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Abstract

Background—In older adults, impaired control of standing balance in the lateral direction is
associated with increased risk of falling. Assessing the factors that contribute to impaired standing
balance control may identify areas to address to reduce falls risk.

Aim—To investigate the contributions of physiological factors to standing lateral balance control.

Methods—Two hundred twenty-two participants from the Pittsburgh site of the Health, Aging
and Body Composition Study had lateral balance control assessed using a clinical sensory
integration balance test (standing on level and foam surface with eyes open and closed) and a
lateral center of pressure tracking test using visual feedback. The center of pressure was recorded
from a force platform. Multiple linear regression models examined contributors of lateral control
of balance performance, including concurrently measured tests of lower extremity sensation, knee
extensor strength, executive function, and clinical balance tests. Models were adjusted for age,
body mass index, and sex.
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Results—Larger lateral sway during the sensory integration test performed on foam was
associated with longer repeated chair stands time. During the lateral center of pressure tracking
task, the error in tracking increased at higher frequencies; greater error was associated with worse
executive function. The relationship between sway performance and physical and cognitive
function differed between women and men.

Discussion—Contributors to control of lateral balance were task-dependent. Lateral standing
performance on an unstable surface may be more dependent upon general lower extremity
strength, whereas visual tracking performance may be more dependent upon cognitive factors.

Conclusions—Lateral balance control in ambulatory older adults is associated with deficits in

strength and executive function.

Keywords
Aging; Balance; Visual Feedback; Posturography; Executive Function

Introduction

Much investigation has been devoted to understanding what factors contribute to falls and
imbalance leading to falls.[1] In particular, multifactorial examinations of large cohorts have
been useful because of their ability to extract the most important risk factors while
accounting for important covariates.[2] Nonetheless, we continue to lack a clear
understanding of how these risk factors relate to the mechanisms of falling.

Impaired standing balance is one of several components of balance that has been related to
falls, especially in the medio-lateral direction.[3,4] Assessment of the physiological factors
that contribute to impaired standing balance control may identify overlooked areas to
address to reduce falls risk. For example, age-related changes in somatosensation,[5,6]
vision,[7] and vestibular function[8] have been related to poor balance and increased fall
risk. Reduced lower extremity muscle strength and power have been associated with
impaired balance as well.[9,4,10] Recently, executive dysfunction has been related to
impaired mobility in terms of reduced gait speed and balance performance.[11-13]

Assessment of balance requires the evaluation of many different domains, including
biomechanical factors, responses to internal and external perturbations, and walking control.
[14] One of the domains that has been studied most frequently is the sensory control of
standing balance, which involves coordination of sensory inputs (i.e. vision, lower extremity
somatosensation, and vestibular sensation), and their integration in the central nervous
system to produce an appropriate motor response. Aging has a definitive negative impact on
performance of these tests.[8,15], but the large majority of these studies have utilized older
adults less than 80 years.[16,17,8] The current investigation provides important information
about this balance domain in large sample of adults with a mean age of 85.

Another balance domain that has been assessed involves the ability to control movement of

the body through weight shifting. Frequently this has been assessed by recording a person’s
maximum excursion in the anterior-posterior or medial-lateral directions. Other studies have
measured the ability to control the weight shifting by having participants track a target using
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visual feedback.[18-21] These tests have shown an age-related effect of decrease in
maximum excursion and worse performance on the tracking tasks in older adults.[21,18]
Because impaired control of balance has an association with falls risk, it is important to
discover what other physiological factors relate to this control.[3]

The purpose of this study was to investigate the contributions of physiological factors on
standing balance control, using a standard test of sensory balance control as well as a novel
visual feedback test of controlling lateral weight shifting. We hypothesized that the
contributors to the two types of standing balance control would differ, such that a tracking
task would engage cognitive factors, and the sensory test would involve sensorimotor
factors.

Participants consisted of 222 men and women (55% female; mean age 85+SD 3 years, 43%
Black) with postural control data from the Healthy Brain Project (HBP), an ancillary study
to the Health, Aging and Body Composition (Health ABC) Study. The Health ABC study is
a longitudinal cohort study of black and white, initially well-functioning, community
dwelling older men and women from Pittsburgh, PA and Memphis, TN (n=3075; age 70-79;
48.4% male; 41.6% Black at baseline in 1997-98) that originated in 1997 to examine
relationships between body composition and other health measures related to incident
functional limitations and disability. Participants were recruited via mailings to a random
sample of white Medicare beneficiaries and to all age-eligible black Medicare beneficiaries
as well as community residents. Eligibility criteria included: no self-reported difficulty in
walking ¥ mile, climbing 10 steps, or performing any basic activity of daily living; no life-
threatening cancers; and plans to remain in the study area for at least the next three years.
The study protocol was approved by the University of Pittsburgh and all participants
provided informed consent. The population has been described elsewhere.[22]

Lower extremity sensory function was assessed by testing vibration sense, pressure
sensation, and pin-prick sensation. Knee extensor isometric strength was measured using a
dynamometer (Kin-Com, model 125 AP,Chattanooga, TN) with a maximum effort for 5
seconds. Peak and average torque during this time was recorded as described elsewhere.[23]
The Modified Mini-Mental State examination was administered in order to characterize the
general cognitive functioning of the sample.[24]

Three pen and paper measures of executive function were administered: the Digit Symbol
Substitution Test (DSST, number of symbols completed in 90 s),[25] the 15-item Executive
Interview (EXIT 15, score 0-30 with 0 best, adapted from the EXIT 25 for the Health ABC
study),[26] and the Executive Clock Drawing Task (CLOX 1, score 0-15 with 15 best).[27]
Executive function performance is reported in Table 1.

The Short Physical Performance Battery (SPPB) was developed as a measure of physical
performance for a longitudinal study of aging conducted by the National Institutes on Aging.
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[28] Included in the SPPB are gait speed over 6 m, timed chair stands, and standing with
different bases of support. Eleven percent of the participants were not able to perform the
timed chair stands, and 19% were not able to complete the entire SPPB. The performance of
the timed chair stands and gait speed subtests and total score of the SPPB are also reported
in Table 1.

Sensory Control of Standing Balance Test

The test of standing balance was based on the original Clinical Test of Sensory Interaction
on Balance,[29,30] which was designed to assess how people utilize the three most
important sensory modalities for balance. Thus, the test assesses use of vision,
somatosensation and peripheral vestibular sensation in 4 test conditions: eyes open and eyes
closed on a stable surface (a force platform), and eyes open and eyes closed on a compliant
surface (a 7.5 cm thick medium-density foam pad). The participants stood upright with feet
together, for as long as they could up to a maximum of 30 seconds or until they lost their
balance or took a step. Participants wore a safety harness and were guarded by a research
technician. Ground reaction forces were recorded from the force platform (Bertec Corp)
using Labview software (National Instruments, Inc.), and the root mean square (RMS) of the
center of pressure (COP) in the antero-posterior (AP) and medio-lateral (ML) directions was
computed for trials that lasted at least 15 s. The RMS of the COP is a measure of the
variability of displacements of the COP and represents the overall power in the signal.
Although more sophisticated measures are available, the RMS was chosen due to its ease of
interpretation.

Lateral Center of Pressure Tracking Test

Participants performed a postural control test in which they controlled the movement of their
medio-lateral center of pressure (ML COP) using visual feedback (Figure 1). The reason for
concentrating on lateral step behaviors is that the control of postural reactions in the lateral
direction appears to be related more to a history of falling than control in the anterior-
posterior direction.[3] In addition, the visual feedback task will engage cognitive resources
that may provide greater information about the health of the conscious postural control
system. Subjects stood on the force platform with their feet 16 cm apart. On a computer
monitor approximately 1.5 m in front of the subjects, an open circle moved back and forth
along a horizontal line. In addition, an “X” that represented the subject’s ML COP was
displayed on the same horizontal line. Subjects were instructed to keep the “X” inside the
open circle. Four trials of 60 s duration were performed in which the circle moved
sinusoidally at 0.25 Hz, a frequency close to the RMS of the COP during quiet stance in
older adults. Additionally, frequencies of 0.125 Hz, 0.5 Hz, and 0.75 Hz were added, with
four trials of 60s duration each. These frequencies were chosen because they span the range
of frequency of typical spontaneous sway.[31] The order of the trials was from the slowest
(0.125Hz) to the fastest (0.75Hz) of the frequencies of target’s movements. The target’s
movement was scaled to a range of 16 cm, so that during slow movements, participants
would be shifting their weight from one foot to the other while keeping both feet in contact
with the platform. The RMS error between the position of the target and the ML COP was
computed.
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Statistical Analysis

Results

Chi-square tests were used to examine the association between demographic variables (age,
sex, body mass index) and performance during the sensory control and lateral COP tracking
tests. A repeated measures ANOVA tested for the effect of static standing balance condition
on the RMS ML COP, and the effect of frequency of the tracking task (e.g. the speed of
movement of the target) on the RMS error, respectively. Post-hoc analysis of significant
effects was conducted using Sidak correction for multiple comparisons. A significance level
of a = 0.05 was used.

Multiple linear regression was used to examine the contribution of measures of sensation,
strength, and cognition to medial-lateral balance performance. The dependent variables were
the z-scores of the RMS COP of quiet stance on foam with eyes open, and RMS error during
the lateral tracking task at 0.25 Hz. An initial model was constructed by entering age, sex
and body mass index. Then three additional models were evaluated by independently
examining the contribution of: 1) sensation (i.e. the presence of any abnormal sensation
test), 2) strength (timed performance of 5 chair stands, and peak knee extension torque), and
3) cognition (DSST, EXIT15, and CLOX1 performance). For the strength and cognition
models, the variables were entered stepwise, using p < 0.05 as the entrance criterion.
Additional models were constructed stratified by sex when sex was a significant factor in the
regression.

Sensory Control of Standing Balance

The ability to complete the sensory control test was strongly affected by visual input and
surface support conditions. Ninety-four and 95% of the subjects were able to stand for at
least 15 seconds on a level surface with eyes open and closed. When standing on foam, the
percent of subjects who could complete at least 15 seconds dropped to 78% with eyes open
and 44% with eyes closed. Factors that were associated with inability to stand for at least 15
s on foam with eyes closed included any abnormal lower extremity sensation test result (p =
0.002), higher BMI (p = 0.034), worse performance on the DSST (p = 0.003), slower
repeated chair stands (p = 0.002), slower gait speed (p = 0.013), and lower SPPB score (p =
0.001).

Similarly, the RMS of the ML COP was significantly influenced by the visual input and
surface support conditions (p < 0.001, Figure 2). While no difference in RMS COP was
detected between the eyes open and eyes closed conditions on a level surface (pairwise p =
0.90), the RMS COP increased significantly when performed on the foam surface with eyes
open (pairwise p < 0.001 vs. level surface conditions), and even more with eyes closed on
the foam (pairwise p < 0.001 vs. all other conditions).

We only include results of the multiple linear regression related to performance during the
foam, eyes open condition because it produced significantly greater sway than the level
surface condition, and was not as affected by subjects not completing the tests as compared
with the foam, eyes closed condition. Age, sex and BMI explained 12% of the variance in
performance on the foam, eyes open condition. Of the three predictor variables in the initial
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model, age was not associated with RMS COP, but men produced greater RMS COP than
women, and greater sway was related to greater BMI. To this initial model, there was no
additional contribution of abnormal sensation, knee extensor strength, or cognition.
However, timed chair stands explained an additional 10% of the variance in performance (
=0.306, p < 0.001, Table 2). Slower performance on the repeated chair stands was
associated with larger RMS of the COP (e.g. greater sway) while standing on foam with
eyes open, independent of age, sex and BMI. Because sex was a significant predictor of
performance, the regression analysis was stratified by sex (Table 2). These subgroup
analyses showed that the relationship between timed chair stands and sway was greater in
women compared with men. Furthermore, unexpectedly, greater peak knee extensor strength
in women was associated with greater sway.

Lateral Center of Pressure Tracking Test

Between 87% and 92% of the participants were able to successfully perform the pressure
tracking test across the frequencies of target movement. An example of two subjects’ ability
to perform the task is illustrated in Figure 3. The first subject was able to track the target
with accurate amplitude and timing (Figure 3a), whereas the second subject had errors in
both amplitude and timing (Figure 3b). The size of the RMS error (e.g. difference between
the target position and COP) increased with faster frequency of target movement (Figure 4, p
< 0.001). Post-hoc analysis revealed that the RMS error increased significantly at each
successive frequency, from 3.3 cm at 0.125 Hz, 3.9 cm at 0.25Hz, 6.2 cm at 0.50 Hz and 6.8
cm at 0.75 Hz. The size of error in tracking task was not associated with the magnitude of
RMS COP during the sensory control tests.

We first present results for the trials with the 0.25 Hz lateral tracking task because it had the
greatest amount of variance explained by the predictor variables (Table 3). Age, sex and
BMI explained 16% of the variance in the target tracking performance. Of the three
predictor variables in the initial model, only sex was significantly associated with tracking
performance, with females having greater error than males. Abnormal sensation and strength
did not provide any additional information to the variance in tracking error. Greater RMS
error was related to worse performance on the DSST (f = —0.213, p = 0.002), explaining an
additional 4% variance, independent of age, BMI and sex. Since sex was a significant
predictor of performance, the regression analysis was again stratified by sex (Table 3). In
men, the association between DSST performance and error in tracking performance was not
significant, perhaps as a result of smaller sample size. However, in women, a significant
association between DSST and lateral tracking error was found, and explained 7% additional
variance.

Associations of RMS error at the slower (0.125 Hz) and faster (0.50, and 0.75 Hz)
frequencies with the predictor variables resulted in lower amount of variance explained
compared to the model at 0.25 Hz. At 0.5 Hz, worse performance on the DSST was a
significant predictor of greater RMS error (B =-0.173, p = 0.019) independent of age, BMI
and sex. Finally, at 0.75 Hz, worse performance on the EXIT 15 was a significant predictor
of greater RMS error (B = 0.272, t = 3.79, p < 0.001), independent of age, BMI and sex.
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Discussion

We observed greater variability in center of pressure during the conditions of eye closure and
on foam, which is typical of most studies that assess sensory contributions to balance
control.[16,17] The larger increase in sway during stance on foam compared with closing
the eyes suggests that older adults rely more on somatosensation for balance control
compared with vision.[32]

We also investigated control of balance using a visual feedback center of pressure tracking
task, which engaged cognitive resources other than the relatively automatic postural
responses assessed in the sensory control of standing balance task. The RMS error between
the target and the center of pressure increased as frequency increased. Additional analysis of
the center of pressure revealed that the increase in error was due to a combination of reduced
amplitude of movements at the 0.5 and 0.75 Hz tracking frequencies, and an increased phase
lag between the target and center of pressure as the frequency increased. Although the
increase in error has not been demonstrated in postural tracking tasks before, it has been
demonstrated in a manual tracking task.[33]

Other research studies have examined the performance of weight shifting using visual
feedback as a method for assessing balance control. For example, Lord et al (1996)
discovered that greater errors in this balance performance were related to strength and
reaction time, but it is important to note that sensation was not measured.[20] Cofre-Lizama
et al. developed a center of mass tracking task in the medial-lateral direction that assessed
performance across a range of frequencies from 0.1 to 2.0 Hz.[18] Healthy older adults had
reduced amplitude and greater phase lag compared with young adults, suggesting that older
adults would have had increased error in performance.[18] Yeh et al. examined the effect of
age on performance of a center of pressure tracking task and discovered worse performance
in older adults, that was amplified when delays in visual feedback were increased.[21]

We used multiple linear regression to examine the contribution of intrinsic factors of
sensation, strength and cognition to performance on the static standing and lateral tracking
control task. The primary contributor to the sensory control of standing task after adjusting
for the demographic factors, was performance on the repeated chair stands test. Worse
performance on the repeated chair stands test was also related to inability to maintain stance
on foam with eyes closed. The relationship between control of sway and repeated chair
stands has also been observed by Lord et al. (2002).[34] Performance on the repeated chair
stands test is considered to be a proxy measure of lower extremity strength, but also involves
significant postural control requirements.[35,34]

The most important contributor to the lateral COP tracking task was the Digit Symbol
Substitution Test, suggesting that the visual feedback control task is indeed tapping into
some of the same cognitive resources as executive function tasks. The DSST has been a
considered to be a general test of cognitive processing speed.[36] Visuomotor coordination
and selective attention are some of the important factors that determine the final score. The
ability to filter out irrelevant information (e.g., symbols that may look alike) also influences
performance. We believe that the DSST had a greater association with the visual feedback

Aging Clin Exp Res. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sparto et al.

Page 8

control task compared with the EXIT15 and CLOX 1 because the latter two tests are
assessing a diverse array of executive control functions that are not necessarily involving
timing of responses or visuospatial attention. Thus it does not appear that global executive
function control is needed to control rhythmic weight shifting.

Conclusion

In older adults with an average age of 85 years, the control of lateral sway in both quiet
standing and a postural tracking task was found to be related to timed chair standing
performance and cognitive processing speed, respectively. Consequently, a clinical
recommendation to improve the sensory control of standing balance may be the addition of a
lower extremity strength training program. Furthermore, the significant effect of sex on the
sway performance during quiet standing may indicate that strength is a more critical
determinant of standing balance ability in older women compared with older men, and thus
resistance exercises may be an important component of balance training in women.
Assessment of cognitive processing speed may be a simple way of determining how well a
person can control their lateral weight shifting abilities, which is important for transferring.
A limitation of this study is that not all balance domains, cognitive or physiological factors
could be assessed due to time constraints; thus, other factors may be important contributors
for balance function.
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Figure 1.
Experimental setup with a person standing on force platform with feet 16 cm apart, viewing

computer monitor 1.5 m away. Subject was instructed to keep ‘X’ inside of circle by shifting
weight while keeping feet in place.
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Figure 2.
Effect of sensory conditions on mean root-mean-square (RMS) of medio-lateral center of
pressure (COP) displacement. Sensory conditions are Level and Foam Surface, with Eyes
Open (EO) and Eyes Closed (EC). The number of subjects who completed all conditions
was 123. A: Level surface conditions were not significantly different from each other (p =
0.9). B: Foam, Eyes Open was significantly greater than level surface conditions (p < 0.001).
C: Foam, Eyes Closed was significantly greater than all other conditions (p < 0.001).
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Examples of medio-lateral (ML) center of pressure tracking performance in a subject with
good performance (top) and poor performance (bottom). Target movement frequency was
0.25 Hz (dotted line), and subject’s measured COP (solid line).

Aging Clin Exp Res. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuen Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sparto et al. Page 14

10.07
D
C
8.0
E
L)
G 60
o :
-
=]
-
1]
w 4.0
=
(1'4
2.0

0.125 Hz 0.25 Hz 0.50 Hz 0.75 Hz
Error bars: +/-~1 SD

Figure 4.
Effect of target frequency on mean root-mean-square (RMS) error between target location

and center of pressure (COP) location in medial-lateral direction. The number of subjects
who completed all conditions was 192. A, B, C, D: Each target frequency condition was
significantly different from all other conditions (p < 0.001).
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Table 1

Subject demographics and performance on executive function and physical function tests. Means and standard
deviation (SD) are displayed for normally distributed variables. Median and interquartile range (IQR) are

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

shown for non-normally distributed data

Variable Mean (SD)
Age (y) 85(3)
Body Mass Index (kg/m?) 27.3 (4.4)

Gender 55% female
Six meter Gait Speed (m/s) 0.99 (0.20)
Modified Mini-Mental State 93 (7)
Contributors of balance

Digit Symbol Substitution Task (# correct in 90 s) 39 (13)

EXIT 15 (0 out of 30 is the best score)
CLOX 1 (15 out of 15 is the best score)

Peak Knee Extension Strength (Nm)
Abnormal sensation

Timed Chair Stands (Time in s to complete 5)

Short Physical Performance Battery (12 is the best score)

Median 4, IQR2-7
Median 9, IQR 7 - 11
80 (26)

54%

14.9 (5.1)
Median 10, IQR 9 - 11
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