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Abstract

Background—Postural control is impaired in older adults, as evidenced from greater variability 

of the center of pressure (COP) during postural tasks. Although COP variability associates with 

low-frequency COP oscillations (<1 Hz) in young adults, it remains unknown if the age-associated 

increase in COP variability relates to greater low-frequency COP oscillations.

Research Question—Do low-frequency oscillations contribute to greater postural sway (center 

of pressure (COP) variability) in older adults when attempting to voluntarily maintain posture in a 

forward leaning position compared to young adults?

Methods—Seven young (25.7 ± 4.8) and seven older (71.0 ± 7.0) adults performed a postural 

lean forward task and attempted to match a COP target in the anterior-posterior direction as steady 

as possible. We quantified the COP variability as the standard deviation (SD) of COP 

displacements in the anterior-posterior and medial-lateral directions and quantified the frequency 

modulation of COP as the power in COP displacement spectra from 0–1 Hz.

Results—We found that older adults had significantly greater anterior-posterior SD of COP (p = 

0.027) and power below 0.5 Hz (p = 0.048) than young adults, but power from 0.5–1 Hz was 

similar (p = 0.083). In contrast, the medial-lateral SD of COP (p = 0.5) and power from 0–1 Hz 

(p=0.228) was similar for the two age groups. For both the anterior-posterior and medial-lateral 

direction, the SD of COP was related to low frequency oscillations below 0.5 Hz.

Significance—For the first time, we show that the age-associated increase in postural variability 

relates to greater COP oscillations below 0.5 Hz.
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Introduction

An established finding in the aging literature is the amplification of motor fluctuations with 

age. The evidence comes from single-joint tasks where young and older adults attempt to 

trace a steady[1]–[4] or oscillating[5] force target. The greater force variability in older 

adults during these tasks relates to greater force oscillations below 1 Hz, with most of the 

age-associated differences occurring below 0.5 Hz[1], [4], [5]. Low-frequency oscillations 

(<1 Hz) in the motor output are also present in the center of pressure (COP) and affect 

postural control. Recently, we found that increased low-frequency oscillations in the COP 

strongly associate with COP variability in young adults[6]. Given that older adults exhibit 

greater COP variability during postural tasks[7], [8], we test the hypothesis that increased 

postural variability in older adults relates to greater low-frequency COP oscillations.

Older adults exhibit greater motor variability than young adults in a variety of tasks[3], [9]–

[12]. During motor tasks that require single-joint steady contractions, older adults are more 

variable than young adults regardless of limb[13]–[15]. For example, when maintaining a 

constant force with visual feedback older adults exhibit greater force variability with 

abduction of the index finger[1], [2], [13], knee extension[15], and elbow flexion[14], [15]. 

Increased motor variability during single-joint force tasks is associated with impaired 

manual dexterity[16] and the ability to react precisely during a simulated driving task[17]. 

Similarly, older adults exhibit greater motor variability during multi-joint tasks. For 

example, in a balance task, older adults exhibited greater postural sway during quiet 

standing[7]. There is evidence that increased postural variability is associated with increased 

risk of falls in older adults[8], [9]. Although there is strong evidence that greater motor 

variability during single-joint motor tasks in older adults is associated with low frequency 

oscillations, the association between COP variability and COP oscillations remains 

unknown.

Conventionally, motor variability is viewed to represent noise in the central nervous 

system[18]–[20] based on the workings of information theory[18]. However, emerging 

evidence over the last 40 years suggests that the variability in the motor output is not random 

but strongly rhythmical(<1Hz)[1], [2], [21]–[24]. This is significant because there is a 

parallel between oscillations in the motor output and oscillations of neuronal activity which 

are fundamental to the communication between different parts of the CNS[25]. Furthermore, 

there is evidence that these oscillations can be manipulated to improve motor variability[26]. 

For example, given visual guidelines restricting the amplitude of fluctuations during a steady 

force task, participants were able to voluntarily decrease the amplitude of low frequency 

oscillations that subsequently decreased their motor variability[26]. Therefore, testing the 

above hypothesis is critical to the future application of rehabilitation strategies that can 

potentially target the origin of COP oscillations in older adults to improve their postural 

control.
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We expect the low frequency oscillations in COP to be greater in older adults and associate 

with greater postural variability. Indirect support comes from, a 20-day bed-rest study, which 

found that older adults increased postural variability during quiet standing following bed rest 

and this increase in variability associated with greater COP oscillations below 1 Hz[27]. 

Additional evidence comes from neurophysiological experiments showing that aging 

increases the low-frequency oscillations (<1 Hz) in the neural drive to the motor unit pool. 

For example, Vaillancourt and colleagues (2002) first showed that both the force and single 

motor unit activity of the first dorsal interosseous muscle is primarily modulated below 1 

Hz[28]. Our lab has published a series of papers [4], [5], [24], [26] where we show that the 

greater motor output oscillations <1 Hz strongly relate to frequency modulation of whole 

muscle activity at similar frequencies. Recent work from Farina’s group confirms that 

greater <1 Hz motor output oscillations in older adults associate with a stronger modulation 

of the motor unit pool from 0–1 Hz[29]. It is possible, therefore, that a stronger <1 Hz 

modulation of the motor neuron pool in older adults alters the control of muscles that are 

directly involved with the control of postural tasks.

Here, we test the hypothesis that greater COP variability in older adults relates to greater low 

frequency oscillations in the COP. To test this hypothesis, we asked young and older 

participants to maintain a forward lean posture and quantified their COP variability and COP 

oscillations. We chose to study this task because it necessitates the control of voluntary 

contractions while maintaining upright balance, which is often the case during numerous 

activities of daily living, such as walking or ascending and descending stairs. If we find that 

low-frequency oscillations affect the COP variability, then future studies can focus on 

identifying rehabilitation protocols that mitigate low-frequency oscillations during tasks that 

require both voluntary contractions and upright balance. This could be clinically impactful 

because it will reduce the risk of falls in older adults.

METHODS

Participants

Seven young adults (25.7 ± 4.8, 5 women) and seven older adults (71.0 ± 7.0, 3 women) 

volunteered to participate in this study. All participants reported being healthy without any 

known neurological or orthopedic disorders. Young and older participants had similar 

MOCA[30] scores (28.6 ± 2.0 and 28.0 ± 2.4), leg length (0.82 ± 0.07 vs. 0.85 ± 0.04 m), 

and body weight (142.7 ± 31.9 vs. 156.6 ± 21.4lbs). All participants had normal or 

corrected-to-normal vision and were right handed and right footed, except one old adult, as 

assessed with the Edinburgh Handedness Inventory[31] and the Waterloo Footedness 

Questionnaire[32]. The Institutional Review Board at the University of Florida approved the 

procedures, and participants signed a written informed consent before participating in the 

study.

Experimental approach

Participants performed one testing session that lasted 30 min. This session involved 

performing a forward postural leaning task. Participants performed the following: 1) a 

maximal forward leaning task to determine maximal lean distance; 2) familiarization of the 
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experimental procedure that included a verbal explanation and practice trials of the forward 

postural leaning task; and 3) three trials of the forward postural leaning task. Participants 

positioned their feet on a force plate with a stance width of 20% of their leg length. To 

maintain the same feet position throughout the experiment, we marked their feet position on 

the force plate. Participants kept both hands at their side and leaned using only their ankles. 

The trunk and hips remained straight in line with the legs during leaning.

Experimental arrangement

Maximal lean task.—We identified the maximal forward lean distance before the postural 

lean task. Participants leaned forward as far as possible while keeping both feet on the force 

plate. Once they reached their maximal distance, they returned to a neutral upright position. 

We quantified the maximum lean distance as the maximum anterior-posterior COP position 

during the lean subtracted from the neutral standing position. They performed three trials 

and we used the greatest lean distance out of the three as the maximum forward postural 

lean distance.

Forward lean task.—We asked participants to lean forward using only their ankles and 

match a red horizontal target line. We used a customized Matlab® (Math WorksTM Inc., 

Natick, MA, USA) program to display the target line and anterior-posterior COP line in the 

middle of a 32-inch monitor (SyncMasterTM 320MP-2, Samsung Electronics America, 

Ridgefield Park, NJ, USA). The monitor was located 1 m away at eye level. The anterior-

posterior COP produced by the participant was displayed as a blue line progressing with 

time from left to right (Figure 1). We kept the visual gain constant at 3° (visual angle). The 

target line was 80% of the maximum forward postural lean distance. The lean distance was 

determined so to obtain a significant amount of activation in the plantar flexor muscles and 

to make the task challenging to perform. We instructed participants to voluntarily control 

their postural sway and keep the anterior-posterior COP on the target line as accurately and 

consistently as they could. The task duration was 15s. Each participant performed two 

practice trials and three test trials with a break of at least 1 min between the trials to avoid 

fatigue.

Center of pressure (COP) measurements.—We quantified the anterior-posterior and 

medial-lateral COP from the force plate signals during the maximal and forward leaning 

task. We sampled anterior-posterior and medial-lateral COP at 1,000 Hz with a NI-DAQ 

card (model USB6218, National Instruments, Austin, TX, USA) and stored on a personal 

computer.

Data analysis

Using a custom-written program in Matlab®, we analyzed the 10 seconds of data prior to 

one second from the end of the trial. This allowed us to avoid fluctuations in the motor 

output due to an early relaxation at the end of the trial. We chose an analysis time window of 

10 seconds, as we have done before[1], [4], [5], [33], because this allows sufficient time to 

quantify variability and enough resolution to accurately characterize frequencies below 1 

Hz. We included only test trials and ignored practice trials for analysis. Prior to data 
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analysis, the program low-pass filtered the raw COP signal at 20 Hz with a fourth-order (bi-

directional) Butterworth filter.

COP variability and oscillations.—We quantified COP variability as the standard 

deviation (SD) of the anterior-posterior and medial-lateral COP displacements. We 

quantified COP oscillations using a Fourier analysis and the resulting power spectrum 

density (PSD)[34]. For the Fourier analysis, we detrended the anterior-posterior and medial-

lateral COP displacements. The window size was set at 10s, to maximize the PSD resolution 

(0.1 Hz) for our data (Figure 2). For statistical comparisons, we divided the PSD of COP 

into two frequency bins (0–0.5 Hz, 0.5–1.0 Hz)[26], [6]. The dependent variable was the 

absolute power in each frequency bin.

Statistical Analysis

Due to our small sample size, we used nonparametric tests to understand differences 

between young and older adults. We used the independent samples Mann-Whitney U Test to 

determine whether the following variables were different: 1) COP variability, 2) COP 

oscillations 0–0.5 Hz, 3) COP oscillations 0.5–1 Hz, 4) COP peak frequency, and 5) COP 

peak power. We also used stepwise multiple linear regression analysis to establish statistical 

models that predict the COP variability from COP oscillations. The goodness-of-fit of each 

regression was given by the squared correlation (R2; Green & Salkind, 2011). We used the 

Durbin-Watson (DW) statistic to detect the presence of autocorrelation. The alpha level for 

all statistical tests was 0.05. We performed all statistical analyses with the IBM statistics 

24.0 statistical package (IBM Inc., New York). Data are reported as mean ± SD within the 

text and as mean ± standard error of the mean (SEM) in the figures.

RESULTS

COP variability and COP oscillations.

We compared the SD of COP for young and older adults to test the hypothesis that older 

adults have greater COP variability than young adults. We found that older adults exhibited 

greater anterior-posterior variability than young adults (old: 0.52 ± 0.14 cm, young: 0.36 ± 

0.15 cm, Mann-Whitney U = 9, one-tailed p = 0.027, η2 = 0.3; Figure 3A). However, young 

and older adults exhibited similar variability in the medial-lateral direction (old: 0.12 ± 0.04 

cm, young: 0.13 ± 0.05 cm, Mann-Whitney U = 25, one-tailed p = 0.5, η2 < 0.1; Figure 3B).

We compared the power in COP from 0–0.5 and 0.5–1 Hz for young and older adults to test 

the hypothesis that older adults will have greater power than young adults in those frequency 

bands. We found that older adults exhibited greater anterior-posterior COP power from 0–

0.5 Hz (old: 150.6 ± 98.3 cm2, young: 64.8 ± 55.9 cm2, Mann-Whitney U = 11, one-tailed p 

= 0.048, η2 = 0.23; Figure 4A) but similar anterior-posterior COP power from 0.5–1 Hz 

(old: 56.4 ± 41.3 cm2, young: 26.6 ± 10.8 cm2, Mann-Whitney U = 13, one-tailed p = 0.083, 

η2 = 0.16; Figure 4B) compared with young adults. We also found that normalized anterior-

posterior COP power from 0–0.5 Hz (old: 60.2 ± 19.8 %, young: 58.1 ± 11.1 %, Mann-

Whitney U = 21, one-tailed p = 0.355, η2 < 0.1) and 0.5–1 Hz (old: 25.0 ± 11.5 %, young: 

28.5 ± 6.96 %, Mann-Whitney U = 31, one-tailed p = 0.228, η2 < 0.1) was similar between 
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young and older adults. In addition, we compared the peak frequency power below 1 Hz. We 

found that anterior-posterior COP peak frequency was similar between young and older 

adults (old: 0.39 ± 0.23 Hz, young: 0.31 ± 0.13 Hz, Mann-Whitney U = 19, one-tailed p = 

0.268, η2 < 0.1). However, older adults exhibited greater anterior-posterior COP peak power 

relative to young adults (old: 68.9 ± 45.7 cm2, young: 27.9 ± 20.6 cm2, Mann-Whitney U = 

10, one-tailed p = 0.037, η2 = 0.26).

Along the medial-lateral direction, young and older adults exhibited similar COP power 

from 0–0.5 (old: 7.06 ± 7.11 cm2, young: 11.4 ± 11.6 cm2, Mann-Whitney U = 31, one-

tailed p = 0.228, η2 < 0.1; Figure 4C) and 0.5–1 Hz (old: 4.84 ± 4.41 cm2, young: 4.59 ± 

2.19 cm2, Mann-Whitney U = 31, one-tailed p = 0.228, η2 < 0.1; Figure 4D). Additionally, 

young and older adults exhibited similar normalized COP power from 0–0.5 Hz (old: 43.7 ± 

15.8 %, young: 56.4 ± 15.3 %, Mann-Whitney U = 36, one-tailed p = 0.083, η2 = 0.17) and 

0.5–1 Hz (old: 38.2 ± 13.5 %, young: 33.6 ± 11.1 %, Mann-Whitney U = 21, one-tailed p = 

0.355, η2 < 0.1). Thus, older adults appear to exhibit greater COP variability and COP 

oscillations from 0–0.5 Hz in the anterior-posterior direction.

COP RMSE.

We compared the RMSE of COP for young and older adults to determine whether the 

performance of the task was comparable between young and old adults. We found that older 

adults exhibited similar RMSE relative to the young adults (old: 0.60 ± 0.15 cm, young: 0.46 

± 0.19 cm, Mann-Whitney U = 13, one-tailed p = 0.083, η2 = 0.16). Thus, older adults 

performed the task equally well to young adults.

Association between COP variability and oscillations.

To predict the COP variability from the COP oscillations, we used a stepwise regression 

analysis. We found that the anterior-posterior COP 0–0.5 Hz oscillations was the single 

significant predictor of the anterior-posterior COP variability (R2 = 0.75, DW = 2.63, p < 

0.01; Figure 5A). On the medial-lateral direction, we found that the COP oscillations from 

0–0.5 (r=0.45 part correlation) and 0.5–1 Hz (r=0.34 part correlation) were both significant 

predictors of COP variability (R2 = 0.92, DW = 1.29, p < 0.01; figure 5B). These findings 

suggest that power from 0–0.5 Hz is the strongest predictor of anterior-posterior and medial-

lateral COP variability.

DISCUSION

In this experiment, we aimed to determine if increased postural variability in older adults 

relates to amplified COP oscillations below 1 Hz. To accomplish this, we asked young and 

older participants to maintain a forward postural lean and quantified their COP variability 

and COP oscillations in both the anterior-posterior and medial-lateral direction. A forward 

postural lean paradigm provides an easy and controlled model to examine postural control 

requiring continuous voluntary effort. We found that older adults had greater anterior-

posterior COP variability and power below 0.5 Hz relative to young adults, but power from 

0.5–1 Hz was similar. In contrast, the medial-lateral COP variability and power from 0–1 Hz 

was similar for both age groups. Additionally, for both the anterior-posterior and medial-
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lateral direction, COP variability was related to COP oscillations below 0.5 Hz. Therefore, 

these findings provide novel evidence that increased postural variability during a voluntary 

task in older adults associates with greater COP oscillations below 0.5 Hz.

One of the consequences of healthy aging is impaired motor control, specifically increased 

motor variability. Different experiments manipulating the limb being used[13]–[15] or the 

task performed[3], [9]–[12] provide consistent evidence of age-related increases in 

variability. From single-joint experiments, it is hypothesized that older adults exhibit 

increased variability because their voluntary activation of the motor neuron pool and muscle 

contains greater low-frequency oscillations that correspond to amplified oscillations in the 

motor output[1]–[5], [9]–[12], [24], [26]. For example, recent work from Farina’s group 

provide strong evidence that greater 0–1 Hz motor output oscillations in older adults 

associate with a stronger modulation of the motor unit pool from 0–1 Hz[29]. Additionally, 

our lab has shown that when older adults perform a steady contraction with finger abduction, 

they exhibited greater amplitude of force oscillations < 0.5 Hz[1] that is related to similar 

frequency modulation of whole muscle activity[4], [5], [24], [26]. Therefore, our findings 

provide support that a stronger <1 Hz modulation of the motor neuron pool in older adults 

alters the control of muscles that directly influence postural stability.

Contrasting the anterior-posterior and medial-lateral findings raise two important questions. 

The first question is: Why are COP oscillations greater in the anterior-posterior direction but 
not in the medial-lateral direction for older adults? We asked participants to voluntarily 

stabilize their body at a target by leaning forward and provided visual feedback of their COP 

displacement in the anterior-posterior direction. Due to the instructions and feedback 

provided, it is reasonable that participants directed their voluntary control along the anterior-

posterior direction. Previous studies provide evidence that voluntary activation plays an 

important role in low-frequency modulation to the motor output. For example, participants 

exhibited amplified low-frequency oscillations in force while performing a steady 

contraction at 30%, compared to one at 5% MVC[24]. Furthermore, when given visual 

guidelines, participants were able to voluntarily decrease low-frequency oscillations in force 

that consequently decreased force variability[26]. Therefore, it is possible that voluntary 

effort is more pronounced and consequently magnifies low-frequency modulation in the 

anterior-posterior rather than the medial-lateral direction.

The second question is: Why do we observe effects primarily from 0–0.5 Hz rather than 0.5–
1 Hz? Previous studies demonstrate that most of the fluctuations in the motor output occur 

below 1 Hz. More specifically, oscillations from 0–0.5 Hz contribute more than 60% to 

motor output variability as evidenced from single-joint[1], [2], [5], [24], [26], [28] and 

postural control[6] experiments. Additionally, oscillations 0–0.5 Hz, but not 0.5–1 Hz, 

modulate muscle activity[24], [6], [36] and relates to force fluctuations in the same 

frequency range[24]. On the other hand, there is also evidence that oscillations from 0.5–1 

Hz contribute to variability in older adults but only with manipulation of visual feedback. 

For example, Fox and colleagues (2013) demonstrated that when older adults perform a 

steady contraction, magnification of visual feedback shifted the power from 0–0.5 Hz to 

0.5–1 Hz, and related to greater variability[1]. These findings suggest that oscillations from 

0.5–1 Hz play a more significant role in modulating the motor output with utilization of 
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magnified visual feedback. In our experiment, visual gain was kept constant for both young 

and older adults. Furthermore, despite only being provided visual feedback about the COP in 

the anterior-posterior direction, we observed the same frequency modulation of the COP in 

the medial-lateral direction. Thus, our findings suggest that the motor output is primarily 

modulated from 0–0.5 Hz rather than 0.5–1 Hz, and this modulation is likely not related to 

the use of visual feedback.

Here, we chose to study a task that necessitates the control of voluntary contractions while 

maintaining upright balance. We used such a task for the following two reasons: 1) Motor 

output variability is defined as the unintended fluctuations in the output of voluntary 

contractions [37]. Thus, in order to understand the effects of motor variability on postural 

control we asked participants to perform a postural balance task while maintaining 

continuous voluntary control of muscles. 2) The selected task is clinically relevant because 

numerous activities of daily living, such as walking or ascending and descending stairs, 

require the control of voluntary contractions while maintaining upright balance. We find that 

the greater COP variability in older adults relates to greater low-frequency oscillations in the 

COP. This is clinically important because it links the exacerbated low-frequency oscillations 

in the COP with COP variability, a strong predictor of the risk of falls [38]. Future studies 

can focus on identifying rehabilitation protocols that mitigate low-frequency oscillations 

during tasks that require both voluntary contractions and upright balance. Indeed, our 

previous work on single joint movements suggests that low-frequency oscillations, and 

consequently motor variability, can be mitigated with the use of specific visual feedback 

[26]. Thus, our results provide the basis for expanding this type of work to improve balance 

in older adults.

Limitations

This study is limited by a small sample size of both young and older adults, and our results 

would be more generalizable with a larger sample size. Although we did not quantify 

whether older adults incorporate a different strategy than young adults during this task (e.g. 

more hip strategy), the findings suggest that they don’t. This is shown from a similar 

structure in the COP power spectrum (Figure 2C,D) and observational records that both 

groups used an ankle strategy during this relatively easy leaning forward task. Furthermore, 

it is unclear if gender differences could contribute to group differences. To our knowledge, 

no studies have examined gender differences during a forward postural lean task. Evidence 

is mixed during quiet standing suggesting no difference between men and women[39], [40], 

worse postural balance for women [41], [42] and worse postural balance for men. Finally, 

whether the <0.5 Hz COP oscillations relate to an altered voluntary drive to the motor 

neuron pool and consequently altered activation of the postural muscles remains unclear. 

Future studies should quantify the modulation of multiple motor units at the soleus, 

gastrocnemius, hamstrings, quadriceps, and lower back muscles during quiet standing and 

postural leaning forward tasks.
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CONCLUSION

The findings of this small study suggest that increased low-frequency oscillations in the 

COP associate with more postural variability during a voluntary leaning forward task in 

older adults. To our knowledge, this is the first study to show that greater COP oscillations 

associate with the greater COP variability in older adults relative to young adults. These 

findings are clinically important because they suggest that rehabilitation interventions 

mitigating low-frequency oscillations in COP could improve postural control in older adults 

and minimize the risk of falls.
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Highlights

• Older adults show greater COP SD than young adults during a forward 

postural lean.

• Older adults show greater COP oscillations <0.5 Hz relative to young adults.

• Greater COP oscillations < 0.5 Hz associate with greater COP variability.
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Figure 1. 
Schematic of the experimental setup for the lean task. The participant stood on a force plate 

and we instructed them to lean forward and voluntarily control their postural sway to match 

their anterior-posterior COP (blue line) to the target line (red line) as accurately and 

consistently as possible. Representative trace of anterior-posterior and medial-lateral COP 

for both young (light blue) and older (black) adults.
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Figure 2. 
PSD Plots. Power spectrum density data for young (light blue) and older (black) adults. The 

top row shows raw PSD plots for the anterior-posterior direction (a) and medial-lateral 

direction (b). The bottom row shows normalized PSD plots for the anterior-posterior 

direction (c) and medial-lateral direction (d). Solid lines represent group averages with 

shaded regions representing standard error of the mean of the group data.
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Figure 3. 
Variability differences between young and older adults. (a) Older adults had greater anterior-

posterior COP variability than young adults. (b) Older adults had similar medial-lateral COP 

variability than young adults. *Significant differences between young and older adults.
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Figure 4. 
COP oscillation differences between young and older adults. (a) Older adults had greater 

absolute anterior-posterior COP power from 0–0.5 Hz and (b) similar COP power from 0.5–

1 Hz relative to young adults. (c) Older adults had similar absolute medial-lateral COP 

power from 0–0.5 Hz and 0.5–1 Hz relative to young adults. *Significant differences 

between young and older adults.
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Figure 5. 
Anterior-posterior (a) and medial-lateral (b) association between COP SD and COP 

oscillations from 0–0.5 Hz with young (blue dots) and old (black dots) together.
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