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Summary

The goals of this study were to collect normative data on asymptomatic, ambulatory, community-dwelling
adults on a standard diagnostic test of vestibular function in balance and to determine if their responses differ
significantly from younger adults. Subjects were divided into four age groups, 18—44 years (young), 45-69 years
(middle-aged), 70-79 (old), and 80-89 (elderly). Subjects were seen in the neurotologic diagnostic laboratory at
a tertiary care facility. Their dynamic balance was tested under a variety of sensory conditions using the
EquiTest (NeuroCom), a standard diagnostic test. The data from one subtest, the Sensory Organization Test
(SOT) were evaluated. These data showed significant age-associated declines in overall score and changes in
movement strategy. These results suggest that those parts of the vestibular system involved with balance have
age-related declines through the end of the life span, even in asymptomatic people, and that these changes do
not level off but continue into the ninth decade. Therefore, when elderly people are evaluated for balance
disorders age-appropriate norms should be used. These results also suggest that declines in motor performance
on laboratory tests are not directly related to reduced independence in essential activities of daily living in

elderly people.

Introduction

Falling by elderly people is a significant public health
problem. Thirty to forty per cent of community-
dwelling elderly people fall each year [1, 2] and falling
18 associated with high rates of morbidity and mortality
[3-6]. Of elderly people who fall, approximately two-
thirds have balance problems [2] and approximately
half of these have vestibular disorders [5]. Thus falling
may indicate one or more serious health conditions,
among which may be vestibular impairments.
Adequate diagnosis and treatment of problems that
cause falling require accurate information on balance in
the elderly population but few data have been available.
On a simple mechanical apparatus, Overstall et al.
showed age-associated differences in the angle of
sway during quiet stance [5]. More sophisticated tests
of dynamic postural control in a population sample
aged 7-81 years indicated a significant association of
age with the magnitude of postural sway and the
number of falls in response to sensory disturbances [7,
8]. Recent studies with behavioural tests and stabilo-
metry have shown age-associated changes in static
balance and in vertical spatial orientation skills that are
related to vestibular function [9, 10]. Possibly as a
consequence of decreased proprioceptive function in
older people [10], differences in the kinematics of
movement have been found between young adults and

older adults under 80 years of age [11] and between
young and middle-aged adults [12]. Differences in sway
velocity between young and elderly adults have also
been reported [13]. There has been a recent review of
the relevant literature [14].

Few studies have addressed dynamic balance in
subjects over 80 years of age as indicated by their
performance on the standard diagnostic tests for
vestibular and balance disorders. In the past 20 years
several standardized, computerized balance tests have
become commercially available. These ‘posturography’
tests are now considered part of the complete test
battery to assess vestibular function, since vestibulo-
spinal pathways contribute to postural control [15, 16].

To maintain balance when the feet are stabilized,
people use stereotyped synergies or movement patterns
known as strategies [17, 18]. Normal subjects typically
use combinations of two strategies: (1) the ‘ankle
strategy’, with most active anteroposterior sway about
the ankles and little active hip flexion—extension; and
(2) the ‘hip strategy’, with most anteroposterior sway
about the hip [17, 18]. Somatosensory or vestibular
impairments cause changes in the use of these strategies
under some circumstances [18].

Many elderly people complain of the symptoms of
vestibular disorders [5, 19, 20], but little normative data
are available on this population, especially at the upper
end of the age range. We evaluated dynamic postural
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Table 1. Means and standard deviations of subjects’ ages, sex
distribution and number of subjects per group

Age group Age (years) Sex No.
Young 30.0+7.7 17M1S5F 32
Middle-aged 58.1+6.9 10M 20F 30
Old 76.7+2.5 11M 8F 19
Elderly 83.5+£29 JMI10F 13

control in well elderly people using a standard
posturography battery. This battery, the EquiTest
(NeuroCom) has two subtests, Motor Coordination
and Sensory Organization Test (SOT), each of which
generates several measures. Recent evidence suggests
that the SO'T is more useful for detecting abnormalities
than either the motor coordination subtest or the scores
on centre of gravity alignment [21]. Therefore, this
report is limited to SOT scores.

Methods

Subjects: The sample comprised 94 asymptomatic, ambu-
latory, community-dwelling adults, divided into four age
groups: 18-44 years old (young), 45—-69 years old (middle-
aged), 70-79 years old (old), and 80 to 89 years old (elderly).
The age divisions were suggested by Paige’s work on age-
related changes in the vestibulo-ocular reflex [22]. Table I
gives the sample sizes and the age and sex distributions of the
groups. All subjects were independent in activities of daily
living [23] and had normal hearing. Old and elderly subjects
were screened with pure tone audiometry (Grason—Stadler,
Model GS117) at 40 dB from 500 to 4000 Hz. No subject had
a history of otologic or neurological disorder, or significant
orthopaedic disorder. No subjects took medications known to
affect vestibular function. Table II lists the various medical
problems subjects reported having, including old or mild
orthopaedic problems. All subjects, including those with
histories of orthopaedic problems, had range of motion in the
lower extremities and neck within functional limits. Subjects

Table I1. Subjects’ orthopaedic and other medical problems
as a percentage of the total sample

Orthopaedic
problems % Other medical problems %
Knee replacement 4 Hypertension 13
Foot injury 4 Other cardiac problems 10
Arthritis 4 Hysterectomy 8
Back pain 3 Thyroid problems 7
Fracture of leg 2 Prostate cancer 5
Fracture of ankle 2 Mild idiopathic tremor 2
Hip replacement 1 Head trauma > 25 years ago 4
Old knee injury 1 Diabetes 2
Breast cancer 2
Gall bladder removal 2
Appendicectomy 2
Colon cancer 1
Hepatitis 1
Skin cancer 1

were recruited from the faculty, staff, and students of Baylor
College of Medicine, their friends and families, community
groups, and volunteers at this medical centre.

Apparatus: Posturography was administered using the
EquiTest (NeuroCom International) computerized dynamic
postural test system. This apparatus includes dual-force
plates, which can be pitched up and down or translated in
the anterior—posterior direction; either motion provokes
dorsiflexion/plantar flexion rotations about the ankle.
During the test the subject wears a safety harness and
stands upright, centred on the force plates with the medial
malleoli of the ankles centred over the centres of rotation of
the force plates. The subject faces a screen with a coloured
visual scene that surrounds the subject on three sides.

The Sensory Organization Test has been described in detail
elsewhere [7, 11, 15, 24] and will be described only briefly
here. Visual and kinaesthetic stimuli are manipulated in the
six conditions of the test, each of which has three 20-second
trials. In condition 1, the control condition, all sensory
information is available for use. The subject stands still and
looks straight ahead. In condition 2, the subject’s eyes are
closed. In condition 3 the subject watches the visual scene,
which moves in phase with the subject’s postural sway (sway-
referenced vision), providing visual/vestibular conflict and
making visual information unreliable. In conditions 4, 5 and
6, the visual manipulations of conditions 1, 2 and 3,
respectively, are repeated but the force plates are pitched in
phase with the subject’s postural sway, making available
kinaesthetic information unreliable. Figure 1 summarizes the
test conditions.

Results

Equilibrium scores: Data were collected and analysed
using software supplied by the manufacturer (Neuro-
Com International, versions 3 and 4), which continu-
ously records the position of the centre of pressure over
the force plates during each trial. A difference score is
computed from the theoretical range of normal antero-
posterior sway (12.5°) and the maximum range of sway of
the subject on each trial; that score is expressed as a
percentage. The higher the score, the less the subject
swayed. A trial ended by a fall (injury being prevented by
the safety harness) is scored at zero.

For each subject the mean data from the three trials
per condition were used. Repeated-measures analysis of
variance (ANOVA) on the SOT equilibrium score
showed significant main effects of age: F(3,90) =23.24,
p < 0.0001, and test condition: F(5,90)=355.91,
p < 0.0001, and a significant age by test condition
interaction: F(3,5,15)=38.1, p < 0.0001. Post hoc Bon-
ferroni tests at the 1% level of significance (correspond-
ing to p < 0.0017) showed no significant differences
among the groups on condition 1. On conditions 2, 4 and
5 young subjects had significantly higher scores than old
subjects; on conditions 2 through 6 young subjects had
significantly higher scores than elderly subjects; on
conditions 4 through 6 middle-aged subjects had
significantly higher scores than elderly subjects. Also,
on Bonferroni tests at the 5% level of significance
(corresponding to p < 0.0083), young subjects had
significantly higher scores than old subjects on condi-
tion 3; middle-aged subjects had significantly higher
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Figure 1. Conditions of the Sensory Organization Test, adapted from Nashner [32], and used with permission.

scores than elderly subjects on condition 3; old subjects
had significantly higher scores than elderly subjects on
conditions 5 and 6. No other significant differences were
found. Figure 2 illustrates these data.

Tests of homogeneity of variance were performed to
examine differences in the magnitudes of the variances of
the different age groups. In general, except for condition
1, older subjects had more variable responses than
younger subjects, as Figure 2 illustrates. On condition 1,
young and old subjects were more variable than middle-
aged and elderly subjects. On conditions 2 through 6, old
and elderly subjects did not differ significantly on the
amount of variability of their responses. Table 111 lists the
post hoc Bonferroni levels of significance. As the table
indicates, the exact levels of significance varied pairwise,
but, in general, young and middle-aged subjects differed
from old and elderly subjects.

Number of falls: Repeated measures ANOVA on the
number of falls per condition showed significant main
effects of age: F(3,90)=11.0, p < 0.0001, and test
condition: F(5,90)=12.5, p < 0.0001 and a significant
age by test condition interaction: F(3,5,15)=7.1,
p < 0.0001. Post hoc Bonferroni tests at the 1% level
of significance showed that young and middle-aged
subjects had significantly fewer falls on conditions 5
and 6 than elderly subjects and on condition 6 old
subjects had significantly fewer falls than elderly
subjects. No other significant differences were found.
No subjects fell on conditions 1, 2, and 3; on condition 4
one elderly subject fell once. Table IV shows these data.

. Tests of homogeneity of variance showed that on
condition 5 and 6, in general, younger subjects had less
variability than older subjects. On condition 5, middle-
aged subjects differed significantly from old and elderly
subjects at less than the 1% level and old subjects
differed from elderly subjects at the 2% level of
significance. On condition 6, young subjects differed
from the other groups at less than the 1% level and
middle-aged subjects differed from old and elderly

subjects at less than the 1% level of significance. No
other significant differences were found. Old and
elderly subjects did not differ on the amount of
variability in their scores on condition 6.

Strategy scores: The strategy score is also a difference
score expressed as a percentage. This score includes the
difference between the maximum and minimum sheer
forces generated by the subject, divided by a constant
representing the theoretical sheer force difference in
normals and normalized. The higher the score the
greater the use of an ankle strategy rather than a hip
strategy.

Condition 1

100

s TR

i

Condition 3

%

Equilibrium Scores

Condition 5 Condition 6

Young Middle Old Elderly Young Middle Old BEderly

Age Ranges
Figure 2. Sensory Organization Test equilibrium scores by

condition and age group. Error bars represent standard
deviations.
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Table II1. Variability of standard deviations

Conditions
Age
pairs 1 2 3 4 5 6
Y/M 0.01 — — — — —
Y/O — 0.05 *0.01 — *0.01 0.02
Y/E 0.01 *0.01 *0.01 *0.01 *0.01 *0.01
M/O 0.01 0.04 0.01 — — 0.01
M/E — 0.02 *0.01 *0.01 *0.01 *0.01
O/E 0.01 — — — — —

Y, young (18—-44); M, middle-aged (45-69); O, old (70-79);
E, elderly (80-89 years).

For each combination of age pair and condition for which a
significant difference was found, the p value for the post hoc
test is given: *0.01 indicates that the probability of a type I
error was 0.001 or smaller. Where no value is given the groups
did not differ significantly.

On these scores, repeated measures ANOVA showed
significant main effects of age: F(3,90) = 17.5, p < 0.0001,
and test condition: F(5,90)=19.8, p < 0.0001 and a
significant age by test condition interaction:
F(3,5,15)=6.1, p < 0.0001. Post hoc Bonferroni tests
were performed at the 1% level of significance. On
conditions 1 through 6 young subjects had significantly
higher scores than old subjects and elderly subjects. On
conditions 2, 3, 4 and 6 middle-aged subjects had
significantly higher scores than elderly subjects. No
other significant differences were found. These data are
shown in Figure 3.

Tests of homogeneity of variance were also per-
formed on these data, at the 1% level of significance. In
general, the responses of younger subjects were less
variable than the responses of older subjects. On
conditions 1 and 4, young subjects had significantly
less variability than middle-aged subjects. On condi-
tions 2 through 6, young subjects had significantly less
variability than old subjects. On conditions 2, 3 and 6
young subjects had significantly less variability than
elderly subjects. On conditions 3 and 6 middle-aged

Table IV. Means and standard deviations of the number of
falls on each SOT condition in each age group

Age group
SOT
condition Young Middle old Elderly
1 0.03 (0.2) 0 0 0
2 0 0 0 0
3 0 0 0 0
4 0 0 0 0.1 (3)
5 0 0.7(0.3) 0.3(0.6) 0.7 (1.2)
6 0.3 (0.2) 0.1(0.3) 0.3(0.7) 1.1 (1.3)

Condition 2
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3

sl T
B Ty

Condition 5 Condition 6

Young Middie Oid Elderly Young Middie Old Elderty

Age Ranges

Figure 3. Sensory Organization Test strategy scores by
condition and age group. Error bars represent standard
deviations.

subjects had significantly less variability than old
subjects. On conditions 2 and 3 middle-aged subjects
had significantly less variability than elderly subjects.
No other significant differences were found.

Discussion

These data indicate age-associated changes in the
ability to maintain dynamic balance and may reflect
age-related changes in the vestibular system, such as
the known anatomical changes (25-29). The range of
scores suggests that these changes begin in mid-life and
become more pronounced with increasing age, but are
not uniform within each age range.

The differences in the scores among age groups on
conditions 1 and 2 suggest underlying differences in
the ways in which young adults maintain an upright
stance. This idea is supported by the low variability of
young subjects’ scores. Although the strategy scores
are inexact descriptors, recent work [24] indicates that
these scores reflect subjects’ kinematics accurately.
Thus, these data suggest that young adults typically
combine ankle and hip strategies to maintain their
balance, using active ankle and hip flexion. The more
variable scores in the older subjects, confirming
previous work [11], suggest that older adults use a
wider range of strategies. Differences in motor
planning would be attributed to age-related changes
in musculoskeletal status or differences in motor
planning skill.

This finding has some implications for therapy. If
older and younger adults use different strategies to
maintain their balance successfully, then training
paradigms for balance-impaired adults would vary
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by age group. Standard training paradigms may
benefit younger subjects, many of whom use similar
movement strategies, but these paradigms may not
benefit as many older adults, whose preferred move-
ment patterns may vary more as their individual
physical capabilities vary.

All subjects in this study lived independently in the
community. Despite obvious differences in their
physical capabilities and the differences detected in
their vestibular and oculomotor systems described in
this paper and elsewhere [30, 31], even the oldest
subjects were independently ambulatory and able to
perform essential self-care tasks without assistance,
although their endurance and speed of task perfor-
mance may have decreased. Thus, motor performance
on such laboratory tests can decline substantially before
exceeding the threshold for clinical pathology. This
behavioural plasticity allows people to be functionally
independent within a wide range of ability and postural
skill across the life span.

Acknowledgements

Supported by the Clayton Foundation for Research. Some
subjects were recruited from the volunteer registry of the
Huffington Center for Aging, Baylor College of Medicine.
Some data from this study were taken from a professional
project submitted by Lori G. Heaton in partial fulfilment of
the requirements for the Master of Occupational Therapy
degree. The authors thank Margaret Kallsen and Kim
Schmidt for their assistance.

References

1. Prudham D, Grimley Evans J. Factors associated with
falls in the elderly: a community study. Age Ageing 1981;
10:141-6.

2. Tinetti ME, Speechley M, Ginter SF. Risk factors for
falls among elderly persons living in the community.
N Engl ¥ Med 1988;319:1701-7.

3. Brocklehurst JC, Exton-Smith AN, Lempert Barber SM,
Hunt LP, Palmer MK. Fracture of the femur in old age: a
two-centre study of associated clinical factors and the
cause of the fall. Age Ageing 1978;7:7-15.

4. Droller H. Falls among elderly people living at home.
Geriatrics 1955;10:239-44,

5. Overstall PW, Exton-Smith AN, Imms FJ, Johnson AL.
Falls in the elderly related to postural imbalance. Br Med ¥
1977;1:261-4.

6. Rubenstein LZ. Falls in the elderly: a clinical approach.
West ¥ Med 1983;138:273-5.

7. Peterka R], Black FO. Age-related changes in human
postural control: sensory organization tests. J Vest Res
1990;1:73-85.

8. Peterka R], Black FO. Age-related changes in human
postural control: motor coordination tests. ¥ Vest Res
1990;1:87-96.

9. Lord SR, Ward JA. Age-associated differences in sensori-
motor function and balance in community dwelling
women. Age Ageing 1994;23:452-60.

10. Colledge NR, Cantley P, Peaston I, Brash H, Lewis S,
Wilson JA. Ageing and balance: the measurement of
spontaneous sway by posturography. Gerontology 1994;40:
273-8.

11. Alexander NB, Shepard N, Gu M], Schultz A. Postural
control in young and elderly adults when stance is
perturbed: kinematics: ¥ Gerontol 1992;47:79-87.

12. Keshner EA, Alum JH], Honegger F. Predictors of less
stable postural responses to support surface rotations in
healthy human elderly. ¥ Vest Res 1993;3:419-29.

13. Baloh RW, Fife TD, Zwerling I, et al. Comparison of
static and dynamic posturography in young and older
normal people. ¥ Am Gertatr Soc 1994;42:405-12.

14. Alexander NB. Postural control in older adults. ¥ Am
Geriatr Soc 1994;42:93-108.

15. Zane RS, Rauhut MM, Jenkins HA. Vesitbular function
testing: an evaluation of current techniques. Otolaryngol
Head Neck Surg 1991;104:137-8.

16. Black FO. Vestibulospinal function assessment by moving
platform posturography. Am ¥ Otol 1985;6(suppl):39-46.

17. Horak FB, Nashner LM. Central programming of
postural movements: adaptation to altered support-
surface configurations. J Neurophysiol 1986;55:1369—
81.

18. Horak FB, Nashner LM, Diener HC. Postural strategies
associated with somatosensory and vestibular loss. Exp
Brain Res 1990;82:167-77.

19. Droller H, Pemberton ]. Vertigo in a random sample of
elderly people living in their homes. ¥ Laryngol Otol
1953;67:689-94.

20. Sheldon JH. The soctal medicine of old age: report of an
inquiry in Wolverhampton. London: Oxford University
Press, 1948.

21. Keim R]J. Clinical comparisons of posturography and
electronystagmography. Laryngoscope 1993;103:713-16.

22. Paige GD. Senescence of human visual-vestibular
interactions: 1. Vestibulo-ocular reflex and adaptive
plasticity with aging. ¥ Vest Res 1992;2:133-51.

23. Heaton LG. Vestibular function in the asymptomatic
elderly: clinical implications [Professional project]. Texas
Woman’s University, 1994.

24. Shepard NT, Schultz A, Alexander NB, Gu M],
Boismier T. Postural control in young and elderly
adults when stance is challenged: clinical versus labora-
tory measurements. Ann Otol Rhinol Laryngol 1993;102:
508-17.

25. Bergstrom B. Morphology of the vestibular nerve: I1. The
number of myelinated vestibular nerve fibers in man at
various ages. Acta Otolaryngol ( Stockh) 1973;76:173-9.

26. Fujii M, Goto N, Kikuchi K. Nerve fiber analysis and the
aging process of the vestibulocochlear nerve. 4nn Otol
Rhinol Laryngol 1990,99:863-70.

27. Johnsson L-G. Degenerative changes and anomalies of
the vestibular system in man. Acta Otolaryngol 1971;81:
1682-94.

28. Lopez I, Baloh R, Honrubia V. A morphometric study of
aging in the human vestibular nuclei. ARO Abstracts
1994;17:33.

29. Rosenhall U, Rubin W. Degenerative changes in the
human vestibular sensory epithelia. Acta Otolaryngol
1975;79:76-80.

30. Cohen H, Heaton L, Congdon SL, Jenkins HA. Changes
in oculomotor control with age. Soc Neurosci Abstr
1994;20:1195.

31. Cohen H, Heaton I, Congdon SL. Age-related changes in
vestibular function. ARO Abstracts 1994;17:76.

32. Nashner LM. EquiTest system operator’s manual, version
4.04. Clackamas, OR: NeuroCom International, Inc.,
1992.

9T0Z ‘9T Jequeides uo 1sanb Aq /6io'sfeuunopiojxoBu e/ :dny wouj pspeojumoq


http://ageing.oxfordjournals.org/

Authors’ addresses

H. Cohen, S. L. Congdon, H. A. Jenkins
Department of Otorhinolaryngology,
Baylor College of Medicine,

One Baylor Plaza,

Houston, TX 77030 USA

H. COHEN ET AL.

L. G. Heaton

School of Occupational Therapy,
Texas Woman’s University,
Houston, TX, USA

Received in revised form 1 June 1995

9T0Z ‘9T Joquieidss uo 1sanb Aq /Bio'sfeuinolp.oxo buele//:diy wol) pspeojumoq


http://ageing.oxfordjournals.org/

