly with falls (25), 
increased significantly as roll-tilt thresholds increased. (3) 
Calculations suggested that vestibular dysfunction could possibly 
be ranked somewhere between the third and tenth biggest killer 
of Americans. Even in isolation, this is alarming. But, given the 
rapid aging of the world’s population [e.g., Ref. (68)], the problem 
will rapidly grow much worse unless existing efforts to improve 
vestibular screening, vestibular diagnoses, vestibular treatments, 
balance treatments, fall prediction, and fall prevention are 
accelerated.

Brief summary
We measured vestibular perceptual thresholds in 105 healthy 
humans (54F/51M) ranging from 18 to 80 years of age. We found 
that thresholds significantly increased above the age of 40 for all 
five motion directions investigated. Even taking age and other 
factors into consideration, we found a significant correlation of 
balance test failures with increasing roll-tilt thresholds.
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aPPenDiX

a. estimating annual Fatalities related to 
Vestibular Dysfunction
According to the CDC online web-based injury statistics query 
and reporting (69), 26,734 persons over 40 years of age died in 
the US in 2011 as a direct result of unintentional falls. This is 
consistent with a National Vital Statistics Report (70) that stated 
that 26,009 persons died in the US in 2010 as a direct result 
of unintentional falls. Of course, only some of the 26,734 fall-
related deaths were due to vestibular dysfunction. To provide this 
estimate of deaths related to vestibular dysfunction, some simple 
calculations are required. Such calculations require that we know 
(a) the prevalence of vestibular dysfunction and (b) the increased 
risk of fall due to vestibular dysfunction, both of which were 
discussed earlier. Specifically, we will use (a) the 35.4% estimate 
of prevalence provided by Agrawal et al. (25), because it is the 
most comprehensive broad assessment based on objective meas-
ures, and (b) the reported odds ratio of 6.3 for those individuals 
over the age of 40 defined as having vestibular dysfunction 
using the balance metric (25), because it arises from the same 
comprehensive data set. We note that using these estimates yield 
a smaller (i.e., more conservative) estimated death rate than if 
we used the 27% prevalence rate for vestibular dysfunction with 
clinical symptomology with the 12.3 odds ratio for falls in this 
population.

If the total pertinent population at a point in time is x, then 
35.4% (0.354x) have vestibular dysfunction and 64.6% (0.646x) 
do not. Let us represent the risk of falling without vestibular 
dysfunction as w. Then, the risk of falling with vestibular dysfunc-
tion [as defined by Agrawal et al. (25)] is 6.3 times higher (6.3w). 
While it can be argued that the risk of a bad fall for those with 
vestibular dysfunction is likely higher than for those with normal 
function, we conservatively assume that the risk of death due to 
a fall is independent of vestibular status (y). The total number of 
US deaths directly due to falls (26734) equals the sum of deaths 
in those with vestibular dysfunction (0.354 × 6.3 w x y = 2.23z) 
and those without vestibular dysfunction (0.646 w x y = 0.646z), 
where z = w x y, so 26,734 = 2.23z + 0.646z. This can be solved 
for z, which equals 9296; therefore, 26,734  =  2.23(9296)  +   
0.646(9296); thus, we can estimate that 20,729 (2.23  ×  9296) 
equals the number of fall deaths in those individuals with ves-
tibular dysfunction. Of course, these individuals had a chance of 
falling independent of their vestibular status. By definition, this 
risk is the same as for individuals without vestibular dysfunction, 

so 3,291 (0.354 × 9296) of these would have fallen independent of 
their vestibular dysfunction, leaving an estimated 17,438 deaths 
directly attributable to falls due to vestibular dysfunction. These 
calculations suggest that 65% of deaths directly attributable to 
falls are related to vestibular dysfunction (We note that death due 
to falling is relatively rare; so, risk and odds here would be nearly 
equivalent).

But falls also indirectly lead to death. For example, falls cause 
hip fractures, among other injuries, and hip fracture has a high 
mortality rate following fracture. There were 306,000 hospital 
admissions for hip fractures in 2010 (71), and it has been 
estimated that more than 95% are due to falls (72). One study 
reported that the overall 1-year post-fracture mortality rate was 
27.3% and further reported that mortality after hip fracture at 
the end of the follow-up was 79.0% (73). If we conservatively 
use the 1-year mortality rate of 27.3%, this suggests that more 
than 79,361 patients die each year following hospitalization for 
a hip fracture. Repeating the exact same calculations outlined 
in the previous paragraph, we estimate that there may be 51,767 
deaths correlated with falls (i.e., following hip fracture) that 
are related to vestibular dysfunction. As for the calculations in 
the previous paragraph, some fraction of these deaths is unre-
lated to the fall and hip fracture. The same study reported an 
average death risk ratio of 3.26 in this hip fracture population 
relative to an age-matched population. Analogous to the above 
calculations, the total number of deaths equals those related to 
the hip fracture and those that would have occurred anyway 
(51,767 = 3.26v + v), yielding the estimated number of deaths 
related to the hip fracture as 39,615. Simply summing these two 
death estimate numbers (i.e., the number of fall deaths directly 
and indirectly related to vestibular dysfunction) yields an esti-
mate that vestibular dysfunction contributes to 57,053 deaths 
each year.

Given the conservative nature of these estimates (using only 
1-year hip fracture mortality, not including traffic and other non-
fall accidents, using the lower odds ratio, etc.), these estimates 
suggest that vestibular dysfunction likely contributes to more 
than 57,000 deaths each year. If categorized this way, according 
to a national vital statistics report (74), this would rank number 
10 on the list of leading causes of death in 2010 behind heart 
disease (598,000), cancer (575,000), chronic respiratory diseases 
(138,000), stroke (129,000), accidents (121,000), Alzheimer’s 
(83,000), and diabetes (69,000). Table A1 in Appendix provides 
a range of estimates – some more conservative and some less so. 
The annual death estimates correlated with vestibular dysfunc-
tion range from 48,000 to 152,000.
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TaBle a1 | Deaths due to vestibular dysfunction under different assumptions.

Prevalence 
(%)

Falling 
odds 
ratio

Deaths Fall death 
due to VD 

(%)

Fall 
death 
due to 

VD

admissions 
for hip 

fractures

Percent 
fractures due 

to falls (%)

hip fracture 
mortality 
rate (%)

Deaths indirectly 
attribute to fall 
related to VD

Death from hip 
fracture, indirectly 

related to VD

Total 
estimated 

deaths

35.4 6.3 26,734 65.23 17,438 306,000 95 27.3 79,361 39,615 57,053
27 12.3 26,734 75.31 20,133 306,000 95 27.3 79,361 45,732 65,865
22.9 6.3 26,734 54.83 14,657 306,000 95 27.3 79,361 33,297 47,954
35.4 6.3 26,734 65.23 17,361 306,000 95 79 229,653 114,637 131,998
27 12.3 26,734 75.31 20,133 306,000 95 79 229,653 132,090 152,223
22.9 6.3 26,734 54.83 14,657 306,000 95 79 229,653 96,355 111,012

The top row shows the values described in detail in the text. The second row changes only the prevalence for vestibular function accompanied by clinical symptomology and the 
matching odds ratio from the American study (25). The third row uses the prevalence reported in the German study (65) with the most conservative odds ratio of 6.3 from the 
American study (25). The next three rows repeat the calculations from the first three rows but now using the hip fracture mortality rate of 79% at the end of follow-up (73).
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Vestibular loss in Older adults is 
associated with impaired spatial 
navigation: Data from the Triangle 
completion Task
Yanjun Xie1*, Robin T. Bigelow1, Scott F. Frankenthaler1, Stephanie A. Studenski2,  
Scott D. Moffat3 and Yuri Agrawal1

1 Department of Otolaryngology-Head and Neck Surgery, Johns Hopkins University School of Medicine, Baltimore, MD,  
USA, 2 Longitudinal Studies Section, Translational Gerontology Branch, National Institute on Aging, National Institute of 
Health, Baltimore, MD, USA, 3 Department of Cognition and Brain Science, Cognitive Aging, School of Psychology,  
Georgia Institute of Technology, Atlanta, GA, USA

Background: Vestibular inputs have been shown to play a critical role in spatial navigation. 
In this study, we sought to evaluate whether vestibular loss due to aging contributes to 
impaired spatial navigation as measured by the triangle completion task (TCT).

Materials and methods: We recruited three types of participants: young controls 
<55 years of age, older controls ≥55 years of age, and older patients from a Neurotology 
Clinic with evidence of vestibular physiologic impairment but who did not have any known 
vestibular disorder. We performed the cervical vestibular-evoked myogenic potential 
to evaluate saccular function and video head impulse testing to quantify horizontal 
semicircular canal vestibulo-ocular reflex gain. To assess spatial navigation ability, we 
administered the TCT, in which participants were conveyed along two segments of a 
pre-drawn triangular path and instructed to complete the final segment independently. 
We measured the angle (degrees) and distance (centimeters) of deviation from the 
correct trajectory. We evaluated the influence of vestibular inputs on TCT performance.

results: Forty-eight adults participated in the study (mean age: 62.0  years; 52.1% 
females), including 9 young controls, 15 older controls, and 24 clinic patients. Clinic 
patients had the greatest distance of deviation (67.7  cm), followed by older controls 
(45.4  cm), then young controls (27.8  cm; p  <  0.01). Similarly, clinic patients had 
greater rotational angles (22.1°) compared to older (13.3°) and younger controls (12.4°; 
p < 0.01). Following multivariate linear regression adjusting for demographic variables, 
loss of otolith function was associated with an 18.2 cm increase in distance of devi-
ation (95% CI: 15.2–47.4) and a 9.2° increase in rotational angle (95% CI: 3.0–15.5). 
Abnormal semicircular canal function was associated with a 26.0 cm increase in dis-
tance of deviation (95% CI: 0.2–51.8) and a 10.8° increase in rotational angle (95% CI: 
3.0–15.5). Participants with both otolith and canal abnormalities had a larger distance 
error (β = 25.3, 95% CI: 6.2–44.4) and angle of deviation (β = 18.1, 95% CI: 10.1–26.2) 
than with either condition alone.
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conclusion: Vestibular loss in older adults was associated with poorer performance on 
a dynamic spatial navigation task relative to old and young controls.

Keywords: triangle completion task, path integration, spatial navigation, visuospatial cognition, vestibular system, 
aging

inTrODUcTiOn

Spatial navigation is a fundamental cognitive motor activity that 
humans rely on for survival. Navigation strategies can be allocen-
tric, i.e., reliant on external visual landmarks and environmental 
cues, or egocentric, i.e., using a person-centered frame of refer-
ence. Navigation also involves path integration, i.e., the reliance 
on self-motion cues provided by the visual system through optic 
flow, the proprioceptive system through feedback from muscles, 
tendons, and joints, and the vestibular system through the semi-
circular canal and otolith organs which sense angular and linear 
head acceleration, respectively (1, 2). Decline in sensory function 
has been associated with deficits in egocentric navigation (3). 
Specifically, individuals with vestibular loss have been shown 
to have difficulty with spatial navigation tasks such as walking a 
memorized route without visual feedback (4, 5).

Vestibular function declines with normative aging (6, 7). Older 
individuals with reduced vestibular function have been shown to 
have poorer performance on neurocognitive tests of spatial cog-
nition, such as mental rotation tests or visual image retention tests 
(8). However, whether vestibular loss in aging adults is associated 
with impaired performance on dynamic spatial navigation tasks 
that provide real-time vestibular inputs has to our knowledge not 
been explored.

In this study, we evaluated performance on the triangle com-
pletion task (TCT) in a cohort of older adults with vestibular loss. 
The TCT, in which blindfolded participants are conveyed along 
two segments of a pre-drawn triangular path and instructed to 
complete the final segment independently, has been widely used 
as a test of path integration (9, 10). We recruited older patients 
presenting to a Neurotology Clinic with evidence of vestibular 
physiologic impairment but who did not have any known vestibu-
lar disorder such as Menière’s disease or acoustic neuroma. These 
individuals may have been particularly affected by vestibular loss 
risk factors that accumulate with age, such as ototoxic exposures, 
infections, and genetic predispositions (11). We compared the  
patients to two groups of controls: a healthy older control group 
and a young control group. We hypothesized that relative to 
young and older control participants, older individuals with 
reduced vestibular function will have greater impairment in path 
integration.

MaTerials anD MeThODs

study Participants
Study participants were aged 55 years and older and presented to 
the Johns Hopkins Neuro-Otology Clinic for dizziness. They had 
objective evidence of unilateral or bilateral vestibular impairment 
on vestibular physiologic testing as detailed below, and these 
participants had a negative clinical work-up for other vestibular 

pathologies including benign paroxysmal positional vertigo, 
Menière’s disease, acute or prior episodes of vestibular neuritis, 
superior canal dehiscence syndrome, acoustic neuroma, or an 
underlying neurologic disease that could cause dizziness. Thus, 
the Neurotology Clinic patients were considered to have aging-
related decline in vestibular function (11, 12). Participants with 
unilateral vestibular loss also had a negative medical work-up (i.e., 
confirming no prior history of vestibular neuritis, superior canal 
dehiscence syndrome, or unilateral Menière’s disease, etc.) and 
were considered to have a unilateral form of aging-related ves-
tibular loss. Among these participants, the etiology of their vestibu-
lar aging may be attributed to exogenous exposure(for example,  
ototoxic medication, previous infections), changes in the otoco-
nial and macular structures of the inner ear, or intrinsic genetic 
susceptibilities that accumulate with age (11, 13).

Two types of control participants were recruited. Young con-
trols were recruited from clinic staff <55 years. Older controls 
were ≥55  years and were recruited from the Baltimore Longi- 
tudinal Study of Aging (BLSA). The BLSA is an ongoing prospec-
tive cohort study of the normative aging process supported by 
the Intramural Research Program (IRP) of the National Institute 
on Aging (NIA). The study assesses the health, cognitive, and 
functional status of a cohort of over 1,300 relatively healthy 
community-dwelling individuals every 1–4  years. The BLSA 
takes place at the NIA IRP Clinical Research Unit in Baltimore, 
MD, USA.

Potential subjects in all settings were excluded if they could 
not participate in testing procedures due to blindness, poor neck 
range of motion or cervical spine instability, inability to walk 
unassisted, or memory or cognitive impairment. Individuals with 
conductive hearing loss were also excluded from air-conducted 
cervical vestibular-evoked myogenic potential (cVEMP) testing. 
All participants provided written informed consent. The study 
was approved by the Johns Hopkins Hospital Institutional Review 
Board, and the BLSA protocol was approved by the Institutional 
Review Board of the National Institute of Environmental Health 
Sciences in Research Triangle Park, NC, USA.

Vestibular Testing
All participants underwent air-conducted cVEMP testing to assess 
saccular function (14) and video head impulse testing (vHIT) to 
assess horizontal semicircular canal function (15, 16). Details of 
both vestibular physiologic tests have been published previously. 
In brief, during cVEMP testing, participants sat upright and were 
instructed to flex their neck to provide tonic background muscle 
activity. Air-conducted 500  Hz (125  dB SPL) tone bursts were 
delivered monoaurally via intra-auricular speakers. Responses 
were recorded from an electrode montage consisting of a non-
inverting electrode placed at the midpoint of the ipsilateral 
sternocleidomastoid muscle belly, an inverting electrode placed 
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at the sternoclavicular junction, and a ground electrode placed on 
the manubrium sterni. Responses to 100 stimuli were averaged. 
The first positive and negative peaks that occurred between 13 
and 23  ms after stimulus onset were designated p13 and n23. 
The raw peak-to-peak amplitude was calculated as the sum of 
the p13 and n23 amplitudes (in microvolts). The corrected peak-
to-peak amplitude was calculated by dividing the raw amplitude 
by the rectified background EMG activity recorded during a 
10-ms interval before the stimulus onset. The amplitude of the 
better-hearing ear was recorded for those with an intact cVEMP 
response. Individuals with no response above 100  dB acoustic 
clicks were considered to have absent function in the tested ear. 
In addition to recording continuous cVEMP amplitude measures, 
participants were categorized as having present, unilaterally 
absent, or bilaterally absent cVEMP response.

During the vHIT, participants removed their corrective spec- 
tacles and sat 1.25 m from a visual fixation target. They wore the 
EyeSeeCam video-oculography system consisting of a light-weight 
goggle frame with a built-in camera to record eye movements 
and an accelerometer to record head movements (Interacoustics 
USA, Eden Prairie, MN, USA). Right eye position was calibrated 
using projected targets from a glasses-mounted laser. A trained 
examiner tilted the participant’s head 30° below the horizon to 
bring the horizontal semicircular canal into the rotational plane. 
The examiner then applied 10–15 low amplitude (15°–20°) 
horizontal head impulses to each side with unpredictable direc-
tion and timing. Certified examiners evaluated vHIT tracings 
using custom software (MATLAB, MathWorks, Natick, MA, 
USA) and rejected tests with pupil tracking artifact or incorrect 
performance (i.e., low peak velocity or excessive head recoil or 
overshoot) (17). vHIT tracings were reviewed by trained examin-
ers following well-established procedures in the senior author’s 
(YA) laboratory (7). Discrepancies and errors were adjudicated 
by the senior author. Peak head velocity ranged from 150°/s to 
200°/s, and eye velocity was measured in the right eye from a 
two-point differentiator. Vestibulo-ocular reflex (VOR) gain was 
defined as the ratio of the area under the eye velocity curve to 
the head velocity curve from HIT onset until the head velocity 
returned to 0 (18). An abnormal VOR gain was defined as values 
<0.8 or >1.0. Participants were categorized as having normal, 
unilaterally abnormal, or bilaterally abnormal VOR gain. One 
BLSA participant had missing vHIT data, and four clinic patients 
had missing vHIT data. Vestibular physiologic impairment is 
defined by aberrant response in cVEMP testing or abnormal VOR 
gain in vHIT testing.

Triangle completion Task
The TCT was designed based on published procedures by Adamo 
et  al., whose study team had previously developed this path 
integration task (19). Participants walked four triangular paths 
on a 10 ft × 10 ft flat tile floor in the testing area with their shoes 
on. Each triangle (92.5 cm × 185.5 cm × 212 cm) contained a 
30°–60°–90° configuration. Before each trial, participants were 
instructed to look at the triangle they were about to walk on to 
become familiarized with the path. They were encouraged to 
complete a trial run using one triangular path with their eyes 
open. Then, participants were blindfolded and a noise-reducing 

headphone was placed on both ears to remove auditory input. As 
such, participants only had access to vestibular, proprioceptive 
and motor efference cues to perform the navigation task. The 
examiner stood side-by-side with the participant and supported 
his or her torso by placing hands lightly on the participant’s 
shoulders. In this fashion, participants were guided through two 
segments of the triangle and at the end of the second segment, 
they were asked to rotate on their own and walk along the hypot-
enuse back to the origin. Participants walked counterclockwise 
for the first two triangles and clockwise for the remaining two. 
For the first and third trials, participants started with the longer 
triangular limb (185.5  cm), and for the remaining trials, they 
started with the shorter triangular limb (92.5 cm). The midpoint 
that bisected the distance between two anterior tips of the feet 
was marked as the endpoint for each trial. The distance (in 
centimeters) that the participant deviated from the starting point 
(termed “distance of deviation”) and the absolute value of an angle 
(in degrees) the participant made with respect to the correct 
triangular limb (termed “angle of deviation”) were recorded with 
tape and retractable rulers.

Data analysis
Demographic, vestibular function, and performance on the 
TCT were analyzed using descriptive statistics. We performed a 
parametric analysis of variance (ANOVA) to compare each char-
acteristic between young controls, older controls from the BLSA, 
and Neuro-Otology Clinic patients with physiologic evidence of 
vestibular function loss. In comparing VOR gain across partici-
pant groups, VOR gain of the “better ear” was used. Next, we used 
multivariate linear regression modeling pooling all participants 
to evaluate the association between vestibular parameters and 
TCT performance, after adjusting for demographic characteris-
tics (age, sex, and race). A p-value of less than 0.05 was considered 
statistically significant. STATA 13 statistical software was used for 
all analyses (StataCorp, College Station, TX, USA).

resUlTs

Forty-eight individuals participated in the study (52.1% 
females), including 9 young controls (mean age: 30.8 years, SD: 
6.3), 15 older controls (mean age: 69.1 years, SD: 12.2), and 24 
older patients with dizziness (mean age: 69.3 years, SD: 10.1).  
Consecutive clinic patients fulfilling these criteria (~7% of 
patients presenting with dizziness) were recruited between 
January 2015 and March 2016 at the Johns Hopkins Hospital. 
Demographic, vestibular testing, and TCT performance data are 
presented in Table 1. None of the young controls had evidence of 
vestibular physiologic impairment. Two (13%) of 15 BLSA con-
trols had abnormal cVEMP testing (both had bilaterally absent 
cVEMP responses), and 8 (57%) of BLSA controls had VOR gain 
abnormalities (5 unilaterally abnormal, 3 bilaterally abnormal). 
Among clinic patients, all patients had abnormal cVEMP testing: 
50% had unilaterally absent cVEMP response and the remainder 
had bilaterally absent cVEMP responses. All but one clinic 
patient had abnormal VOR gain (13 unilaterally abnormal, 6 
bilaterally abnormal). vHIT data were not available in one BLSA 
controls and four clinic patients due to participant refusal or 
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TaBle 1 | Demographic, vestibular function, and triangle completion task results.a

Young controls, N = 9 Blsa controls, N = 15 neurotology clinic patients, N = 24 p Value

Age (mean, SD) 30.8 (6.3) 69.1 (12.2) 69.3 (10.1) <0.01

Sex (n, %)
Male 3 (33.3) 9 (60.0) 11 (45.8)
Female 6 (66.7) 6 (40.0) 13 (54.2) 0.45

Race (n, %)
White 2 (22.2) 13 (86.7) 15 (62.5)
African-American 3 (33.3) 1 (6.7) 5 (20.8)
Other 4 (44.4) 1 (6.7) 4 (16.7) 0.01

Cervical VEMP (cVEMP) function category (n, %)
Present 9 (100) 13 (86.7) 0
Unilaterally absent 0 0 12 (50.0)
Bilaterally absent 0 2 (13.3) 12 (50.0) <0.01
cVEMP amplitude of the better ear (μV, SD) 3.4 (0.8) 1.4 (0.6) 0.6 (0.3) <0.01

VOR gain category (n, %)
Normal 8 (88.9) 6 (40.0) 1 (4.2)
Unilaterally abnormal 1 (11.1) 5 (33.3) 13 (54.2)
Bilaterally abnormal 0 3 (20.0) 6 (25.0) 0.15

VOR gain of the better ear (SD) 1.0 (0.0) 1.0 (0.1) 0.9 (0.3) 0.56
Distance of deviation (cm, SD) 27.8 (13.4) 45.4 (28.2) 67.7 (38.6) <0.01
Angle of deviation (°, SD) 12.4 (4.5) 13.3 (12.9) 22.1 (13.1) 0.04

aYoung controls were <55 years old. Older controls were ≥55 years old from the Baltimore Longitudinal Study of Aging (BLSA). Dizzy patients were recruited from the Neurotology 
Clinic. Statistically significant results are bolded. For participants with unilaterally absent cVEMP response, cVEMP parameters from the remaining ear were included. Individuals with 
bilaterally absent cVEMP responses were excluded from the cVEMP amplitude calculations.
cVEMP, cervical vestibular-evoked myogenic potential; VOR, vestibulo-ocular reflex.
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exclusion criteria detailed in Section “Materials and Methods.” 
cVEMP amplitude was highest in young controls at 3.4 µV (SD: 
0.8 µV) followed by 1.4 µV (SD: 0.6 µV) in older controls from 
the BLSA and 0.6 µV (SD: 0.3 µV) in clinic patients (p < 0.01 for 
overall ANOVA F-test). The VOR gain of the “better ear” did 
not significantly differ between the three groups of participants 
(p = 0.56). Similarly, average VOR gain between the left and right 
ears also did not significantly differ between the three groups of 
participants (p = 0.08). Audiometric data were available in 21 of 
24 Neuro-Otology Clinic patients. Most clinic patients presented 
with mild to moderate high-frequency sensorineural hearing 
loss consistent with presbycusis. No participant presented with 
conductive hearing loss, and one presented with low-frequency 
sensorineural loss (subsequent work-up for Meniere’s disease 
was negative). The pure-tone average for these participants was  
27.8 dB in the left ear and 32 dB in the right ear. In clinic patients, 
8 of 11 patients with unilateral cVEMP abnormalities had 
bilateral high-frequency sensorineural hearing loss consistent 
with presbycusis (for the reminder, 1 participant had bilateral 
normal hearing and 2 had no audiometric data). Similarly, 7 of 
13 patients with unilateral VOR gain abnormalities had bilateral 
high-frequency sensorineural hearing loss (for the remainder, 
2 had bilateral normal hearing; 1 had unilateral low-frequency 
sensorineural loss in the contralateral ear and a negative 
work-up for Meniere’s disease; 3 individuals had no available 
audiometric data).

In the TCT, we observed a stepwise increase in the distance 
of deviation between young controls (27.8  cm), older controls 
(45.4 cm), and older, dizzy patients (67.7 cm; p < 0.01 for ANOVA 
F-test). For the rotational angle, both young (12.4°) and older 
controls (13.3°) deviated less than clinic patients (22.1°; p < 0.01 
for ANOVA F-test).

We further categorized all participants into groups according 
to whether they had normal, unilaterally abnormal, or bilaterally 
abnormal cVEMP and VOR gain responses (Figures 1 and 2).  
As such, control participants with vestibular impairment were 
categorized with clinic patients in the abnormal vestibular 
response groups. For cVEMP responses, we observed that as 
cVEMP function worsened, the distance and angle of deviation 
increased. For VOR gain, we observed a similar relationship such 
that as VOR gain function worsened, both the distance and angle 
of deviation became larger. Post hoc pairwise comparison tests 
were performed to further analyze these differences, and statisti-
cally significant results are represented in Figures 1 and 2.

Next, we used multivariate linear regression models to evalu-
ate the association between vestibular function (cVEMP and 
VOR gain) and the distance and angle of deviation across all 
participants (Table 2). To simplify these analyses, we collapsed 
the unilaterally and bilaterally abnormal categories into a single 
abnormal category for both cVEMP and VOR gain responses. 
We also created a category of participants who had concurrent 
cVEMP and VOR abnormalities. In analyses adjusted for age, sex 
and race/ethnicity, we observed that an abnormal cVEMP was 
associated with an 18.2 cm increase in deviation distance [95% 
confidence interval (95% CI): 15.2–47.4] and a 9.2° increase in the 
rotational angle (95% CI: 3.0–15.5). The cVEMP amplitude was 
not associated with the distance or angles of deviation, although 
it should be noted that participants with absent cVEMP responses 
(N = 14) were not included in this analysis. Similarly, an abnor-
mal VOR response was associated with a 26.0 cm increase in the 
distance of deviation (95% CI: 0.2, 51.8) and a 10.8° increase in 
the angle of deviation (95% CI: 3.0, 15.5). The VOR gain value 
was also not associated with the distance or angle of deviation. 
Of note, age was a significant independent predictor of distance 
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FigUre 1 | Distance (a) and angles (B) of deviation by cervical vestibular-evoked myogenic potential (cVeMP) response. We included 9 young controls, 
15 Baltimore Longitudinal Study of Aging (BLSA) controls, and 24 clinic patients (12 unilateral absent and 12 bilaterally absent cVEMP responses). An analysis of 
variance demonstrated significant differences in the distance and angles across cVEMP categories (p < 0.01). A pairwise post hoc analysis revealed differences that 
were indicated by the brackets. Error bars indicate the SEM.
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but not angle of deviation (data not shown). Finally, participants 
with both cVEMP and VOR abnormalities (N = 13) on testing 
had a significantly larger distance of deviation (β = 25.3, 95% CI: 
6.2–44.4) and rotational angle (β = 18.1, 95% CI: 10.1–26.2) than 
with either vestibular abnormality alone in adjusted analyses.

DiscUssiOn

In this study, we found that older individuals with vestibular 
physiologic loss had impaired egocentric spatial navigation, as 
measured by the TCT. We evaluated three groups of participants: 
older clinic patients with vestibular loss, older controls from 
the BLSA, and young controls. We observed that both groups 
of older participants deviated more and made larger rotational 
angle errors compared to young controls. In addition, older clinic 
patients had greater impairment in the TCT relative to the older 

control cohort. Consistent with this finding, we found that absent 
cVEMP responses and abnormal VOR gain were significantly 
associated with larger distance error and greater angle of devia-
tion. Moreover, the greatest impairment in TCT performance 
occurred in individuals with both abnormal cVEMP and VOR 
gain. Altogether, these findings support several inferences. First, 
the data corroborate the importance of vestibular information 
for path integration. Second, vestibular deficits that accrue 
as a result of aging contribute to navigational impairment, as 
evidenced by the substantial impairment present in the older 
clinic patients with vestibular physiologic loss. Third, other fac-
tors beyond clinical vestibular loss also appear to contribute to 
impaired egocentric navigation, as demonstrated by the healthy 
older controls with relative preservation of vestibular physiologic 
function but with greater navigational impairments compared to 
young controls. These factors may include subclinical vestibular 
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FigUre 2 | Distance (a) and angles (B) of deviation by vestibulo-ocular reflex (VOr) gain. We included 9 young controls, 15 Baltimore Longitudinal Study of 
Aging (BLSA) controls, and 19 Neuro-Otology Clinic patients (13 unilateral abnormal and 6 bilaterally abnormal VOR gain). An analysis of variance (ANOVA) 
demonstrated differences in the distance and angles across VOR categories (p = 0.03 for the distance and p < 0.01 for the angle). A pairwise post hoc analysis 
revealed differences that were indicated by the brackets. Error bars indicate the SEM.
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loss, proprioceptive impairment, and decline in the sensitivity to 
motor efference information.

Our study confirms and extends prior reports of impaired 
egocentric spatial navigation in labyrinthine-defective patients.  
A previous study by Glasauer et al. using a similar triangle com-
pletion paradigm in 5 patients with vestibular loss due to acoustic 
neuroma resection or bilateral vestibular ototoxicity found that 
the patients made significantly greater rotation angle errors 
though not distance errors compared to both young and age-
matched controls (5). Interestingly, the investigators had previ-
ously observed that patients with bilateral labyrinthine deficiency 
did not make navigation errors on a task that involved walking 
toward a memorized target along a simple linear trajectory (20). 
Glasauer and colleagues proposed that vestibular information is 
particularly critical to navigating across more complex trajectories 
involving rotations and the need for angular velocity estimation. 
In another study, Adamo et al. investigated age-related differences 
in TCT performance among healthy individuals and reported 

that older compared to younger individuals showed greater errors 
in angle rotation estimations (19). Our study extends these two 
prior reports in finding that both vestibular loss and age are 
independent contributors to spatial navigation ability.

The hippocampus and entorhinal cortex are thought to be 
sites where a cognitive map of space is maintained by special 
populations of place cells and grid cells, respectively (21). Studies 
suggest that the vestibular system provides critical inputs to the 
generation of the cognitive map. In animal models, peripheral 
vestibular stimulation has been shown to result in increased firing 
of hippocampal cholinergic neurons (22). Selective lesion of the 
peripheral vestibular system in rats has also been shown to lead 
to a loss of specificity of hippocampal place cell firing (23). More- 
over, so-called “head direction cells” present in the subiculum, thala-
mus, and other regions fire when an animal faces a particular direc-
tion, and are known to be dependent on vestibular input (24). Most 
importantly for the present purposes is the observation that the 
head direction system codes for heading accuracy (and error) 
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TaBle 2 | Multivariate linear regression models of the association between vestibular function and triangle completion task performance in all 
participants.a

Distance of deviation (cm) angle of deviation (°)

Unadjusted β (95% ci) adjusted β (95% ci) Unadjusted β (95% ci) adjusted β (95% ci)

cVeMP response
Abnormal cVEMP response 31.3 (15.2, 47.4) 18.2 (1.2, 35.1) 11.7 (6.1, 17.3) 9.2 (3.0, 15.5)
cVEMP amplitude of the better ear (μV) −5.4 (−13.9, 3.1) −9.6 (−20.4, 1.2) −0.5 (−3.1, 2.1) −2.1 (−5.3, 1.1)

VOr gain
Abnormal VOR gain 27.4 (−0.5, 55.1) 26.0 (0.2, 51.8) 11.2 (1.2, 21.2) 10.8 (0.9, 20.7)
VOR gain of the better-hearing ear −14.7 (−69.6, 40.1) −38.3 (−92.6, 16.0) −11.0 (−36.8, 14.8) −15.4 (−42.8, 12.1)

cVeMP and VOr function
Concurrent cVEMP and VOR abnormality 33.5 (17.4, 49.7) 25.3 (6.2, 44.4) 16.3 (9.4, 23.1) 18.1 (10.1, 26.2)

aModels were adjusted for demographic covariates (age, sex, race/ethnicity). An abnormal cVEMP response includes unilaterally or bilaterally absent cVEMP. Likewise, an abnormal 
VOR gain includes unilaterally or bilaterally abnormal VOR gain value  
(<0.8 or >1). Statistically significant regression models are bolded.
cVEMP, cervical vestibular-evoked myogenic potential; VOR, vestibulo-ocular reflex; 95% CI, 95% confidence interval.
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in a non-visual path integration task (25). In humans, a study of 
10 patients who underwent bilateral vestibular deafferentation 
found that the patients exhibited impaired spatial navigation 
skills and reduced hippocampal volumes relative to age-matched 
controls (26). In the current study, we sought to further evaluate 
whether age-related vestibular loss influences performance of a 
dynamic spatial navigation task. This task may be a better proxy 
for real-world navigational tasks, such as driving, wayfinding, 
and route-learning which are known to deteriorate with age (27). 
Our data suggest that vestibular loss associated with aging may 
contribute to these navigational impairments in older adults. 
Combined with the results from studies in non-human species, 
the loss or reduction in vestibular input could affect both the 
place and head direction systems and impair path integration and 
navigation performance in older adults.

In a recent work on a cohort of healthy older adults, we observed 
that poorer vestibular function was associated with reduced spa-
tial cognitive skills (8, 27, 28). These studies involved pencil and 
paper-based neurocognitive tests of spatial cognitive skills, such 
as mental rotation and visual image retention. These tests were 
administered with the subject seated and did not involve real-
time vestibular stimulation. We observed that both semicircular 
canal and otolith deficits are associated with spatial navigation 
impairment and that individuals with both semicircular canal 
and otolith deficits had the poorest performance on the TCT. 
These findings suggest that both vestibular end-organs contrib-
ute independently to spatial navigation ability. The semicircular 
canals detect angular rotations of the head, and not surprisingly, 
semicircular canal function was significantly associated with the 
angle and distance of deviation. The otolith organs sense linear 
head translations and the orientation of the head with respect to 
gravity. In prior work in healthy older adults, we observed that 
otolith (specifically saccular) function was significantly associ-
ated with spatial memory and mental orientation performance 
(8). While the canals may be important for sensing and comput-
ing angular movements, the otoliths may provide a constant input 
to the brain about head orientation which is used to generate a 
cognitive map of the external environment.

We note that several participants in the BLSA control group 
had cVEMP and/or VOR gain abnormalities. These older subjects 

from the Baltimore Longitudinal Study of Aging are healthy  
individuals with no complaints of vertigo or imbalance. It is inter-
esting that 2 (13.3%) BLSA controls had abnormal cVEMP, while 
8 (53.3%) individuals had VOR gain abnormality. In a previous 
study, we observed that more than 50% of BLSA participants >60 
who underwent vHIT had compensatory saccades, which were 
indicative of poor VOR function (29). Moreover, we observed in 
the same study that the prevalence of compensatory saccades was 
linked to VOR gain. In the present study involving more than 
50% of BLSA controls with abnormal VOR gain, these findings 
may represent a subclinical decline of vestibular function in older 
adults. Future studies are needed to understand the significance 
of abnormal vestibular findings in older adults with no subjective 
vertigo or balance complaints.

We note the following limitations of our study. The study was 
cross-sectional; therefore, causal inferences about the relation-
ship between vestibular function and TCT performance cannot 
be made. Additionally, our older clinic patients with vestibular 
physiologic loss were assumed to have this loss attributable to 
age, given that they did not have any other specific vestibular 
disorders. However, given that age-related vestibular loss is a 
diagnosis of exclusion, this cannot be definitively confirmed. We 
have currently added the TCT to the BLSA test battery and will 
be able to test a substantially larger sample of older adults with 
greater variation in vestibular function from which we will be 
able to more clearly evaluate the relationship between age-related 
vestibular loss and spatial navigation. Secondly, horizontal VOR 
gain and cVEMP response were used to assess horizontal semicir-
cular canal and saccular function, respectively. Functions of the 
remaining anterior and posterior semicircular canals (evaluated 
by vertical vHIT) and utricle (evaluated by ocular VEMP testing) 
would be informative. These tests were not performed given the 
time and participant burden constraints with healthy subjects in 
the Baltimore Longitudinal Study of Aging (30).

Furthermore, we observed several cases of VOR gain >1.0 in 
both BLSA controls and clinic patients. In our previous study of 
BLSA participants, we also observed similar rates of super-unity 
gains among the BLSA participants and found that super-unity 
gains were significantly associated with the presence of “back-up” 
compensatory saccades (i.e., in the anti-compensatory direction). 
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These data suggest that the super-unity gains may not simply 
be artifactual from goggle slippage. Nevertheless, we recognize 
several mechanisms by which super-unity VOR gains may be 
observed, including cerebellar disinhibition, use of magnifying 
spectacles for the correction of presbyopia, as well as artifact from 
goggle slippage (29). In our testing, we tried to apply the goggles 
as tightly as we thought possible around the participants’ head 
while maintaining their comfort. Nevertheless, slippage may have 
occurred. Finally, spatial navigation relies on multiple sensory 
inputs as well as judgment of motor output. We attempted to 
independently assess vestibular input to navigation by eliminat-
ing visual and hearing cues during the TCT. In the present study, 
we did not include patients with inability to walk unassisted. A 
recent study showed that beyond the common influence of age, 
sensorimotor declines appeared to occur independently (31). As 
such, we expected that including age in the regression models 
should account for much of the other potential deficits that may 
occur in participants. However, we acknowledged that we could 
not exclude proprioceptive or motor efference input during the 
TCT, and thus cannot definitively rule out their contribution to 
performance of the TCT. We selected the TCT protocol described 
because it is easily administered in the clinical setting and a 
reasonable first step for testing our hypothesis about the influ-
ence of age-related vestibular loss on spatial navigation. Further 
work is in progress in our group using other tests, including chair 
rotation tests, which evaluate spatial cognition in a condition 
involving active vestibular stimulation but while also eliminating 
proprioceptive and motor efference inputs.

In summary, we observed that vestibular loss associated with 
age contributed to impaired spatial navigation, as measured by 
angle and distance of deviation on the TCT. Both semicircular 
canal and otolith function were significantly associated with 
TCT performance, and abnormality in both semicircular canal 
and otolith function was associated with poorest performance. 
Vestibular loss in aging adults may contribute to the difficulties 
older adults experience with real-life navigation tasks, including 
driving, wayfinding, and route-learning, which substantially limit 
their autonomy and quality of life (32, 33).
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written informed consent in accordance with the Declaration 
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Board of the National Institute of Environmental Health Sciences.
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The vestibular system sub-serves a number of reflex and perceptual functions, com-
prising the peripheral apparatus, the vestibular nerve, the brainstem and cerebellar 
processing circuits, the thalamic relays, and the vestibular cerebral cortical network. 
This system provides signals of self-motion, important for gaze and postural control, 
and signals of traveled distance, for spatial orientation, especially in the dark. Current 
evidence suggests that certain aspects of this multi-faceted system may deteriorate with 
age and sometimes with severe consequences, such as falls. Often the deterioration in 
vestibular functioning relates to how the signal is processed by brain circuits rather than 
an impairment in the sensory transduction process. We review current data concerning 
age-related changes in the vestibular system, and how this may be important for clini-
cians dealing with balance disorders.

Keywords: vestibular system, aging, vestibular perception, vestibular apparatus, vestibular reflexes

inTRODUCTiOn

Age-related vestibular dysfunction and associated imbalance has a major impact on morbidity, 
mortality, and health-care resources. According to the National Institute of Deafness and Other 
Communication Disorders of the NIH, falls account for over 50% of all accidental deaths in the 
elderly (1), and a recent analysis calculated the medical costs associated with fatal and non-fatal falls 
in the USA to be over $19 billion annually (2).

The overall prevalence of vestibular dysfunction in adults aged over 40 in the USA is 35.4%, 
corresponding to 69 million individuals (3). Patients with vestibular dysfunction are at significantly 
greater risk of falls (odds ratio 12.3 for patients with concurrent dizziness). Although this is also 
associated with an increased risk of patient-reported dizziness, as many as 32% of individuals aged 
over 40 without any symptoms of dizziness have evidence of vestibular dysfunction. These patients, 
though asymptomatic, also have an increased risk of falls (odds ratio 6.3) (3). A case–control study in 
the UK, in a sample of 56 adults, found that the prevalence of vestibular impairment in older adults 
who fall was 80%, compared with 19% in age-matched non-fallers (4). Other prospective studies in 
general practice and neurology clinics have reported that in patients aged over 50 with dizziness, the 
prevalence of vestibular causes ranges from 18 to 56% (5, 6). Risk factors for decline in vestibular 
function include smoking, hypertension, and diabetes but even when these are controlled for the 
effect of age is far more pronounced (3).

Progressive disequilibrium of aging is a complex, multifactorial condition leading to instability 
and increased risk of falls (7, 8), with vestibular dysfunction, albeit in combination with other factors 
(e.g., musculoskeletal and visual impairment), being a key contributor to imbalance (9, 10). One 
factor in balance dysfunction may be changes in the robustness of peripheral vestibular signaling in 
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the elderly (11). Another factor may be changes in how sensory 
information is processed by central circuits, as exemplified by 
a study which found that compared with younger subjects, the 
elderly favor the use of proprioceptive rather than visual and 
vestibular cues for postural motor control (12). Overall, there is 
an age-related decline of peripheral vestibular sensing and the 
central combination of different sensory signals for balance. 
Herewith, we review the literature regarding these two aspects.

THe PeRiPHeRAL veSTiBULAR SYSTeM

Neuronal and hair cell loss are the two biggest effects that aging 
has on the peripheral vestibular system; affecting both the otolith 
organs and the semicircular canals. Multiple studies have shown 
that aging reduces the number of sensory hair cells in the ves-
tibular end organs (13–16). More recently, one group has studied 
human temporal bone sections from 67 subjects aged from 
birth to 100 years of age and found that there was a significant 
age-related decline in the number of hair cells and a decline in 
individual hair cell subtypes (1, 17).

Several studies have shown degeneration of the vestibular gan-
glion (Scarpa’s ganglion) and nerve (15, 18–20). The vestibular 
nerve has two divisions, receiving conveying afferents from both 
the semicircular canals and the otolith organs via the superior 
and inferior vestibular nerves, respectively (15, 21). Ganglion cell 
counts from 106 temporal bones from 75 individuals showed age-
related reduction in ganglion cell counts with a greater decline in 
the superior division compared with the inferior division.

Otolith Organs
The signal from the otolith organs (comprising the utricle and 
saccule) transduces linear acceleration (and detect tilt), and with 
respect to these organs, with age, they are not only affected by 
degeneration of the ganglion cells but also by hair cell loss, in 
addition to specific degenerative effects within the otolith organ 
ultrastructure. The use of vestibular evoked myogenic potentials 
(VEMPs) has been used in multiple studies to assess the effect of 
aging upon otolith function. VEMPs are short-latency myogenic 
potentials that are elicited from specific muscles, in response to 
vestibular stimulation (via sound). The muscle measured is the 
sternocleidomastoid (“cervical” VEMP—cVEMP), hence assess-
ing saccular and inferior vestibular nerve function as well as the 
inferior oblique muscle of the eye (“ocular” VEMP—oVEMP), 
which measures utricular and superior vestibular nerve function 
(22–24). Reduction in the amplitude of VEMPs is indicative of 
reduced otolith organ function, while increased VEMP latency 
may relate to slowed brainstem signal processing (25, 26).

Brantberg et  al. found an age-related decrease in cVEMP 
amplitude and increase in cVEMP latency in a study of 1,000 
patients ranging from 7 to 91 years old with no known vestibular 
disorders (25). These findings have been corroborated by Agrawal 
et al. who found reduced cVEMP as well as oVEMP amplitude in 
a group of 50 patients above 70 years of age compared to younger 
individuals (27). Other studies measuring oVEMP have reported 
similar findings including an age-related increase in oVEMP 
latencies (28, 29). Further, a more recent study by Li et al. in 257 
subjects demonstrated that with aging, there was a reduction in 

oVEMP amplitude by 2.9 µV per decade of life and an increase 
in latency of 0.12 ms per decade of life. With respect to cVEMP, 
they found that the amplitude decreased by 0.14 µV per decade 
but found no significant difference in latency between the age 
groups (30).

The otoconia contained in the utricle and saccule have also 
been shown to undergo morphological changes and degeneration 
during a human’s lifespan as observed in postmortem analyses 
(31). Aging has been associated with reduction in otoconia 
mass as well as fracture and fragment formation in both animals 
and humans (31–35). While it is easy to assume that reduction 
in otoconia would result in the reduction of organ function, 
otoconia degeneration has been shown to affect the utricle more 
than the saccule (31, 36), which would not explain the findings 
in the Agrawal et al. study (27). In contrast, it has been previ-
ously reported that, while hair loss occurs in all the peripheral 
vestibular organs with increasing age, the utricle is relatively 
spared (17). Currently, the implications of otoconia degenera-
tion of otolith organ function are unknown, but it is suspected 
that these changes in otoconia are involved in the development 
of peripheral vestibular disorders, such as benign paroxysmal 
positional vertigo (BPPV) (37).

Benign paroxysmal positional vertigo is one of the most 
common causes of vertigo, especially in the elderly as there is an 
increase in the incidence with age, peaking at 60 (38–40). It is a 
disorder characterized by vertigo upon certain positional head 
movements. BPPV is caused by the presence of otoconia debris, 
which moves in the endolymph or cupula of the semicircular 
canals (41, 42). It is thought that the otoconia are dislodged from 
the utricular macula, which is precipitated by the morphological 
changes that can happen to the otoconia during aging (37). While 
BPPV can be effectively treated with repositioning maneuvers (43), 
a large observational study of 1,092 BPPV sufferers has recently 
shown that comorbidities, such as hypertension, osteoporosis, 
and diabetes, may be correlated with the risk of recurrence of 
BPPV in the elderly (44).

Semicircular Canals
The semicircular canals transduce head angular acceleration via 
the anterior, posterior, and horizontal semicircular canals. Decline 
in the semicircular canals forms a significant component of the 
overall age-related decline in the vestibular system. A study of 67 
human temporal bones from birth to age 100 found that Type I 
hair cells in the cristae are lost at a significantly greater rate than in 
the macula (1), further reflected by a cross-sectional study, which 
found the decline in semicircular canal function to be greater 
than the decline in otolith function (27). This age-related decline 
stands in contrast to what happens in peripheral vestibular dys-
function, such as Meniere’s disease, in which there is selective loss 
of Type II hair cells (45). Decline in the semicircular canals can 
be evaluated through the angular vestibule–ocular reflex (VOR), 
for example, using caloric testing; although this technique only 
tests the horizontal semicircular canals. Up to a few years ago, 
the only way to assess the VOR was with rotating chairs or by 
caloric ear stimulation. Recently, advances in understanding of 
vestibulo–ocular physiology, largely by Curthoys and Halmagyi 
in Sydney, have led to the development of, first, a bed-side clinical 
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head thrust or impulse test (HIT) and, subsequently, video-image-
based versions of the test that are now available commercially for 
clinical use (vHIT or videoHIT), which allow not only for the 
assessment of the horizontal but also the anterior and posterior 
semicircular canals (46).

Numerous studies have investigated age-related decline in 
the semicircular canal function. Baloh et al. followed 7 patients 
with severe bilateral vestibulopathy and 51 normal controls over 
a 5-year period; in the normal subjects, there was a significant 
decrease in gain and time constant and increase in phase lead of 
the VOR over this period. Notably, this decline was not associated 
with any symptoms or signs of disequilibrium (47). By contrast, 
the patients, whose VOR responses were depressed at the start 
of testing, did not show any significant decline (48). Carol et al. 
analyzed 109 subjects using data from the Baltimore Longitudinal 
Study of Aging and found that VOR gain remained stable from 
ages 26 to 79, after which it significantly declined at a rate of 
0.012/year; the prevalence of VOR gain less than 0.8 was 13% in 
individuals aged ≥80 compared with 2.8% in those aged under 
80 (48).

Agrawal et al. carried out head thrust dynamic visual acuity 
testing on 50 individuals aged ≥70, finding a significant decline in 
dynamic visual acuity during tests of all three semicircular canals. 
Decline in each semicircular canal was strongly correlated with 
decline in the other two; interestingly, decline in the horizontal 
and superior semicircular canals was well correlated with decline 
in utricular but not in saccular function. Decline in posterior 
semicircular canal function, however, showed no clear trend 
compared with function of the otolith organs. It was also found 
that the prevalence of vestibular dysfunction was significantly 
higher for the semicircular canals (82–94%) compared with the 
saccule (54–62%) and the utricle (18–24%) (27).

From reviewing the above studies, it can be observed that 
decline in the function of the semicircular canals plays a significant 
component of age-related decline in the vestibular system, with 
a significantly higher prevalence and severity than otolith associ-
ated age-related decline. Given the function of the semicircular 
canals is to measure angular acceleration, it could be postulated 
that decline in these structures may be more associated with 
patient-reported dizziness—the presence of which represents a 
significant increase in the risk of falls in patients with vestibular 
dysfunction (3).

THe CenTRAL veSTiBULAR SYSTeM

The Brainstem and Cerebellum
The main component of the brainstem vestibular system is the 
vestibular nuclear complex straddling the pontomedullary junc-
tion. This complex of nuclei receives primary vestibular afferents 
conveyed by the vestibular nerve and also connects to various 
structures, including the cerebellum (49). The main vestibular 
nuclei comprise the descending or inferior (DVN), lateral (LVN), 
superior (SVN), and medial (MVN) vestibular nuclei (49). Lopez 
et al., in a study of 15 vestibular nuclei from people aged 40–93, 
found a neuronal loss of 3% per decade in the vestibular nuclear 
complex (50, 51). They also found that neuronal loss was higher 

in the SVN and least in the MVN. This is in contrast to a more 
recent study of eight brainstems, which showed neuronal loss in 
the DVN, MVN, and LVN, but sparing of the SVN. This study 
also found that aging had no effect on the volume or length of 
the vestibular nuclei (49). However, both studies have found 
an increase in giant neurons in the elderly, related to lipofuscin 
deposits within the cells (49, 50). Similar studies have been 
done in animals, with one study showing an age-related decline 
in the number of neurons of the mouse vestibular nuclei (52). 
Conversely, a study in male golden hamsters found conflicting 
results (53).

The cerebellum plays a critical role in the function of the 
vestibular system and is known to receive efferent inputs from 
the vestibular nuclei (54, 55). In aging, cerebellar volume and 
Purkinje cell density in the cerebellar vermis and white matter in 
the floccular nodular lobe have been shown to decrease (56–58). 
There is also a vast network in the cerebral cortex that activates 
with vestibular stimulation (59–61). Cyran et  al. have recently 
used functional magnetic resonance imaging on 45 subjects aged 
20–70 to determine age-related effects on functional connectivity 
of this vestibular cortical network (62). Using galvanic vestibular 
stimulation (GVS), which bypasses the peripheral vestibular 
system and directly stimulates the vestibular nerve, they found 
a reduction in connectivity with increasing age while controlling 
for vascular, atrophic, or structural connectivity changes. Jahn 
et al. have also used GVS to study age-related vestibular function 
changes in 57 subjects aged 20–69 (63). Specifically, by measuring 
torsional nystagmus in response to GVS, they found a U-shaped 
distribution of central vestibular function by age. They speculate 
that due to a reduction in neuronal hair cells and other peripheral 
vestibular changes, central processing becomes hypersensitive in 
order to compensate for such a loss. After the sixth decade, central 
compensation will breakdown as well and thus lead to impaired 
vestibular function in the elderly.

The cerebellum is also involved in vestibular adaptation. 
Previous work has focused on the cerebellar role in VOR adapta-
tion (64). However, recent work has demonstrated an additional 
but critical role for the cerebellum, which mediates the partition-
ing of vestibular signals involved in eye movement control versus 
those that ascend to perceptual regions mediating sensations of 
self-motion (i.e., vertigo) and spatial orientation (65). Curiously, 
relatively little work has been focused on the effect of aging upon 
cerebellar function (66). However, it is likely that aging in the 
cerebellum will impact directly upon vestibular reflex and per-
ceptual functioning and adaptation to lesions or with training.

THe veSTiBULAR THALAMiC 
PROJeCTiOnS AnD THe veSTiBULAR 
CORTiCAL SYSTeM

Spatial orientation is a critically important function in everyday 
life. Up to third of newly diagnosed dementia patients complain 
of spatial disorientation (67), causing significant disruption of 
everyday life. A core brain area implicated in spatial orientation 
and memory is the hippocampus (67). Indeed, previous neuro-
imaging study has shown hippocampal atrophy with bilateral 
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vestibular failure (68). Animal neuronal recordings also show 
cells sensitive to spatial orientation status that are disrupted by 
vestibular loss. A key concept is the notion of converting vestibu-
lar motion signals to spatial signals. Given the above evidence, 
it has been argued that the hippocampus is important for this. 
However, some authors have found normal path integration 
function with hippocampal lesions in humans but not rats (69). 
This conundrum has recently been solved by a recent human 
lesion study, which shows in fact that the important region is the 
temporoparietal junction (70). In addition, this study also found 
no impact of hippocampal lesions upon angular path integration 
function. It follows that dementia, which is more frequent in the 
elderly, may affect spatial orientation by its effect on vestibular 
cortical regions such as the TPJ (70).

Another currently unsolved question is the cortical location 
mediating the sensation of vertigo. Current wisdom suggests 
that the posterior insular cortex is the primary vestibular cortex. 
However, focal stroke, including in the posterior insular, did not 
affect vestibular sensation of self-motion (kaski). Previous work 
(65, 71) suggests, however, that the vestibular sensation of self-
motion may be distributed and hence not localizable. Whether 
such vestibular cortical networks are disrupted by aging will 
require further work.

COnCLUSiOn

As with most systems in the body, aging causes a degenerative 
effect within the vestibular system. Aging in the vestibular 

system is a multifactorial process, affecting both the peripheral 
organ and central circuits, from the peripheral end-organ to the 
brainstem to the cerebellum to the cerebral cortex. It follows that 
diseases that affect any one of these brain areas will disrupt one 
or more facets of vestibular functioning. Recent studies using 
VEMP and VOR testing have shown that there is a quantifiable 
decline in function in specific peripheral vestibular organs with 
age, which theoretically correlates with the histological and 
microscopic changes previously seen. There is also similar ongo-
ing research using GVS to identify functional loss with age of 
central vestibular pathways. While the cause of dizziness in the 
elderly is a multisystem processes, the data suggest that aging 
causes a reduction in peripheral vestibular function and also the 
cortical efficiency with which these signals are used for balance, 
which together play a significant role in the increasing the risk of 
falls in the elderly.
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