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ABSTRACT

Aging affects every sensory system in the body, including the
vestibular system. Although its impact is often difficult to quantify, the
deleterious impact of aging on the vestibular system is serious both
medically and economically. The deterioration of the vestibular sensory
end organs has been known since the 1970s; however, the measurable
impact from these anatomical changes remains elusive. Tests of
vestibular function either fall short in their ability to quantify such
anatomical deterioration, or they are insensitive to the associated
physiologic decline and/or central compensatory mechanisms that
accompany the vestibular aging process. When compared with healthy
younger individuals, a paucity of subtle differences in test results has
been reported in the healthy older population, and those differences are
often observed only in response to nontraditional and/or more robust
stimuli. In addition, the reported differences are often clinically
insignificant insomuch that the recorded physiologic responses from
the elderly often fall within the wide normative response ranges
identified for normal healthy adults. The damaging economic impact
of such vestibular sensory decline manifests itself in an exponential
increase in geriatric dizziness and a subsequent higher prevalence of
injurious falls. An estimated $10 to $20 billion dollar annual cost has
been reported to be associated with falls-related injuries and is the sixth
leading cause of death in the elderly population, with a 20% mortality
rate. With an estimated 115% increase in the geriatric population over
65 years of age by the year 2050, the number of balanced-disordered
patients with a declining vestibular system is certain to reach near
epidemic proportions. An understanding of the effects of age on the
vestibular system is imperative if clinicians are to better manage elderly
patients with balance disorders, dizziness, and vestibular disease.
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Learning Outcomes: As a result of this activity, the participant will be able to (1) describe the epidemiology

of dizziness in the elderly, (2) histology of the aging vestibular system, and (3) vestibular test results

associated with the aging population.

BALANCE FUNCTION AND THE
ROLE OF THE VESTIBULAR
SYSTEM
The vestibular system is compromised of a
nexus of peripheral sensory end organs and a
complex network of central neurons. The pe-
ripheral anatomy and physiology are grossly
responsible for sensing the degree and direction
of acceleration, as well as providing a sense of
orientation of the head with respect to gravity.
The central connections, including most nota-
bly the vestibular nuclei, are grossly responsible
for processing the numerous sensory inputs.
The accurate and ubiquitous perception of
movement and self-orientation occurs, in
part, because of a healthy vestibular system.
In many ways, this perception is both subcon-
scious and autonomic insomuch that it occurs
without intent or self-control. On its most basic
level, the vestibular system is both a sensory
system as well as a motor system.1 As a sensory
system, the vestibular response not only pro-
vides an accurate representation of self motion
but also is integral in constructing an “internal
map” of one’s center of mass in space with
respect to gravity. As a motor system, the
vestibular response coordinates effective pos-
tural and ocular motor reflexes to ensure static
and dynamic equilibrium with respect to one’s
center of gravity as well as maintain visual acuity
during head movement. It is a hierarchical
system by which a proper motor response is
heavily dependent upon accurate sensory
perception.1,2

Although balance and equilibrium are
heavily dependent upon other central nervous
system processes, especially the visual and
somatosensory systems, the contributions of
the vestibular system are undoubtedly critical.
This is particularly evident when functioning in
vestibular-dependent environments where vi-
sual and somatosensory cues are compro-
mised.3 The importance of an accurate
sensory perception of one’s environment is
most apparent when the vestibular system fails
to translate an appropriate signal. An aberrant

or absent vestibular response results in signifi-
cant debilitating balance deficits and often
produces an array of symptoms including diz-
ziness, disequilibrium, vertigo, nausea, pallor,
diaphoresis, general malaise, and even emesis.
Depending on the severity, these symptoms can
often lead to physical, mental, and even social
isolation.

Although much is known about the ves-
tibular system, there is much that remains
unexplained and likely undiscovered regarding
its physiology and sophisticated role in postural
stability and locomotion. Its complex anatomy
and multi-integrational physiology with other
sensory systems presents difficulties in evaluat-
ing the vestibular system in its entirety. Con-
versely, evaluating discrete sensory end organs
within each vestibular system also presents
unique challenges. Secondary to the vestibular
system’s complex anatomy and physiology,
vestibular disease or even subtle changes in
vestibular function due to aging are often
difficult to differentiate and identify. More-
over, disorders of the vestibular system are not
only very prevalent but often nonspecific with
regards to the precise site of the lesion. This is
particularly true of the elderly for whom non-
specific dizziness ranks as the most frequent
health concern reported to primary care physi-
cians at approximately eight million visits each
year.4

Indisputably, it is difficult to fully appre-
ciate the senescence of human balance without
considering the impact aging has on postural
reflexes, the visual system, the vestibular system,
and the central nervous system. However, a
comprehensive discussion conveying the com-
plete effects of how aging impacts every system
is beyond the scope of this review. Rather, this
review will focus on the prevalence of dizziness
in the elderly and the effects of aging on the
vestibular system as it relates to anatomical
deterioration of the peripheral and central
vestibular sensory structures, as well as the
physiologic outcomes reported from standard
clinical vestibular tests.
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EPIDEMIOLOGY OF DIZZINESS
There exists an abundance of literature con-
cerning the prevalence of dizziness, balance
dysfunction, and the associated comorbidities
related to dizziness in the elderly—namely
increased falls, depression, social isolation,
fear, and overall functional decline.5 The data
concerning the epidemiology of dizziness and
falls in the elderly are staggering. According to
Dewane,6 two of the most frequent problems
experienced by the elderly are dizziness and
falls. Cutson reported the incidence of dizziness
to increase from 22% for adults between 65 and
69 years of age to over 40% for adults between
the ages of 80 and 84 years.7 Hobeika estimated
that 65% of individuals older than 60 years of
age experience dizziness or loss of balance, often
on a daily basis.8 Data provided by the National
Center for Health Statistics (NCHS) cite the
prevalence of balance impairment in the United
States to be 75.3% over the age of 70 years.9

Despite such widespread reports highlight-
ing an overwhelming prevalence of age-related
dizziness and balance impairment, the etiology
of the balance impairment is often difficult to
discern, as the origin of age-related dizziness is
frequently multifactorial. In a review of 1194
patients aged 70 years or older, Katsarkas was
uncertain of the diagnosis in �27% of his
geriatric population.10 This is attributed to the
fact that dizziness is often an obscure symptom
that has been associated with various diseases
affecting the central nervous system and other
sensory systems, or is comorbid to other system
processes such as cardiovascular disease, osteo-
arthritis, poor visual acuity, polypharmacy, or
pharmacokinetics.5 Baloh describes the term
dizziness as having no specific definition except
that it refers to some kind of altered orientation
in space and almost always represents a complex
combination of overlapping symptoms.11 It is
likely this obscurity of symptoms and comor-
bidities in combination with the complexity of
the vestibular system’s anatomy and physiology
that makes it notoriously difficult to assess.

The reported estimates for the prevalence
of vestibular-related dizziness in the elderly
population are often varied. The NIDCD re-
ports that at least half of the U.S. population is
affected by a balance or vestibular disorder
sometime during their lives.12 The University

of Iowa estimates that, of those individuals
presenting to their primary care providers
with some form of balance impairment,
�20% are specifically affected by a vestibular
disorder and in �15% of those patients the
cause is unknown.13 However, Marchetti and
Whitney report that the prevalence of vestibular
disease in elderly patients with a chief com-
plaint of dizziness could be much higher.4 They
reported on the number of patients presenting
to otolaryngology clinics with a primary com-
plaint of dizziness and estimated as many as 40
to 50% of patients with dizziness have a vestib-
ular etiology to their symptoms. The clinical
link between elderly patients with dizziness and
postural instability resulting in falls and vestib-
ular impairments is high. Overall, Jacobson and
colleagues argued that peripheral and central
vestibular disorders are likely an underappreci-
ated contributor to postural instability and falls
in the elderly.14

One of the leading deleterious implications
to vestibular-related dizziness in the elderly is
the significant prevalence of injurious falls.
According to the Center of Disease Control
and Prevention, more than one-third of adults
aged 65 years and older fall each year, many of
which are secondary to balance problems and
dizziness. When persons 80 years or older are
compared with persons aged 70 to 79 years, the
incidence of balance impairment increases al-
most 30-fold from 69.3% to an staggering
88.5% prevalence rate. These data are alarming
insomuch that nearly 9 of 10 persons 80 years or
older are likely to present with a balance
impairment that carries a greater risk for falls
and subsequent bone fracture, joint dislocation,
or even severe head injury. In fact, falls due to
balance impairment represent the most com-
mon mechanism of injury in the geriatric pop-
ulation with �30% of community-dwelling
elderly people falling at least once per year.4

The National Safety Council reports that falls
in individuals over 75 years of age are the
number one cause of injury-related death.15,16

Overall, injurious falls rank as the sixth leading
cause of death in the elderly population with an
estimated cost of caring for fallen elderly to be
between $10 and $20 billion annually.14 More-
over, for those elderly who sustain an injurious
fall, the mortality rate is estimated to be �20%
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with an additional 20% receiving long-term
center inpatient care.17

Epidemiology Forecast for Dizziness

and Balance Disorders

The high prevalence of dizziness and falls in the
elderly is a growing and immediate medical
concern. According to the U.S. Census Bureau,
the projected number of U.S. citizens over the
age of 65 years will rise sharply from �40
million in 2010 to nearly 90 million by the
year 2050.5 This represents a 115% projected
increase largely due to the aging baby boomer
population. If one were to simply project the
number of Americans who will be over 85 years
of age by the year 2050, the data estimate an
overwhelming 20 million Americans.5 If this
population estimate is true, then according to
the NCHS, �18 million Americans are pro-
jected to have some form of balance impairment
that requires medical attention. The impact of
such a large geriatric population becomes even
more staggering if one is to factor in the
confounding effects of consequential falls and
projected medical costs that will inevitably
accompany this balance-impaired population.
For dizziness and balance impairment to reach
such epidemic proportions, the question re-
mains as to whether the medical community
will be prepared to effectively handle such an
overwhelming number of balanced-impaired
patients. The current projections of the number
of audiologists, physicians, physical therapists,
occupational therapists, and kinesiologists
working in clinical vestibular environments
would suggest a disproportionate patient-to-
provider ratio, with the number of patients far
outweighing the number of clinical providers.18

OVERVIEW OF THE VESTIBULAR
SENSORY HISTOLOGY
As recently as 40 years ago, a great deal of
controversy existed regarding whether age-re-
lated degeneration existed within the vestibular
system.19 Although this controversy seems im-
plausible, a decided lack of physiologic evidence
from clinical testing of older patients failed to
support histologic reports showing as much as
40% loss of vestibular sensory cells by the ninth

decade of life.19 In fact, Rosenhall indicated
that the correlation between clinical and histo-
logic findings is consistently poor.20 Neverthe-
less, marked age-related degeneration has been
observed in nearly every type of vestibular-
related cell and neuron bundle.19,21–26 The
apparent lack of clinical evidence to support
such histologic reports is believed to be second-
ary to the complex physiology of the central
vestibular system and the supporting postural
reflex system.21,22,24,27 Current theory supports
effective central vestibular compensation mech-
anisms that mask the underlying peripheral
sensory degeneration.23,25 Despite more ad-
vanced assessment methods and more sensitive
clinical equipment, results repeatedly fail to
identify any strong correlations between clinical
evidence and histologic degeneration.21–26

Histology Sensory Degeneration

Literature Review

As early as the 1970s, histologic reports have
documented age-related sensory degeneration
throughout the vestibular system.25 The term
presbyvertigo has been used to describe such age-
related changes within the vestibular system,
similar to that of presbycusis for hearing.26

Various reports have identified significant de-
generation in nearly all sensory components of
the vestibular system. Although the age of onset
and rate of decline is somewhat disputed across
reports, near universal agreement has docu-
mented significant degeneration in nearly all
types of vestibular cells, including the sensory
end organ hair cells, the nerve fibers, Scarpa
ganglion cells, vestibular nucleus neurons, and
even a significant decline in the number of
Purkinje cells within the cerebellum.21–25,27–30

AGE-RELATED REPORTS OF VESTIBULAR HAIR

CELL LOSS

The majority of the histologic reports investi-
gating vestibular hair cell degeneration confirm
a general onset of significant hair cell decline
between 65 and 70 years of age. Early micro-
dissections of the vestibular epithelium by
Rosenhall and Rubin as early as 1975 concluded
that end organ hair cell counts remain relatively
stable until 70 years of age, after which a gradual
decline is observed.31 However, degeneration
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rates as well as specific age of onset can vary
widely with respect to the precise sensory
organs, cells, or neurons. Jang and colleagues
identified saccular otoconia destruction as early
as age 50 years of age that increases in severity
with advancing age.29 Rosenhall identified a
large, marked reduction in hair cell counts
within the cristae of the semicircular canals as
early as 50 to 60 years of age.20 Richter identi-
fied a significant reduction in the number of
vestibular ganglion cells as early as 60 years of
age,32 and Bergström identified a significant
reduction in vestibular nerve fibers by the fifth
decade of life that increased to a 40% loss of
fiber counts in individuals 75 to 80 years of
age.33,34 Moreover, Lopez et al reported a 3%
neuronal loss per decade within the vestibular
nuclei that begins at�40 years of age.35 Finally,
Alverez and colleagues reported a near 40% loss
of neuronal cells within the vestibular nuclei by
89 years of age that mainly impacted the medial
vestibular nucleus.36

HISTOLOGIC STUDIES OF VESTIBULAR END

ORGAN DEGENERATION

In one of the most comprehensive and specific
vestibular hair cell histology studies published,
Merchant and colleagues utilized Nomarski
differential interference contrast microscopy
to determine the total number of vestibular
hair cells in each of the five vestibular sensory
end organs.37 The authors determined hair cell
counts in a series of 67 normal temporal bones
ranging in age from birth to 100 years of age.
They identified a strong age-related decrease in
vestibular hair cell counts for all sensory end
organs with a significantly greater loss of hair
cell density in the cristae than in the maculae.
Merchant and colleagues also determined hair
cell densities were greater at the periphery than
the central regions of cristae, particularly for
type I hair cells. There was no significant
difference in hair cell loss between the three
semicircular canals, the two maculae, men and
women, or right versus left ears.

Rauch and colleagues also reported on
decreasing vestibular hair cell counts in the
aging human.27 Similar to Merchant and col-
leagues, their report cites a highly significant
continuous age-related decrease in all vestibular
sensory hair cell counts with a propensity for a

more rapid loss of sensory hair cells in the cristae
than in the maculae that is also hair cell-type
dependent. Degeneration rates have also been
reported by Velázquez-Villaseñor and col-
leagues as well as by Rosenthal.20,38 Veláz-
quez-Villaseñor and colleagues identified a
linear decrease in the population of vestibular
neurons in Scarpa ganglion from birth to
100 years of age.38 Rosenhall reported a gradual
loss of sensory cells and primary neurons begin-
ning at �40 years of age, after which a linear
degeneration occurs until there is approximately
40% total loss of vestibular sensory cells by
75 years of age.20

Anniko21 and Rosenhall20 described a
greater susceptibility for age-related degenera-
tion that has been identified in the cristae of the
semicircular canals when compared with the
either the utricle or the saccule. Specifically,
they also reported a greater proclivity for hair
cell loss in the cristae over the maculae, as much
as 40% loss of sensory hair cells in the cristae
compared with 20 to 25% loss in the maculae by
70 to 95 years of age.

MACULAR DIFFERENCES IN VESTIBULAR HAIR

CELL LOSS

With respect to macular differences, histologic
reports have documented distinct differences in
degeneration rates of vestibular hair cells be-
tween the saccule and the utricle. Rosenhall
identified a 25% loss of hair cell counts in the
saccule,20 whereas Engström et al reported a
loss of hair cell counts in the utricle by only 20%
by 70 to 95 years of age.39 Igarashi and col-
leagues later identified a larger disparity be-
tween the utricle and saccule macular
epithelia.40 They calculated a utricle-to-saccule
ratio of 100:70 in a group of young subjects that
degraded to a ratio of 100:35 in a group of
seniors. Others have also reported a propensity
for an increased rate of age-related saccular
degeneration.41–43 Although the overall reasons
for otoconia degeneration are poorly under-
stood,29 one reason cited for this difference
was offered by Johnsson and Hawkins.43

They suggested that the saccule’s vertical ori-
entation leaves it more susceptible to loss of
otoconia. One other reason offered by Thal-
mann and colleagues is secondary to a lack of
dark cells within the saccule.44 In a review of
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otoconia in health and disease, Lim discusses
the renewal of otoconia through four proposed
hypotheses, all of which mitigate the process of
calcite seeding from the endolymphatic sac, the
dark cells of the vestibule, the maculae support-
ing cells, and/or from the otoconia membrane
itself.24 A collapse of this process would likely
contribute to the degenerative aging process
that is distinct to each macular otoconia
membrane.24

HISTOLOGICAL STUDIES OF VESTIBULAR TYPE I

VERSUS TYPE II HAIR CELL LOSS

Degeneration of sensory hair cells has also been
reported to be regionally specific across all
vestibular epithelia for both type I and type II
hair cells. Merchant and colleagues identified a
strong age-related decline in type I hair cells in
all five sensory end organs.37 Specifically, Mer-
chant and colleagues described a loss of approx-
imately three cells per 0.01 mm2 per decade of
life in the cristae and only one cell per 0.01 mm2

per decade of life in the maculae. This observed
difference between degeneration rates of type I
hair cells between the cristae and the maculae
was significantly different. The authors also
reported a significant age-related decline in
type II sensory hair cells of approximately one
cell per 0.01 mm2 per decade of life; however,
no significant differences were identified be-
tween the cristae and the maculae.

Rosenhall further identified a general loss
of hair cells over the entire sensory epithelia
with a distinct concentration of sensory hair
cell loss in the central region of the cristae and
maculae where a preponderance of type I hair
cells and large irregular afferent vestibular
fibers are located.20,45–47 This finding was
also later confirmed by Engström et al.39 An-
niko also reported a distinct proclivity for age-
related degeneration of type I hair cells. Anniko
suggested the preferential degeneration of type
I hair cells may be explained by phylogenesis,
insomuch that type I hair cells are younger and
have reached a higher degree of specialization
and differentiation.21 Anniko attributes this
declination to morphologic changes that ap-
pear to be confined to type I hair cells, particu-
larly in the cuticular plate and the apical part of
the cell. He hypothesized that these changes
may be secondary to a proliferation of rodlike

inclusion bodies that were identified near the
cuticular plate of type I hair cells, indicating a
weak point within the cell that may be attrib-
utable to an actin-based metabolic dysfunction
not present in type II hair cells. Anniko also
identified pathologic changes that occurred
selectively in calyx nerve endings. In his report,
he detailed a considerable increase and disin-
tegration of cristae mitochondrion. Such
changes to the type I synapse could also help
to explain higher selective type I irregular
afferent degeneration rates.

Finally, Rauch and colleagues examined
vestibular hair cell counts from 67 temporal
bones across a wide age range.27 In their report,
Rauch and colleagues investigated whether a
difference in degeneration rates exists between
the cristae of the semicircular canals and the
otoconial layer of the maculae. They also in-
vestigated whether an overall difference exists
between the degeneration rates of type I versus
type II hair cells. They not only reported a faster
degeneration rate for type I hair cells over type
II hair cells that was independent of all vestib-
ular sensory end organs, but also identified a
more rapid degeneration rate of type I hair cells
within the cristae than the maculae. Regarding
type II hair cells, Rauch and colleagues noted a
slower degeneration rate that was independent
of any sensory epithelium.

SUMMARY OF VESTIBULAR HAIR CELL

HISTOLOGY AND CLINICAL RELEVANCE

There is much agreement for a significant
histologic age-related deterioration in the num-
ber of type I and type II vestibular peripheral
sensory hair cells, as well as for prominent
vestibular sensory neurons within the vestibular
nuclei and the cerebellum. This loss is
highlighted by a more rapid degeneration rate
of type I vestibular hair cells with a concomitant
higher rate of hair cell loss for the cristae than
the maculae; which tends to be greater in the
central epithelial regions of the sensory end
organs than the periphery. Most reports agree
that the loss is most prominent toward the
seventh to eighth decade of life, which is also
around the time when many sexagenarians and
septuagenarians begin reporting the onset of
unrelenting dizziness and functional balance
problems.
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Independent of the difference in the rates
for losses of type I and type II hair cells, the
specific loss of type I vestibular hair cells, and
particularly those in the center region of the
epithelium, may have significant clinical rele-
vance. This finding is significant as it relates to
one plausible explanation to a lack of correlative
clinical evidence failing to demonstrate a signif-
icant age-related loss of the angular-vestibular
ocular reflex (VOR).25 Although Minor and
Goldberg have reported a near inconsequential
impact on the VOR following ablation of type I
hair cells and associated irregular afferent nerve
fibers,48 Tang and Woollacott describe a possi-
ble association between the distinct age-related
loss of type I hair cells and vague complaints of
postural instability in older patients.49 It is not
implausible to conceive a subsequent deleterious
impact on the delicate phase relationship between
functional and dysfunction vestibular hair cell
responses and an intact VOR. Tang and Wool-
lacott postulated that such associations might be
secondary to “age-related declines in the ability to
correctly detect head position and motion in
space, to elicit vestibular spinal reflexes, or to
solve sensory conflicts.”49(p. 390) Similar subtle
balance complaints have also been reported in
patients for whom the only abnormality is a loss of
low-frequency VOR phase lead.50

Despite such evidence detailing the overall
degeneration of the various vestibular sensory
end organs, the confirmation of such histologic
changes during routine clinical assessment lacks
any strong correlation. Many vestibular studies
on aging have failed to identify any significant
physiologic evidence that is temporally linked
to such histologic declines. In fact, some clinical
measures have paradoxically reported an increase
in VOR response rate at a time when histologic
reports convey the contrary.51 The results of
objective vestibular studies investigating the
clinical outcomes in the aging population will
now be reviewed.

TESTS OF VESTIBULAR FUNCTION
Assessment of the vestibular system, whether
of the peripheral structures or central con-
nections, is best accomplished through a
series of tests that collectively and individu-
ally evaluate the various vestibular structures

or, more specifically, indirect physiologic re-
flexes. Balance function tests can be grossly
divided into two primary categories: tests that
investigate the VOR and those that investi-
gate the vestibular spinal reflex. Standard
clinical tests that investigate the VOR would
include videonystagmography, rotational ves-
tibular testing, ocular vestibular evoked myo-
genic potential (oVEMP) testing, and video
head impulse testing (vHIT). Tests that in-
vestigate the vestibular spinal reflex would
include computerized dynamic platform pos-
turography, and cervical vestibular evoked
myogenic potential (cVEMP) testing.

The subtle effects of age on test results are
both widespread and highly variable across
individuals with either marginal clinical signifi-
cance or no measurable declines reported on
nearly every balance function test.52 Consider-
ation of the effect of age on each test is pertinent
to the clinical understanding of geriatric imbal-
ance. However, on a grander scale, it is impera-
tive to understand that the physiologic decline
of the vestibular system asmeasured by each test
is often subtle, small, and highly variable, which
is often starkly juxtaposed against the anamne-
sis surrounding a patient’s balance complaint.
That is, the geriatric vestibular phenotype is
rarely confirmed by frank vestibular test results,
and, at times, is even poorly depicted by com-
prehensive vestibular test results. Nevertheless,
an understanding of the effect of age, as well as
having a better appreciation of each test’s
limitations, is critical when understanding the
relationship between the elderly balance-disor-
dered patient and their clinical findings.

Videonystagmography

Videonystagmography testing is the most com-
mon vestibular function test and can be divided
into ocular motor, positional, and caloric test-
ing. Age-related changes have been widely
reported for tests of ocular motor function,
caloric testing, and the Dix-Hallpike test (i.e.,
identification of benign paroxysmal positional
vertigo [BPPV]); however, a dearth of literature
exists on the effects of aging on static positional
nystagmus.53 Secondary to the increased dete-
rioration rates of the maculae epithelium as
discussed earlier, there exists a well-known
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higher incidence of BPPV in the elderly. Al-
though this review will not discuss the signifi-
cant increase of BPPV in the elderly, the reader
is nevertheless alerted to the subsequent higher
incidence of abnormal Dix-Hallpike maneuvers
in the aged population.

OCULAR MOTOR TESTING

Much of the literature on the effects of aging on
ocular motor function highlights changes in
saccadic tracking, smooth pursuit tracking and
optokinetic nystagmus (OKN) reflex. Kerber
and colleagues reported on a 9- to 12-year
longitudinal study of ocular motor function in
healthy older individuals over 75 years of age.54

In this study, the authors cited a significant
decline in saccadic latency but failed to find
evidence for a significant decline in saccadic
velocity. Although Kerber and colleagues re-
ported a trend suggesting a decline in peak eye
velocity for 30-degree target displacements, the
authors indicated these data failed to reach
statistical significance. Although they reported
a similar trend for declining smooth pursuit
gain, they did identify a statistically significant
decrease in OKN gain for older individuals.
Kerber and his colleagues thought the lack of
widespread significance was likely due to the
limited follow-up for their cohort and the
subsequent lack of significant sensory deterio-
ration during this time. They speculated that
measurable physiologic changes are more apt to
be observed when comparing data from older
patients with those of middle-aged or young
adults. Interestingly, the authors did find sig-
nificant declines in performance for nearly all
measures of ocular motor function when they
compared the data against the final visit from a
subgroup of elderly patients who died prior to
their completion in the 12-year study. They
speculated this may have been due to a subnor-
mal aging processes in a group of patients with
subclinical disease that were less healthy than
those able to complete the study.

Irving and colleagues investigated the dy-
namics of age on the production of saccades
across the human life span.55 They analyzed
saccadic performance from 195 individuals aged
3 to 86 years. Overall, Irving and colleagues
identified an impact of age on all parameters of
saccadic tracking: latency, velocity, and accura-

cy. Specifically, the authors identified an in-
crease in hypometric saccades as age and size of
the saccade increased. They further identified
an increase in saccadic peak eye velocity from 3
to 14 years of age (with a significant peak eye
velocity occurring between 10 and 15 years of
age) followed by a gradual decrease through
86 years of age. The results for saccadic latency
were more dynamic, showing a decrease in
latency from 3 to 14 years of age, followed by
a period of relative stability until 50 years of age,
before gradually increasing in latency through
86 years of age.

In a more recent study, Peltsch et al
evaluated saccadic function in 81 normal
healthy elderly subjects (60 to 85 years) in
five different age groups delineated by one-
half decade intervals.56 They identified slower
initiation of saccades, more directional errors,
and increased reaction times for their oldest
group when compared with their two youngest
subject groups (60 to 64 years, and 65 to 69
years). They further evaluated the difference
between voluntary saccade control (antisaccade
paradigm) and automatic saccade control (pro-
saccade paradigm). They identified a greater
impact of aging on the mechanism that requires
voluntary saccadic control and considered the
possibility that different neural substrates and
aging processes are likely responsible for this
observed difference.

Tuunainen and others analyzed the ocular
motor function, vestibular ocular reflex, and
postural deficits in 38 individuals between the
ages of 80 and 103 years (mean age 89 years).57

Although specific deficits were not provided,
these authors identified 26 of 34 (76%) partic-
ipants with abnormal saccades and 17 of 20
(85%) with abnormal smooth pursuit. They did
highlight a significant correlation between a
reduction in smooth pursuit and prolonged
saccadic latency, but they did not identify any
data regarding reduction in pursuit gain or
saccadic velocity.

Sharpe and Sylvester compared the smooth
pursuit function between young (19 to 32 years)
and old (65 to 77 years) healthy participants.58

They concluded that smooth pursuit tracking is
an age-dependent system characterized by a
reduction in pursuit gain and an increase in
pursuit initiation latency for elderly individuals.
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Sharpe and Sylvester speculated the decline of
pursuit function was likely secondary to cerebral
cortical atrophy, loss of cerebellar Purkinje cells,
and degeneration of extraocular muscle tissue.
Spooner, Sakala, and Baloh later confirmed
Sharpe and Sylvester’s conclusions for an age-
dependent smooth pursuit system.59 However,
Spooner and colleagues also provided evidence
to extend Sharpe and Sylvester’s conclusions to
include an age-dependency for the saccadic and
OKN systems. They further added a point of
caution including a statement on the increased
variability that appears to be present for all
ocular motor measures with senescence. They
cautioned that such an increase in variance can
be problematic when using data from individu-
als over 60 to 70 years of age when determining
normative reference ranges for younger popu-
lations, as this can significantly reduce the
sensitivity of such measures. Moreover, the
possible unintended inclusion of data from
elderly subjects with subclinical disease would
undoubtedly further distort a reference range
that accurately reflects the “normal” aging pro-
cess, particularly for patients over 70 years of
age.54

Jagacinski et al evaluated smooth pursuit
function in a group of older participants (60 to
69 years) and a group of younger participants
(18 to 25 years).60 Their data also provide
evidence to corroborate an age-dependency
for smooth pursuit tracking. Additionally,
Morrow and Sharpe showed presaccadic pursuit
velocity deficits, lower postsaccadic pursuit ve-
locities, and reduced peak pursuit velocities in
their older healthy volunteers (60 to 76 years)
when compared with their younger healthy
group (29 to 35 years).61 Finally, in a report
by Kanayama and colleagues, smooth pursuit
gain was compared among four groups of
healthy volunteers: young (23 to 33 years),
fifties, sixties, and seventies and older.62

Smooth pursuit was noted to decline with
advancing age for all stimulus frequencies and
target velocities. An effect of pursuit saturation
was also seen in the oldest group at a stimulus
frequency of 60 degrees per second that was not
observed in any other age group.

Studies investigating the effect of age on
OKN reflex nystagmus have also identified
significant decreases in response peak eye

velocity gain. Kato and colleagues identified
a significant decrease in linear stimulus-in-
duced slow-phase OKN velocity between a
group of young (30 to 59 years) and older (70
to 79 years) healthy volunteers.63 In a com-
prehensive study performed earlier by Simons
and Büttner, OKN nystagmus was observed
to decrease considerably with advancing
age.64 These authors identified a progressive
decline in the maximal OKN response from
114 to 93 to 73 degrees per second across
three age groups: 20 to 39 years, 40 to 59 years,
and 60 to 82 years, respectively. They further
reported a significant decrease in smooth
pursuit gains across age groups but noted a
more pronounced decrease in maximal OKN
velocity with a maximal decrease in OKN
velocity by �1 degree per second every year.
Other reports have also documented abnor-
malities in OKN function (increased latency
to circular vection, increased rate of OKN
asymmetry, and decreasing torsional OKN)
with advancing age.19,53,65

Finally, Calder provides a good summary
on the effects of aging for various ocular motor
tests from numerous published reports, which
are summarized in Table 1.52 Overall, pro-
longed saccadic latencies and reduced smooth
pursuit and OKN gains are observed in elderly
patients when compared against younger adults.

In summary, many studies on ocular motor
function cite progressive declines in saccade,
smooth pursuit, and OKN function, particu-
larly over 60 to 70 years of age. Declines in
ocular motor function produce subtle conse-
quences of retinal slip and inability for gaze
fixation during head movement. Such ocular
motor deficits are often manifested as a func-
tional dizziness and postural instability, which
are often exacerbated in patients greater than
70 years of age when compounded by subtle
age-related VOR deficits and less effective
adaptive central plasticity.70,71 Finally, many
studies further agree that smaller standard
deviations are often seen with younger popu-
lations (possibly due to the increased presence
of subclinical vestibular disease in the older
population), and the need for age-appropriate
ocular motor normative reference ranges is
critical when interpreting clinical studies, par-
ticularly in the oldest of the old.72
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CALORIC TESTING

Caloric responses have also received a broad
investigation over the past few decades. Calder
provided a nice summary of eight studies be-
tween 1971 and 1990, which is summarized
in Table 2.52

Since the 1990s, studies investigating aging
effects on the human caloric response have been
sparse. Mallinson and Longridge provided one
of two studies investigating this topic.80 They
examined themean of the warm and cool caloric
response from the better-responding ear from
185 patients ranging from 9 to 89 years of age
who did not have any prior history of frank
vestibular disease. The authors were in agree-
ment with Peterka et al and found no significant
correlation for the cross-sectional maximum
age-related mean caloric response.79 Although
their study only examined the average maxi-
mum caloric response from the stronger ear,
they argued this likely reflects a more accurate
representation of the aging caloric response as it
minimizes any deleterious impact on the data
from previous subtle or significant vestibular
disease that is possible with advancing age.

Finally, Davidson and colleagues examined
the reproducibility of the caloric response in
15 younger subjects (20 to 30 years) and in 14
older subjects (65 to 75 years).81 They reported
that the intersubject variability of the total
caloric response was poor, citing a statistically
significant intersubject variability in caloric
responses in both young and older groups,
with older groups exhibiting a greater magni-
tude of variability.

Rotational Vestibular Testing

Rotational testing offers clinicians the oppor-
tunity to examine the peripheral and, to a lesser
extent, the central vestibular response using
highly controlled stimuli. Specifically, tests of
sinusoidal horizontal acceleration and velocity
step testing evaluate the VOR response of the
horizontal semicircular canal. Other rotational
test paradigms exist, like off-axis vertical rota-
tion, off-axis horizontal eccentric rotation, ves-
tibular-visual interaction testing, and VOR
fixation suppression testing; however, these
tests are less frequently performed and have

Table 1 Age-Related Ocular Motor Findings (adapted from Calder52)

Ocular Motor Function Clinical Findings Literature

Smooth pursuit Significantly reduced pursuit gain in elderly (66–87

y) compared with middle-aged (35–60 y)

Zackon and Sharpe66

Lower vertical tracking gain in elderly (70 � 8 y)

with increased phase lags for higher frequencies

compared with younger (30 � 6 y) subjects

Demer67

Lower tracking gain for predictable targets in the

elderly (70 � 8 y) with increased phase lags with

increasing target stimuli Hz compared with younger

(30 � 6 y) subjects

Demer67

Saccadic tracking Peak eye velocities reduced in the elderly (66–87 y)

to unpredictable targets

Sharpe and Zackon68

Latency and accuracy reduced for predictable and

unpredictable targets in the elderly (66–87 y)

Sharpe and Zackon68

Frequency hypometric saccades in the elderly (66–

87 y)

Sharpe and Zackon68

Increased latency and decreased peak eye velocity

with advancing age (20–68 y)

Pitt and Rawles69

Optokinetic Reduced optokinetic gain for elderly (70 � 8 years)

with greater phase lag than younger (30 � 6 y)

group

Demer67

184 SEMINARS IN HEARING/VOLUME 36, NUMBER 3 2015

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



been less frequently examined for age-related
effects.

The effects of aging on rotational testing
have primarily been examined using sinusoidal
harmonic acceleration and velocity step testing.
As early as 1974, Van der Laan and Oosterveld
examined the effects of aging on 774 healthy
individuals using a torsional swing test.74 They
reported age-dependent changes identifying a
significant decrease in slow-phase eye velocity
after 70 years of age. Subsequent studies using
sinusoidal harmonic acceleration testing further
confirmed diminished slow-phase eye velocity
with increasing age.79,82,83 In a well-controlled
study examining the effect of age on the hori-
zontal VORusing rotational testing and a sclera
search-coil technique, Paige identified distinct
effects of aging.70 Paige analyzed his patients
using three different age groups; young (18 to
44 years), middle-aged (45 to 69 years), and
elderly (70 to 89 years). He found VOR gain
and phase to be remarkably similar across age

groups with one notable exception. Paige iden-
tified lower VOR gain in the elderly for only the
lowest rotational frequency tested with a con-
comitant increase in VOR phase for the two
lowest frequencies tested when compared with
the young group. As for the higher rotational
frequencies, Paige reported no discernible dif-
ferences in VOR gain or phase between any age
group. When analyzing VOR linearity in re-
sponse to an increasing velocity stimulus from
50 to 300 degrees per second stimulus, Paige
identified a highly significant departure in
VOR gain in response to a 300 degrees per
second stimulus with the middle-aged and
elderly group exhibiting significantly lower
peak eye responses when compared with the
young group. Nonlinearity in VOR phase was
also highly significant and more robust than the
disparities seen with VOR gain. Although all
three groups were significantly different from
one another at 300 degrees per second, the
elderly group displayed the greatest departure

Table 2 Age-related caloric irrigation findings (adapted from Calder52)

Study Study Sample Findings

Bruner and Norris73 293 clinic patients with symp-

toms of dizziness and “normal”

vestibular testing

Increase in SPEV caloric response up

until 60–70 y with a subsequent decline

in response (greater for warm irrigations)

Van der Laan and Ooseterveld74 334 normal adult subjects Younger subjects (3rd decade) lower

nystagmus frequency and higher nystag-

mus amplitude than subjects > 50 y of

age

Clement et al75 Decreased SPEV with advancing age

Mulch and Petermann51 102 health adults from 11–70 y

of age divided into 6 age groups

Most intense SPEV response obtained

from middle to late middle-aged adults

with a decrease in SPEV only observed

after 60 y of age

Karlsen et al76 75 subjects aged 18–81 y Declining SPEV, duration, amplitude, and

frequency for warm irrigations beginning

at age 65–70 y

Ghosh77 78 subjects divided into 7 age

groups from 10–70 y

Overall decreasing SPEV as a function of

age during serial vestibulometry

Jacobson and Henry78 Significant declines in VOR fixation sup-

pression with advancing age

Peterka et al79 216 normal subjects from

7–81 y of age

No obvious changes in caloric response

with advancing age with a high degree

of response variability

Abbreviations: SPEV, slow-phase eye velocity; VOR, vestibular ocular reflex.

AGING OF THE HUMAN VESTIBULAR SYSTEM/ZALEWSKI 185

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



from linearity. Paige highlighted a similarity
between the changes seen in the elderly re-
sponse to those seen in younger patients with
bilateral vestibular lesions, suggesting the no-
tion that aging of the vestibular system may
mirror similar processes.

Enrietto et al investigated aging effects on
vestibular responses in a group of 57 healthy
volunteers aged 75 years and older (mean age of
82 years) who were able to complete an annual
evaluation over a 5-year time period.84 This
study represented the first efforts at identifying
VOR changes with a longitudinal study design.
Their results confirmed earlier reports by
Paige,70 detecting a decrease in rotational
VOR gain and a concomitant increase in
VOR phase lead for low-frequency, high-ve-
locity stimuli. They reported a highly signifi-
cant correlation in individual vestibular test
results from the first to the fifth year, suggesting
a high degree of reliability and stability to their
data.

Furman and Redfern also investigated age-
related VOR changes in the elderly.23 They
reported on 90 healthy subjects: 20 individuals
between the ages of 20 to 29 years, 30 individ-
uals between the ages of 60 to 69 years, and 30
individuals between the ages of 70 to 80 years.
Furman and Redfern identified a significantly
smaller low-frequency VOR phase lead in the
youngest group when compared with the mid-
dle-aged and oldest group. There were no
significant differences in VOR phase between
the two older groups. The authors further
determined a significant difference in the
VOR time decay constants that were estimated
form the sinusoidal data, citing significantly
longer VOR time decay constants between
the youngest and oldest group but not between
the two older groups. Also in this study, Fur-
man and Redfern offer one of few investigations
of otolith functional decline with advancing
age. Through off-vertical axis rotation, they
identified a significant increase in the modula-
tion component with a concomitant decrease in
the bias component in older individuals (60 to
79 years) when compared with younger subjects
(20 to 29 years). There were no significant
differences in either component between the
two older groups; however, the authors cited a
trend for a progressively smaller bias compo-

nent from 60 to 79 years of age. The authors
suggested these results reflect an age-related
decline of central vestibular processing likely
localizing to the nodulus and uvula of the
vestibule-cerebellum or its connections with
the vestibular nuclei. This hypothesis agrees
with previous reports alluded to earlier suggest-
ing age-related declines in velocity storage,
reduced OKN reflex nystagmus, and reduced
smooth pursuit. Such central vestibular proc-
essing declines may also reflect the subtle
manifestations of the anatomical deterioration
of the peripheral sensory structures.70 Such
deterioration would undoubtedly lead to a
consequential loss of velocity storage due to
the slow adaptation of central compensation
mechanisms.

Tian et al also investigated age-related
changes in otolith function but employed a
nontraditional stimulus of interaural, whole-
body linear heave acceleration using a pneu-
matically driven servo-controlled chair.85 The
authors compared the linear VOR (LVOR)
from a group of younger participants (18 to
31 years) against a group of older participants
(56 to 75 years). They identified significant age-
related differences in the heave LVOR consist-
ing of increased LVOR latency, decreased early
LVOR sensitivity, and decreased vestibular
catch-up saccades in darkness. Collectively,
the authors suggested that older individuals
might have deficient afferent input from their
otoliths, deficient central processing of otolith
input, or both. They hypothesized such con-
clusions are likely secondary to well-docu-
mented changes in sensory and neural
elements of the VOR pathways discussed
earlier.

Serrador and colleagues also investigated
loss of otolith function with age in 151 healthy
participants ranging in age from 21 to
93 years.86 They identified a significant age-
related linear decline in ocular counter roll
(OCR) during � 20-degree roll tilt at 0.005
Hz. Their data further identified a novel gen-
der-related rate of decline in OCR, with fe-
males demonstrating twice the decrease in
OCR per decade than males. Serrador and
colleagues also reported a significant correlation
between OCR decline and an increase in me-
diolateral postural sway, which has previously
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been shown to be a good predictor of falls,
particularly under somatosensory-dependent
conditions.87 In light of this relationship, the
authors postulated that the significant decline
in OCR (otolith function) might be a signifi-
cant predictor of falls in the elderly.

Finally, Chang and colleagues compared
VOR response characteristics between a group
of young (20 to 26 years) and old (63 to 84
years) individuals.88 In contrast to other reports,
these authors found no significant group differ-
ences in VOR gain or VOR phase for rotational
frequencies between 0.025 to 0.5 Hz (using a
standard 60 degrees per second peak velocity
stimulus). Additionally, Chang and colleagues
investigated whether psychophysical differen-
ces in the detection and discrimination thresh-
olds for earth-vertical axis rotations existed
between young and old individuals. They found
no significant differences in discrimination
thresholds between age groups. Furthermore,
the authors found no significant differences in
detection thresholds between young and older
participants. These data agree with Roditi and
Crane who employed similar stimuli but used a
slightly different forced-choice paradigm.89,90

Roditi and Crane suggested a possible trend for
higher detection thresholds with advancing age
when the stimulus frequency is increased above
0.5 Hz. However, due to a limited number of
successful trials in study subjects over the age of
50 years of age (n ¼ 1), the authors indicated
that no direct conclusions could be made for
higher frequency stimuli.

Cervical Vestibular Evoked Myogenic

Potential Testing

Investigations have documented age-related
changes in the cVEMP response. Researchers
investigating the effects of increased age have
suggested that a decrease in overall cVEMP
amplitude and an increase in cVEMP threshold
occurs with advancing age beginning around
the sixth to seventh decade of life.91–96 Janky
and Shepard investigated the effects of age on
various cVEMP parameters using click, 250-,
500-, 750-, and 100-Hz stimuli while control-
ling for sternocleidomastoid muscle activation
using a blood pressure cuff monitor.97 Janky and
Shepard indicated that previous reports may be

misleading or noncomparable secondary to the
lack of monitoring of sternocleidomastoid mus-
cle activation throughout these studies. They
identified significant mean differences between
age groups for P1 latency at 250, 500, 750 and
1,000 Hz as well as threshold at 500 and 1,000
Hz. Specifically, Janky and Shepard identified a
significant difference in P1 latency that was
dependent upon age for 250, 750, and 1,000 Hz
with subjects aged 20 to 29 years exhibiting
significantly longer P1 latencies than essentially
all other age groups for each frequency. Fur-
thermore, Janky and Shepard identified a sig-
nificant positive correlation between cVEMP
threshold and age and a significant negative
correlation between cVEMP amplitude and age
at 500 Hz. In short, Janky and Shepard con-
cluded that “age should be taken into account
when interpreting cVEMP threshold and that a
comparison of threshold response curves may
not be appropriate for individuals over 60 years
of age.”97(p. 521)

In a recent report by Akin and colleagues,
cVEMP amplitude was also found to have a
significant age effect, with the older age group
(61 to 86 years of age) having significantly
smaller cVEMP amplitudes than the younger
cohort (22 to 31 years of age).91 Aside from an
age effect on cVEMP amplitude, Akin and
colleagues also documented greater mean elec-
tromyography amplitude for the younger group
with a concomitant smaller cVEMP electromy-
ography amplitude variability. They concluded
that the decrement seen in cVEMP amplitude
is, therefore, associated with age-related
changes occurring in both the physiology of
the vestibular system as well as the sternoclei-
domastoid muscle. Finally, Agrawal and col-
leagues also identified significantly smaller
cVEMP amplitudes in a group of individuals
70 years of age and older when compared with a
group 50 years and younger.98

Ocular Vestibular Evoked Myogenic

Potential Testing

A few reports have investigated the effect of age
on the oVEMP. Iwasaki et al were the first to
report on the effects of age on the amplitude
and latency of oVEMP.99 In a brief statement,
Iwasaki and colleagues reported a significant
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decrease in average oVEMP amplitude with age
with a concomitant significant increase in
oVEMP N1 latency with age for a cohort of
67 normal healthy subjects ranging in age from
28 to 83 years (mean age 47 years). In a later
report from Rosengren et al, similar data were
presented from a group of 61 healthy normal
individuals from 20 to 80 years (10 subjects in
each decade).100 Specifically, they reported a
significant decrease in oVEMP amplitude with
increasing age, however, this effect was only
present for oVEMPs generated in response to
click stimuli. They failed to report any similar
effect on amplitude with tone-burst stimuli.
Independent of stimuli, Rosengren and col-
leagues showed a significant increase in
oVEMP threshold and slight prolongation of
N1 latency with increasing age.

Although both Iwasaki and colleagues and
Rosengren and colleagues showed significant
effects of age on oVEMP amplitude, neither
report performed post hoc analyses to deter-
mine if there was a specific age group that was
responsible for such age effects.99,100 It was not
until Piker et al investigated the normal char-
acteristics of the oVEMP that a post hoc
analysis revealed a clear effect of age on
oVEMP amplitude.101 They analyzed oVEMP
response data from three groups of normal
subjects: less than 18 years of age, between 18
to 49 years of age, and over 50 years of age. Post
hoc pairwise comparisons showed a significant
N1-P1 amplitude decrease and threshold in-
crease in the oldest group (�50 years of age)
when compared with both younger groups.

Nguyen and colleagues also identified a
significant decrease in oVEMP (and cVEMP)
amplitudes for subjects greater than 50 years of
age; however, they failed to find any significant
differences in latencies or asymmetry ratios.102

Agrawal and colleagues further confirmed a
significantly smaller N1 oVEMP amplitude
in a group of individuals 70 years of age and
older when compared with a group 50 years and
younger.98

In a recent cross-sectional age study, Tseng
et al investigated the effects of age on oVEMP
for 70 healthy individuals (26 to 76 years)
spanning six decades.103 Tseng and colleagues
were able to successfully record a bone-con-
ducted oVEMP in 100% of patients through

the sixth decade of life. However, responses
were obtained from only 22% and 8% of ears in
individuals within the seventh and eighth de-
cade of life, respectively. Thus, the mere ab-
sence or presence of an oVEMP response was
significantly different between those above and
below 60 years of age. Furthermore, Tseng and
colleagues identified a significant prolongation
in P1 and N1 latencies in individuals over
60 years of age, as well as significantly reduced
P1-N1 absolute amplitudes in individuals over
40 years of age.

Finally, Piker et al investigated the effect
of age on the tuning of oVEMP (and
cVEMP) responses recorded via air-con-
ducted stimuli at octave and interoctave fre-
quencies from 125 to 2,000 Hz.104 They
analyzed responses from 39 healthy partici-
pants (22 to 78 years) equally divided into
three groups: young adult (18 to 39 years),
middle age (40 to 59 years), and old adult (60
years or older). They identified a significant
main effect for age and frequency on the
amplitude of both the oVEMP and the
cVEMP response with the older group ex-
hibiting smaller overall response amplitudes,
particularly for 125, 250, 1,500, and 2,000
Hz. Piker and colleagues also identified a
significant loss of cVEMP tuning for the
oldest group with an overall potential higher
shift in tuning frequency for the older adult
group.

One possible reason for the significant
decline in the amplitude (or the mere presence
or absence of an oVEMP response) in elderly
individuals may be unrelated to utricular dam-
age. Because the absolute displacement of
visual gaze is shown to have such a potent
effect on oVEMP amplitude, it is possible that
the degree of upward gaze may have a relevant
and confounding impact secondary to advanc-
ing age. This is due to the fact that the degree of
maximal gaze is noted to decrease with age or
may be restricted due to certain pathologies or
physical limitations.105 Although the degree to
which ocular limitations contribute to an ab-
normal oVEMP response is unknown, other
factors are clearly possible. Age-related
changes in the mechanical properties of the
utricle and the saccule and/or changes in the
neuroelectrical responses of the maculae hair
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cells could account for some of the age-related
differences seen in individuals over 50 to
60 years of age.104

Video Head Impulse Testing and

Vestibular Autorotation Testing

Studies investigating the effects of aging on
vHIT and vestibular autorotation testing
(VAT) have been limited. Since 2009, less
than a few dozen reports have been published
on these topics and most have emerged during
the past few years. Most of these reports have
concentrated on the use of vHIT and specifi-
cally its use in pathologic populations and in the
development of normative response ranges in
healthy, young, and middle-aged individuals.

Only a handful of reports have investi-
gated the use of vHIT in the aging popula-
tion. Agrawal and colleagues investigated the
validity of using vHIT in the elderly.106 They
reported significant positive correlations be-
tween horizontal VOR gain responses from
six community-dwelling elderly individuals
(71 to 80 years of age) computed using sclera
search-coil methods and video-oculography
vHIT methods. From these data, Agrawal
and colleagues concluded the use of video-
oculography during vHIT is a reasonable and
valid method for recording VOR gain and
identifying corrective eye movements in el-
derly patients. Although the use of video-
oculography vHIT methods were not em-
ployed during an investigation of normal
results of 50 healthy older adults (70 to
95 years of age), Davalos-Bichara and
Agrawal argued for the use of vHIT second-
ary to their findings of 64% prevalence of
horizontal semicircular canal impairment in
patients 80 years and older identified by
clinical head thrust testing.107 More recently,
Matino-Soler and colleagues reported on
normative vHIT data from 10 distinct deca-
des of life using 212 subjects aged 5 to 95 years
(110 women and 102 men).108 They identi-
fied stable VOR gain, regardless of head
impulse velocity, through 70 years of age.
For individuals over 70 years of age, the
authors identified a progressive decrease in
VOR gain when compared with younger age
groups, but only for higher head impulse

velocities. However, a significant decrease
in VOR gain was observed for all head im-
pulse velocities for individuals greater than
90 years of age. Overall, when controlling for
age, sex, and head velocity, Matino-Soler and
colleagues identified a significant decrease in
VOR gain as both age and head impulse
velocity increased, with a greater number of
individuals exhibiting refixation saccades over
70 years of age. Finally, Li and colleagues also
published on the effects of aging on vHIT.109

They evaluated 109 elderly subjects with
vHIT ranging in age from 26 to 92 years.
Li and colleagues reported a nonlinear rela-
tionship between vHIT VOR gain and age.
They identified relatively stable gain between
the ages of 26 to 79 years, after which a
significant decline was observed. Specifically,
Li and colleagues identified a nearly eightfold
decrease in obtaining a vHIT VOR gain
greater than 0.80 relative to those less than
80 years of age. No significant associations
other than age were identified with a reduc-
tion in vHIT VOR gain, including cardio-
vascular risk factors.

The use of vHIT as a new and potentially
effective measure in identifying age-related
VOR changes in the elderly remains unclear.
However, these data continue to repudiate
any clear relationship between a decline in
vestibular physiologic evidence and geriatric
dizziness. In fact, McCaslin and colleagues
recently provided evidence highlighting the
absence of any predictive relationship be-
tween vHIT measures and self-reported diz-
ziness handicap.110

A limited number of studies have investi-
gated the effects of aging on VAT. Hirvonen
and colleagues measured VOR gain and phase
in 14 healthy elderly individuals (74 to 91 years)
during autorotation in the yaw plane from 0.5 to
5 Hz.111 When compared against 125 healthy
subjects of working age, the authors found an
increase in VOR gain and VOR phase lead
above 2 Hz. They also observed a substantial
loss of data from the elderly individuals above
2 Hz that was believed to be due to physical
restrictions (e.g., neck stiffness) or psychologi-
cal restrictions that self-limited higher frequen-
cy head shaking (which was hypothesized to
increase dizziness secondary to significant
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retinal slip). More recently, Hsieh et al evalu-
ated 53 healthy participants between the ages of
25 and 75 years using autorotations between 1
and 3 Hz.112 In contrast to the data presented
by Hirvonen and colleagues, these authors
reported a significant decline in mean eye
velocity with respect to head velocity beginning
at 55 years of age. Although the number of
reports on VAT and aging is limited, it is not
surprising the two reports differ in their con-
clusions given the large test variance and poor
test–retest reliability that is known to exist with
VAT.113,114

Comprehensive Vestibular Study

Maes and colleagues conducted one of the most
comprehensive clinical studies to investigate
age-related physiologic degeneration.25 The
authors provide a brief summary of the litera-
ture, which has been summarized in Table 3.
These authors cited a fundamental problem in
many age-related clinical studies, which may
account for the contradictory conclusions across
studies. Maes and colleagues concluded that
few researchers have ever “explored age-depen-
dent effects by means of multiple tests in the
same population, making it difficult to compare

Table 3 Summary of Age-Related Clinical Findings Adapted from Maes et al25

Clinical Measure Clinical Findings Literature

Rotational vestibular testing Reduced VOR gain for the low

frequencies

Wall et al83; Peturka et al79;

Paige71; Furman and Redfern23

Reduced VOR for the high

frequencies

Li et al115

Reduced VOR gain to higher stim-

ulus velocities

Paige70; Baloh et al28

Increased VOR phase lead for low

frequencies

Li et al115; Paige et al71

Increased VOR phase lead for high

frequencies

Baloh et al28; Peterka et al79;

Furman and Redfern23

VOR asymmetry None reported

Decreasing time constant Baloh et al28

Larger time constant asymmetry Stefansson and Imoto116; Dizio

and Lackner117; Furman and

Redfern23

Videonystagmography Decreasing max slow-phase

velocity

Stefansson and Imoto116

Increasing directional

preponderance

Stefansson and Imoto116

Increasing max slow-phase veloci-

ty to maximum age followed by a

slight decline

Bruner and Norris73 (60–70 y);

Karlsen et al76 (60–70 y); Mulch

and Petermann (50 y)51

No change reported Peterka et al79; Mallinson and

Longridge80; Zapala et al118

Vestibular evoked myogenic potential Decreasing absolute amplitude Welgampola and Colebatch95;

Ochi and Ohashi119; Su et al94;

Zapala and Brey96; Basta

et al120,121; Brantberg et al92;

Lee et al93

Increasing threshold Welgampola and Colebatch95;

Su et al94

Prolonged P1–N1 latencies Zapala and Brey96; Brantberg

et al92; Lee et al93

Abbreviation: VOR, vestibular ocular reflex.
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age trends between different function tests.” To
address this problem, they conducted a within-
subject design of 80 healthy participants from
18 through 80 years of age, all receiving rota-
tional testing, VEMP testing, and caloric test-
ing. Regarding rotational testing, the authors
concluded that age-related trends could only be
elicited when stimulus frequencies exceeded
100 degrees per second. In fact, they indicated
that stimulus velocities of 180 degrees per
second (or more) are needed to reveal age-
related trends, but even then are only subtle
VOR gain differences apparent for the oldest
group (>66 years of age). These criteria quickly
become clinically prohibitive as such stimuli are
often inappropriate for and/or not tolerated
well by older patients. Regarding caloric testing,
Maes and colleagues noted an increase in the
slow-phase velocity of the induced nystagmus;
particularly in response to warm irrigations.
Although Maes and colleagues admit that
this finding is not novel, their findings fail to
confirm a reported decline in nystagmus slow-
phase eye velocity with advancing age. They
hypothesized that this may be due to a lack of
study patients above 80 years of age, where
declines in caloric slow-phase eye velocity have
been reported. With respect to labyrinthine
symmetry and directional preponderance dur-
ing caloric testing, Maes et al reported no main
effects with advanced age, although a poorer
fixation suppression index was observed in their
older participants. They attributed this to pos-
sible age-related deterioration of the cerebellar
flocculus, pons, or mesencephalic visual centers.
Maes and colleagues are quick to highlight the
discrepancy within their own results; that is,
having age-related trends for a low-frequency
caloric stimulus while rotational stimuli of less
than 100 degrees per second were insufficient to
elicit age-related trends. They reported that
inconsistencies with the stability of the caloric
stimulus were likely to account for such dis-
crepancies. Finally, with respect to VEMP
testing, Maes and colleagues reported the larg-
est age-related trends. Results of their study
show a significant decline in absolute P1-N1
amplitudes, increasing thresholds, and decreas-
ing N1 latencies. These data show strong
agreement with the reported literature. Finally,
the authors call attention to the fact that any

within-group comparison of VEMP data to the
caloric or rotational data are inappropriate given
the fact that two distinct reflex pathways are
evaluated. Maes and colleagues summarized
their salient findings, noting that although
age-related declines in clinical data are often
subtle or nonsignificant, age-related trends are
more likely to be observed using more robust
stimuli. Unfortunately, this target population is
less inclined to tolerate such stimuli.

CONCLUSION
It is clear that current clinical methods for
documenting age-related declines in vestibular
function remain elusive. Themajority of clinical
studies investigating the age-related decline in
vestibular physiology have been unable to dem-
onstrate any strong correlation to the histologic
reports identifying an obvious decline in sensory
hair cell counts, particularly prior to 60 to
70 years of age.20,25 When abnormalities are
present, age-related differences are usually sub-
tle, often fall within the lower ranges of normal
limits, and/or exhibit larger variances making
statistically discernable differences from youn-
ger or middle-aged groups difficult. Although
significant central compensation mechanisms
are likely responsible for these observations, it is
inevitable that “at some critical point both
peripheral and central changes reach a level
that can no longer be compensated for and
vestibular function deteriorates.”28(p. 514) Paige
offers yet one additional explanation for such
poor correlations between clinical and histolog-
ic data.70,71 He suggests that the mild stimuli
used for most clinical evaluations of the vestib-
ular system may be insufficient to overcome the
compensatory and adaptive mechanisms pro-
vided by the central nervous system during the
slow aging process. In light of this, Paige
suggested more challenging and robust stimuli
be used to expose the elusive age-related
changes present inmany older patients. Furman
and Redfern also promoted the use of alterna-
tive and more robust clinical measures to in-
crease sensitivity to age-related changes.23

However, conducting more robust measures
like off-vertical axis rotation testing or high-
velocity step testing of at least 300 degrees per
second would likely be impractical and not well
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tolerated by elderly patients during routine
clinical testing. As it currently stands, the
stimuli employed during most routine clinical
vestibular assessments have proven to be largely
ineffective in segregating any age-related differ-
ences in vestibular function. The sensitivity of
vestibular testing for identifying age-related
physiologic changes is, therefore, questionable
given the current use of such impuissant stimuli.
As a result, most clinical data highlighting age-
related vestibular loss are widely varied in their
results and many conclusions are weak with
only subtle corollaries prior to 60 years of age.

Dizziness in the elderly is a significant
problem that has the potential to reach near
epidemic proportions over the next 20 to
30 years. The question still remains as to
whether or not the medical community is
prepared to handle such an impending chal-
lenge. Correctly differentiating a vestibular
etiology will undoubtedly be a critical compo-
nent to managing dizziness in the elderly.
However, this can be significantly more chal-
lenging in the geriatric population insomuch
that dizziness is often a multifocal and nebulous
symptom. Some have argued that aging is not
the cause of dizziness. Rather, dizziness is
secondary to comorbid conditions for which
older adults are more susceptible. Such con-
ditions would include metabolic, cardiovascu-
lar, central nervous system, gastrointestinal,
hormonal, polypharmacy, pharmacokinetics,
and pharmacodynamics.5 Comorbidities in
the elderly population, like a higher incidence
of polypharmacy, significantly complicate a
difficult clinical canvas by which etiologies of
a vestibular origin can correctly be identified. As
medical diagnoses broaden to include dizziness
as its own geriatric syndrome,122 our approach
to discovering the underlying etiologymust also
broaden. Cross-disciplinary medical care will be
imperative to effectively diagnose and treat such
a multifactorial and obscure condition as geri-
atric dizziness. Furthermore, it is clear that
advancements and alternatives to our current
battery of vestibular tests and stimuli are criti-
cally needed to better segregate and identify
age-related vestibular changes. As we stand on
the brink of a rapidly aging population, it is
abundantly clear that a tremendous challenge
lies ahead.
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