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Abstract: In this study, we investigated the fluctuation characteristics of micro vertical acceleration of
center of mass (vCOMacc) in standing and examined the usefulness of vCOMacc as an aging marker
for standing control abilities. Sixteen young and 18 older adults participated in this experiment.
Data for vCOMacc were calculated as the vertical ground reaction force value divided by each
participant’s body mass using a force plate. The COMacc frequency structure was determined using
the continuous wavelet transform to analyze the relative frequency characteristics. For time domain
analysis, we determined the root mean square (RMS) and maximum amplitude (MA) of the integrated
power spectral density. We also analyzed the correlation between vCOMacc and lower limb muscle
activity. The relative frequency band of vCOMacc was higher in older than young adults, and the
time domain indicators were sufficient to distinguish the effects of aging. Regarding the relationship
between vCOMacc during standing and muscle activity, a correlation was found with the soleus
muscle in young adults, while it was moderately correlated with the gastrocnemius muscle in older
adults. The cause of vCOM may be related to differences in muscle activity, and vCOMacc may be
utilized to more easily assess the effects of aging in standing control.

Keywords: quiet standing; vertical center of mass acceleration; continuous wavelet transform; power
spectral density; aging

1. Introduction

Stable posture control is essential for safety in daily life and may determine quality of life,
especially for older adults. To evaluate bipedal standing ability, many studies use force plates to
analyze center of pressure (COP) [1–5] or center of mass (COM) acceleration [6–9]. The COP trajectory
has been shown to be able to predict the dynamic response of attitude control systems to perturbations
of young or older adults even during a quiet stance [10,11]. Alternatively, anterior-posterior center of
mass acceleration (apCOMacc) [6–9] can be used to analyze the aging, developmental, and disease
characteristics in a controlled standing system. In this regard, such devices are useful devices that
can be easily measured, leading to many studies, especially on sagittal plane trajectory [12–14].
On the other hand, vertical fluctuation is much smaller than horizontal fluctuation; thus, there is
generally little interest in such variation characteristics [15]. However, it has been reported that the
vertical ground reaction force (Fz) parameter allows the collection of data at a lower cost, because
it only collects the weight load fluctuation of the individual; additionally, it is more robust against
fluctuations between trials [16]. If an analysis method using only vertical acceleration can be proposed
for balance control due to aging, clinical evaluation using a simpler and lower-cost device will be
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possible. In a previous study, the standard deviation of Fz was found to be significantly correlated with
clinical balance scale scores, and it was highly reliable for identifying stance tasks compared to COP
measurements [17]; however, few studies utilized such force plates to measure the body acceleration
(Fz/m, m = body mass) in the vertical direction for the analysis of standing control [18]. Since the
Fz component is not well known, its relationship with the key muscles of lower limbs in standing
control is also unclear. It would be preferable if such an index could lead to the evaluation of physical
function and the identification of abnormalities different from traditional indices [19]. Easy-to-collect
biometric information is an advantage for future clinical studies and may provide another aspect for
standing control studies. The first purpose of this study was to evaluate whether this simple and micro
vibration component can be a balance marker in relation to age-related changes or to the major muscles
of postural maintenance. Another concern relates to the method of analysis for biological signals.
Fourier transform frequency analysis, used in previous studies, is a common method for analyzing
postural sway. Past researchers used fast Fourier transform algorithms to compare postural sway in
young adults and older adults, with respect to the power spectral content of COP trajectory [20–22].
These analyses assume that the signal being analyzed is stationary. However, this is not the case
for most biological signals, which exhibit varying degrees of nonstationarity [23]. Furthermore, it is
well known that the gastrocnemius muscle, which is the main muscle for standing control, provides
impulsive control during postural sway [24]; hence, its temporal characteristics should also be noted in
order to more closely investigate the characteristics of postural stability control [25]. Time–frequency
analyses are particularly suitable for analyzing local dynamics at intermittent times, which occur in
nonlinear systems [26]. Thus, continuous wavelet transform (CWT) calculations enable a complete
study of the attitude control spectrum and time characteristics. Furthermore, wave transformation can
provide useful results for identifying changes in attitude control. Previous studies measured COPs
using wavelet analysis [26,27]; however, analysis with acceleration as an index is considered a simple
and practical parameter [7,8]. The time–frequency analysis of vertical center of mass acceleration
(vCOMacc) provides an easy and alternative method for the detection of instantaneous acceleration
changes in body sway. It has not yet been debated how such simple signals change with age and what
neurological background causes them. Furthermore, it is unknown if vCOMacc is associated with
apCOMacc. Therefore, the purpose of this study was to compare the quiet standing behavior of young
adults and older adults by examining the time and frequency domain characteristics of vCOMacc.

2. Materials and Methods

2.1. Subjects

This study included 16 healthy young adults (age: 20.4 ± 0.6 years; height: 165.9 ± 8.3 cm;
weight: 58.3 ± 6.3 kg) and 18 healthy older adults (age: 72.9 ± 3.6 years; height: 162.0 ± 8.2 cm;
weight: 62.9 ± 8.6 kg), a total of 34 subjects. Exclusion criteria included a history of musculoskeletal
injuries or diseases and neurological disorders. All subjects gave their informed oral and written
consent for inclusion before they participated in the study. The study was conducted in accordance
with the Declaration of Helsinki, and the protocol was approved by the ethics review board of Yamagata
Prefectural University of Health Sciences (approval ID: 1310-16).

2.2. Measurements

Participants were requested to stand, with their eyes open, on a single force plate (60 × 90 cm,
Type 9287A; Kistler, Winterthur, Switzerland). They were instructed to watch a target, which was
placed at eye level, while keeping their arms and stance in a comfortable position. Anteriorposterior
positioning of the feet was based upon a predetermined distance and was aligned using markers
on the force plates. The force plate was used to extract both Fz data and anterior-posterior ground
reaction force data (Fx) points. For the purpose of clarifying the relationship between vCOMacc and
the muscle activity of the lower limbs, a surface electromyography (EMG) system (TrignoTM Wireless
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EMG, Delsys Inc., Boston, MA, USA) was used to collect muscle activity data. Prior to attaching the
electrodes, skin impedance was reduced by wiping the skin with alcohol swabs. The EMG electrodes
were placed on the soleus (So) and medial gastrocnemius muscles (MG) of both limbs. The EMG signals
of lower limb muscle were in the range of 10–450 Hz when bandpass-filtered offline (fourth-order
Butterworth filter). Each subject underwent three trials, with a sufficient resting period between each
trial. All data were collected at a sampling frequency of 1000 Hz, and signals were loaded onto a
personal computer for analysis. The duration of each trial was approximately 60 s. Only data from the
last 55 s were subjected to subsequent analyses.

2.3. Data Analysis

For both Fz and Fx data, analog offset (DC offsets; mean amplitude displacement from zero) were
removed. vCOMacc and apCOMacc were obtained by dividing the ground reaction force (GRF) in the
Fz and Fx directions by the participant’s body mass. The vCOMacc data were subjected to filtering
using a fourth-order Butterworth bandpass filter, which employed a zero-phase lag with a cutoff

frequency of 0.1–20 Hz. The apCOMacc data were low-pass-filtered at a frequency of 10 Hz using a
Butterworth filter [27].

We used the CWT method to analyze the effect of aging on the time domain and the frequency
domain of COMacc. Continuous wavelet transform describes a mathematical technique that can
be used to analyze a complex time-series signal with variable power or magnitude over a wide
range of frequencies. The CWT, shown in Equation (1), was calculated using AutoSignal software
(Systat Software Inc., San Jose, CA, USA). The CWT of a discrete sequence xn is defined as the
convolution of xn with a scaled and translated version of ψ0(n).

Wn(s) =
N−1∑
n′=0

xn′

√
δt
s
ψ∗0

[
(n′ − n)δt

s

]
(1)

where the complex conjugate is indicated by *, N is the data series length, and δt is the sampling
interval. By varying the wavelet scale s and translating along the localized time index n, it is possible
to construct an image showing the amplitude of any feature versus the scale and how this amplitude
varies with time. The subscript zero on ψ (Equation (2)) was added to indicate that this value of ψ was
also normalized.

Ψ0(τ) = π−
1
4 eiστe−

τ2
2 (2)

where τ is the adjustable, nondimensional time parameter. For this study, the adjustable parameter
σ was set to 8 in the AutoSignal environment. The global wavelet spectrum (Equation (3)), which is
defined as the time average over a series of wavelet powers, can be expressed as

W
2
(S) =

1
N

N−1∑
n=0

∣∣∣wn(S)
∣∣∣2 (3)

where Wn is the CWT coefficient, and n and N are the specific time ranges to average the CWT
coefficients. A continuous wavelet (Morlet) time–frequency analysis, which determines the integrated
power (time-integral squared amplitude (TISA)) across time [28–30], was performed. The TISA power
is defined as

TISA (Power) = ∆t × (Re2 + Im2)/2 (4)

where Re and Im are the real and imaginary parts of the transformed data, respectively, and ∆t is the
sampling interval (Equation (4)).
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2.3.1. Frequency Domain Analysis

The normalized power spectral density (power in frequency bin divided by the total amount of
power) was averaged across a 2 Hz band recording, which ranged from 0 to 20 Hz for vCOMacc or 0 to
10 Hz for apCOMacc.

2.3.2. Time Domain Analysis

For each participant’s COMacc and EMG data, the root mean square (RMS) was used to quantify
the mean power of COMacc (Figure 1). Measurements of the average power spectral density of
COMacc and EMG data were calculated for each trial from the RMS as follows:

RMS =

√√√
1
N

N∑
i=1

[x(i)]2 (5)

where x(i) is the COMacc data for sample number i, and N is the number of samples. Moreover,
the maximum amplitude (MA) of the COMacc integrated power was compared for both groups,
which allowed for an evaluation of the instantaneous changes in COMacc and an examination of the
effects of aging.
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Figure 1. Representative time series of vertical center of mass acceleration (vCOMacc) (left panel—(a,b))
and anterior-posterior center of mass acceleration (apCOMacc) (right panel—(c,d)) from a young adult
(upper panel) and an older adult (lower panel) for standing.

2.4. Statistical Analysis of COMacc Data

Statistical analysis of the mean power value within each frequency band for the two groups was
performed using two-factor analysis of variance, with a statistical significance level set at p < 0.05.
Time domain vCOMacc and apCOMacc data were statistically tested for both groups (young vs. older
adults) using a non-paired t-test. The correlation between RMS vCOMacc or RMS apCOMacc and the



Geriatrics 2020, 5, 105 5 of 12

correlation between each COM and EMG were estimated using Pearson’s correlation coefficient (r)
(* p < 0.05, ** p < 0.01).

3. Results

Figure 1 shows a representative time-series example of vCOMacc or apCOMacc from young
adults (upper panel, a and c) and older adults (lower panel, b and d). Figure 2 shows typical examples
of frequency domain and time domain analysis results for each COMacc using CWT. Approximately
90% of vCOMacc data in both young and older adults were present below 10 Hz; thus, those below
10 Hz were analyzed in this study.
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Figure 2. Examples of analysis in two-dimensional plots from continuous wavelet transform (CWT) of
COMacc in young adults (panels (a,c)) and older adults (panels (b,d)). The power spectral density of
the CWT shows the time-integrated square amplitude. Frequency domain analysis was normalized,
and the power spectral densities were averaged across the 1 Hz band over the frequency range of
0–20 Hz for vCOMacc and 0–10 Hz for apCOMacc.

3.1. Frequency Domain

Analysis of the frequency structure of COMacc indicated that the power spectrum of vCOMacc
was stronger within older adults, mainly with respect to the relative power observed across the 2–8 Hz
band. In addition, almost every young adult displayed major peaks in the 4–6 Hz power spectrum,
whereas older adults typically showed peaks in the vCOMacc spectrum between frequencies of 6 and
8 Hz (Figure 3, Table 1). Moreover, the main frequency band of apCOMacc in both groups was less
than approximately 2 Hz, which was similar to previous reports (Figure 3, Table 2) [7].
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Figure 3. Power spectral density functions of vCOMacc (left panel) and apCOMacc (right panel).
The upper and lower panels indicate the results for young adults (panel (a,c)) and older adults (panel
(b,d)), respectively. The solid line represents the average in each frequency band of the group. The
shaded area represents one standard deviation.

Table 1. Summary of vertical center of mass acceleration (vCOMacc), integrated power spectral
density (PSD), maximum amplitude (MA), root mean square (RMS), and correlation coefficient (r) for
both age groups combined.
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within each frequency band. The last row of the table shows the correlation results between the root mean square of
vCOMacc and apCOMacc. MA: maximum amplitude, RMS: root mean square.
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Table 2. Summary of anterior-posterior center of mass acceleration (apCOMacc), integrated power
spectral density, maximum amplitude, root mean square for both age groups combined.
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Figure 4. Superposition time-series waveforms of young (panels (a,c)) and older adults (panels (b,d))
for vCOMacc (left panel) and apCOMacc (right panel) of the continuous wavelet time–frequency
spectrum (time-integral squared amplitude power) during quiet standing. The dotted line in the figure
shows the root mean square value.
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3.3. Correlation Analysis for vCOMacc and apCOMacc

There was no significant correlation between vCOMacc and apCOMacc in both young and older
adults (young: r = 0.16, p = 0.56; older adults: r = 0.42, p = 0.08) (Table 1).

Tables 3 and 4 show the correlation between vCOMacc or apCOMacc and EMG for young adults
and older adults, respectively. In young adults, a high correlation coefficient was obtained with
COMacc for the frequency band above 4 Hz. In older adults, a negative correlation was found between
vCOMacc and MG in the 0–2 Hz frequency band, while a positive correlation was found between
apCOMacc and EMG in the 4–6 and 6–8 Hz frequency bands

Table 3. Correlation between the power spectral density of vCOMacc or apCOMacc in young adults
and the root mean square of lower limb muscle activity.

Young Adults

vCOMacc apCOMacc

Frequency Band (Hz) MG RMS So RMS MG RMS So RMS

0–2 −0.27 0.17 0.11 −0.41
2–4 −0.21 −0.18 −0.09 0.04
4–6 0.00 −0.62 ** −0.04 0.46 *
6–8 0.33 0.19 −0.06 0.71 **
8–10 −0.13 0.75 ** −0.19 0.69 **

MG: medial gastrocnemius, So: soleus; * p < 0.05, ** p < 0.01.

Table 4. Correlation between the power spectral density of vCOMacc or apCOMacc in older adults
and the root mean square of lower limb muscle activity.

Older Adults

vCOMacc apCOMacc

Frequency Band (Hz) MG RMS So RMS MG RMS So RMS

0–2 −0.61 ** −0.20 −0.26 −0.21
2–4 −0.43 0.13 0.07 0.06
4–6 −0.19 0.27 0.42 0.55 *
6–8 0.28 0.06 0.53 * 0.27
8–10 0.35 −0.27 0.34 0.18

MG: medial gastrocnemius, So: soleus; * p < 0.05, ** p < 0.01.

4. Discussion

The purpose of this study was to apply wavelet spectral analysis to the study of postural control and
to determine whether aging results in measurable changes in spectral properties during quiet standing.

4.1. Frequency Domain

vCOMacc revealed differing power spectral densities according to age, and the frequencies
showed measurable differences between age groups. Specifically, the relative power spectral density
was characterized by a high-frequency band in older adults. Physical tremors of the soleus muscle [31]
or increased power of lower limb muscle activity in the high-frequency band [32] may be associated
with vCOMacc in older adults; therefore, vCOMacc can be an indicator of age-related neurological or
musculoskeletal decline. Worthy of note was the correlation between the gastrocnemius muscle and
vCOMacc in the lower-frequency band. Previous studies reported that the lower-band oscillatory drive
of the bilateral plantar flexors during a quiet stance is characteristic in older adults [33]. Such an increase
in the low-frequency bands may be associated with poor motor unit firing rate [34], reduced vibrotactile
sensitivity of the foot soles [35], and amplified vestibular motor response [36]. During quiet standing,
the activation of calf muscles plays an important role in the postural control of standing balance [37,38],
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because the ankle joint torque controls the COM behavior [39]. Thus, if the behavior of MG activity
can be estimated from a specific frequency band of vCOMacc, it may be possible to easily obtain more
information from a simple bio signal.

4.2. Time Domain

The results obtained from the MA RMS and the integrated power spectral density RMS were
enough to reliably distinguish young adults from older adults, as shown in Figure 2. A significant
increase in the power spectral density of vCOMacc during standing may be associated with the
age-related decrease in dynamic ballistic muscle strength [40] or in the number of motor units [41].
Additionally, a persistent increase in spectrum density in older adults may be associated with the
sustained and enhanced muscle activity of the plantaris flexors [42,43], as well as a decline in cutaneous
feedback and proprioception [44]. Otherwise, during standing, the body is constantly subjected to micro
vibrations, which may be caused by myocardial contractions [45] or physiological tremors [46–48].

Previous studies also investigated the amplitude and structural variabilities of apCOMacc
and EMG, showing an enhanced relationship between postural variability and responsible muscle
activation [49] Similarly, this study also evaluated the relationship between the sagittal plane COM and
the calf muscles, while a different correlation was found between vCOMacc and calf muscle. Thus, it is
possible that vCOMacc allows the observation of different aspects of balance control.

Note that the correlation between apCOMacc RMS and vCOMacc RMS was low. When apCOMacc
is the result of multilinked joint control of the lower limbs [50], this suggests that vCOMacc is an index
that can evaluate aspects of the physical control mechanism differently from apCOMacc. As the details
of the mechanism giving rise to such characteristics have not yet been clarified, this is a desirable
subject for future studies.

The present study had some limitations. This study relied upon an uncomplicated experiment,
which specifically analyzed time variation in vCOMacc. One of the major objectives of this study was
to investigate whether we could use the obtained data to identify age-related changes in postural
control. However, it was not possible to clarify the cause of age-related differences in vCOMacc
fluctuation. Additional measurements (e.g., heart rate and electroencephalogram recordings) could
provide potential sources of time–frequency differences across age groups. In addition, the number of
subjects who participated in this experiment is small, which may affect the accuracy of the estimation
obtained in this experiment. Therefore, this experiment is positioned as a preliminary experiment for
further research in the future.

In conclusion, a micro acceleration analysis in quiet standing using time–frequency characteristics
revealed differing power spectral densities according to age. Time–frequency analysis showed multiple
spectral activity peaks during body oscillations within each frequency range, indicating that the
underlying signal contained within vCOMacc is highly dynamic. Therefore, the use of time–frequency
methods, which provide information on not only the frequency content but also the timing of these
dynamic features of spectral activity, is recommended for further investigation. Furthermore, vCOMacc
was able to reflect the activity dynamics of lower limb muscle activities in the standing position,
suggesting that neurological information in standing control may be collected using a simple method.

Author Contributions: Conceptualization, E.S.; Formal analysis, N.C. and K.I.; Methodology, T.M. and T.N.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Grant-in-Aid Program of the Japan Society for the Promotion of Science
(no. 22700540).

Conflicts of Interest: The authors declare no conflict of interest.



Geriatrics 2020, 5, 105 10 of 12

References

1. Thapa, P.B.; Gideon, P.; Brockman, K.G.; Fought, R.L.; Ray, W.A. Clinical and biomechanical measures of
balance as fall predictors in ambulatory nursing home residents. J. Gerontol. A Biol. Sci. Med. Sci. 1996, 51,
M239–M246. [CrossRef] [PubMed]

2. Doyle, T.L.; Dugan, E.L.; Humphries, B.; Newton, R.U. Discriminating between elderly and young using a
fractal dimension analysis of centre of pressure. Int. J. Med. Sci. 2004, 1, 11–20. [CrossRef] [PubMed]

3. Lafond, D.; Corriveau, H.; Hébert, R.; Prince, F. Intrasession reliability of center of pressure measures of
postural steadiness in healthy elderly people. Arch. Phys. Med. Rehabil. 2004, 85, 896–901. [CrossRef]
[PubMed]

4. Corriveau, H.; Hébert, R.; Prince, F.; Raîche, M. Intrasession reliability of the “center of pressure minus
center of mass” variable of postural control in the healthy elderly. Arch. Phys. Med. Rehabil. 2000, 81, 45–48.
[CrossRef] [PubMed]

5. Lin, D.; Seol, H.; Nussbaum, M.A.; Madigan, M.L. Reliability of COP-based postural sway measures and
age-related differences. Gait Posture 2008, 28, 337–342. [CrossRef] [PubMed]

6. Masani, K.; Vette, A.H.; Kouzaki, M.; Kanehisa, H.; Fukunaga, T.; Popovic, M.R. Larger center of pressure
minus center of gravity in the elderly induces larger body acceleration during quiet standing. Neurosci. Lett.
2007, 422, 202–206. [CrossRef]

7. Oba, N.; Sasagawa, S.; Yamamoto, A.; Nakazawa, K. Difference in postural control during quiet standing
between young children and adults: Assessment with center of mass acceleration. PLoS ONE 2015, 10,
e0140235. [CrossRef]

8. Yu, E.; Abe, M.; Masani, K.; Kawashima, N.; Eto, F.; Haga, N.; Nakazawa, K. Evaluation of postural control in
quiet standing using center of mass acceleration: Comparison among the young, the elderly, and people
with stroke. Arch. Phys. Med. Rehabil. 2008, 89, 1133–1139. [CrossRef]

9. Vette, A.H.; Sayenko, D.G.; Jones, M.; Abe, M.O.; Nakazawa, K.; Masani, K. Ankle muscle co-contractions
during quiet standing are associated with decreased postural steadiness in the elderly. Gait Posture 2017, 55,
31–36. [CrossRef]

10. Hsiao-Wecksler, E.T.; Katdare, K.; Matson, J.; Liu, W.; Lipsitz, L.A.; Collins, J.J. Predicting the dynamic
postural control response from quiet-stance behavior in elderly adults. J. Biomech. 2003, 36, 1327–1333.
[CrossRef]

11. Lauk, M.; Chow, C.C.; Pavlik, A.E.; Collins, J.J. Human balance out of equilibrium: Nonequilibrium statistical
mechanics in posture control. Phys. Rev. Lett. 1998, 80, 413–416. [CrossRef]

12. Collins, J.J.; De Luca, C.J. Open-loop and closed-loop control of posture: A random-walk analysis of
center-of-pressure trajectories. Exp. Brain Res. 1993, 95, 308–318. [CrossRef] [PubMed]

13. Duarte, M.; Zatsiorsky, V.M. On the fractal properties of natural human standing. Neurosci. Lett. 2000, 14,
173–176. [CrossRef]

14. Boehm, W.L.; Nichols, K.M.; Gruben, K.G. Frequency-dependent contributions of sagittal-plane foot force to
upright human standing. J. Biomech. 2019, 83, 305–309. [CrossRef]

15. Duarte, M.; Freitas, S.M. Revision of posturography based on force plate for balance evaluation. Rev. Bras.
Fisioter. 2010, 14, 183–192. [CrossRef]

16. Hong, C.Y.; Guo, L.Y.; Song, R.; Nagurka, M.L.; Sung, J.L.; Yen, C.W. Assessing postural stability via
the correlation patterns of vertical ground reaction force components. Biomed. Eng. Online 2016, 15, 90.
[CrossRef] [PubMed]

17. Karlsson, A.; Frykberg, G. Correlations between force plate measures for assessment of balance. Clin. Biomech.
2000, 15, 365–369. [CrossRef]

18. Onell, A. The vertical ground reaction force for analysis of balance? Gait Posture 2000, 12, 7–13. [CrossRef]
19. Goldie, P.A.; Bach, T.M.; Evans, O.M. Force platform measures for evaluating postural control: Reliability

and validity. Arch. Phys. Med. Rehabil. 1989, 70, 510–517.
20. Soames, R.W.; Atha, J. The spectral characteristics of postural sway behaviour. Eur. J. Appl. Physiol. Occup.

Physiol. 1982, 49, 169–177. [CrossRef]
21. McClenaghan, B.A.; Williams, H.G.; Dickerson, J.; Dowda, M.; Thombs, L.; Eleazer, P. Spectral characteristics

of aging postural control. Gait Posture 1996, 4, 112–121. [CrossRef]

http://dx.doi.org/10.1093/gerona/51A.5.M239
http://www.ncbi.nlm.nih.gov/pubmed/8808996
http://dx.doi.org/10.7150/ijms.1.11
http://www.ncbi.nlm.nih.gov/pubmed/15912186
http://dx.doi.org/10.1016/j.apmr.2003.08.089
http://www.ncbi.nlm.nih.gov/pubmed/15179642
http://dx.doi.org/10.1016/s0003-9993(00)90220-x
http://www.ncbi.nlm.nih.gov/pubmed/10638875
http://dx.doi.org/10.1016/j.gaitpost.2008.01.005
http://www.ncbi.nlm.nih.gov/pubmed/18316191
http://dx.doi.org/10.1016/j.neulet.2007.06.019
http://dx.doi.org/10.1371/journal.pone.0140235
http://dx.doi.org/10.1016/j.apmr.2007.10.047
http://dx.doi.org/10.1016/j.gaitpost.2017.03.032
http://dx.doi.org/10.1016/S0021-9290(03)00153-2
http://dx.doi.org/10.1103/PhysRevLett.80.413
http://dx.doi.org/10.1007/BF00229788
http://www.ncbi.nlm.nih.gov/pubmed/8224055
http://dx.doi.org/10.1016/S0304-3940(00)00960-5
http://dx.doi.org/10.1016/j.jbiomech.2018.11.039
http://dx.doi.org/10.1590/S1413-35552010000300003
http://dx.doi.org/10.1186/s12938-016-0212-z
http://www.ncbi.nlm.nih.gov/pubmed/27485525
http://dx.doi.org/10.1016/S0268-0033(99)00096-0
http://dx.doi.org/10.1016/S0966-6362(00)00053-9
http://dx.doi.org/10.1007/BF02334065
http://dx.doi.org/10.1016/0966-6362(95)01040-8


Geriatrics 2020, 5, 105 11 of 12

22. McClenaghan, B.A.; Williams, H.G.; Dickerson, J.; Thombs, L. Spectral signature of forces to discriminate
perturbations in standing posture. Clin. Biomech. 1994, 9, 21–27. [CrossRef]

23. Schumann, T.; Redfern, M.S.; Furman, J.M.; El-Jaroudi, A.; Chaparro, L.F. Time-frequency analysis of postural
sway. J. Biomech. 1995, 28, 603–607. [CrossRef]

24. Loram, I.D.; Maganaris, C.N.; Lakie, M. Human postural sway results from frequent, ballistic bias impulses
by soleus and gastrocnemius. J. Physiol. 2005, 564, 295–311. [CrossRef]

25. Vieira, T.M.; Loram, I.D.; Muceli, S.; Merletti, R.; Farina, D. Recruitment of motor units in the medial
gastrocnemius muscle during human quiet standing: Is recruitment intermittent? What triggers recruitment?
J. Neurophysiol. 2012, 107, 666–676. [CrossRef] [PubMed]

26. Chagdes, J.R.; Rietdyk, S.; Haddad, J.M.; Zelaznik, H.N.; Raman, A.; Rhea, C.K.; Silver, T.A. Multiple
timescales in postural dynamics associated with vision and a secondary task are revealed by wavelet analysis.
Exp. Brain Res. 2009, 197, 297–310. [CrossRef] [PubMed]

27. Ferdjallah, M.; Harris, G.F.; Wertsch, J.J. Instantaneous postural stability characterization using time-frequency
analysis. Gait Posture 1999, 10, 129–134. [CrossRef]

28. Lodge, D.J.; Behrens, M.M.; Grace, A.A. A loss of parvalbumin-containing interneurons is associated with
diminished oscillatory activity in an animal model of schizophrenia. J. Neurosci. 2009, 29, 2344–2354.
[CrossRef]

29. Jeong, K.S.; Ahn, J.; Khodursky, A.B. Spatial patterns of transcriptional activity in the chromosome of
Escherichia coli. Genome. Biol. 2004, 5, R86. [CrossRef]

30. Bal, S.; Bose, M.A. climatological study of the relations among solar activity, galactic cosmic ray and
precipitation on various regions over the globe. J. Earth. Syst. Sci. 2010, 119, 201–209. [CrossRef]

31. Kouzaki, M.; Masani, K. Postural sway during quiet standing is related to physiological tremor and muscle
volume in young and elderly adults. Gait Posture 2012, 35, 11–17. [CrossRef] [PubMed]

32. Fitzpatrick, R.C.; Gorman, R.B.; Burke, D.; Gandevia, S.C. Postural proprioceptive reflexes in standing human
subjects: Bandwidth of response and transmission characteristics. J. Physiol. 1992, 458, 69–83. [CrossRef]
[PubMed]

33. Obata, H.; Abe, M.O.; Masani, K.; Nakazawa, K. Modulation between bilateral legs and within unilateral
muscle synergists of postural muscle activity changes with development and aging. Exp. Brain Res. 2014,
232, 1–11. [CrossRef] [PubMed]

34. Dalton, B.H.; Harwood, B.; Davidson, A.W.; Rice, C.L. Triceps surae contractile properties and firing rates in
the soleus of young and old men. J. Appl. Physiol. 2009, 107, 1781–1788. [CrossRef] [PubMed]

35. Wells, C.; Ward, L.M.; Chua, R.; Inglis, J.T. Regional variation and changes with ageing in vibrotactile
sensitivity in the human footsole. J. Gerontol. A Biol. Sci. Med. Sci. 2003, 58, 680–686. [CrossRef] [PubMed]

36. Dalton, B.H.; Blouin, J.S.; Allen, M.D.; Rice, C.L.; Inglis, J.T. The altered vestibular-evoked myogenic and
whole-body postural responses in old men during standing. Exp. Gerontol. 2014, 60, 120–128. [CrossRef]

37. Vieira, T.M.; Minetto, M.A.; Hodson-Tole, E.F.; Botter, A. How much does the human medial gastrocnemius
muscle contribute to ankle torques outside the sagittal plane? Hum. Mov. Sci. 2013, 32, 753–767. [CrossRef]

38. Vieira, T.M.; Windhorst, U.; Merletti, R. Is the stabilization of quiet upright stance in humans driven by
synchronized modulations of the activity of medial and lateral gastrocnemius muscles? J. Appl. Physiol. 2010,
108, 85–97. [CrossRef]

39. Masani, K.; Popovic, M.R.; Nakazawa, K.; Kouzaki, M.; Nozaki, D. Importance of body sway velocity
information in controlling ankle extensor activities during quiet stance. J. Neurophysiol. 2003, 90, 3774–3782.
[CrossRef]

40. Klass, M.; Baudry, S.; Duchateau, J. Age-related decline in rate of torque development is accompanied by
lower maximal motor unit discharge frequency during fast contractions. J. Appl. Physiol. 2008, 104, 739–746.
[CrossRef]

41. Aagaard, P.; Suetta, C.; Caserotti, P.; Magnusson, S.P.; Kjaer, M. Role of the nervous system in sarcopenia and
muscle atrophy with aging: Strength training as a countermeasure. Scand. J. Med. Sci. Sports 2010, 20, 49–64.
[CrossRef] [PubMed]

42. Baudry, S.; Lecoeuvre, G.; Duchateau, J. Age-related changes in the behavior of the muscle-tendon unit of the
gastrocnemius medialis during upright stance. J. Appl. Physiol. 2012, 112, 296–304. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/0268-0033(94)90054-X
http://dx.doi.org/10.1016/0021-9290(94)00113-I
http://dx.doi.org/10.1113/jphysiol.2004.076307
http://dx.doi.org/10.1152/jn.00659.2011
http://www.ncbi.nlm.nih.gov/pubmed/21994258
http://dx.doi.org/10.1007/s00221-009-1915-1
http://www.ncbi.nlm.nih.gov/pubmed/19578840
http://dx.doi.org/10.1016/S0966-6362(99)00023-5
http://dx.doi.org/10.1523/JNEUROSCI.5419-08.2009
http://dx.doi.org/10.1186/gb-2004-5-11-r86
http://dx.doi.org/10.1007/s12040-010-0015-8
http://dx.doi.org/10.1016/j.gaitpost.2011.03.028
http://www.ncbi.nlm.nih.gov/pubmed/21855345
http://dx.doi.org/10.1113/jphysiol.1992.sp019406
http://www.ncbi.nlm.nih.gov/pubmed/1338796
http://dx.doi.org/10.1007/s00221-013-3702-2
http://www.ncbi.nlm.nih.gov/pubmed/24240388
http://dx.doi.org/10.1152/japplphysiol.00464.2009
http://www.ncbi.nlm.nih.gov/pubmed/19797692
http://dx.doi.org/10.1093/gerona/58.8.B680
http://www.ncbi.nlm.nih.gov/pubmed/12902525
http://dx.doi.org/10.1016/j.exger.2014.09.020
http://dx.doi.org/10.1016/j.humov.2013.03.003
http://dx.doi.org/10.1152/japplphysiol.00070.2009
http://dx.doi.org/10.1152/jn.00730.2002
http://dx.doi.org/10.1152/japplphysiol.00550.2007
http://dx.doi.org/10.1111/j.1600-0838.2009.01084.x
http://www.ncbi.nlm.nih.gov/pubmed/20487503
http://dx.doi.org/10.1152/japplphysiol.00913.2011
http://www.ncbi.nlm.nih.gov/pubmed/22033533


Geriatrics 2020, 5, 105 12 of 12

43. Laughton, C.A.; Slavin, M.; Katdare, K.; Nolan, L.; Bean, J.F.; Kerrigan, D.C.; Phillips, E.; Lipsitz, L.A.;
Collins, J.J. Aging, muscle activity, and balance control: Physiologic changes associated with balance
impairment. Gait Posture 2003, 18, 101–108. [CrossRef]

44. Shaffer, S.W.; Harrison, A.L. Aging of the somatosensory system: A translational perspective. Phys. Ther.
2007, 87, 193–207. [CrossRef] [PubMed]

45. Stürm, R.; Nigg, B.; Koller, E.A. The impact of cardiac activity on triaxially recorded endogenous
microvibrations of the body. Eur. J. Appl. Physiol. Occup. Physiol. 1980, 44, 83–96. [CrossRef] [PubMed]

46. Pagnacco, G.; Sorbello, D.; Oggero, E.; Morr, D.; Berme, N. Average power spectral density of physiological
tremor in normal subjects. Biomed. Sci. Instrum. 1997, 34, 99–103. [PubMed]

47. Berme, N.; Oggero, E.; Pagnacco, G. Power spectrum characteristics of physiologic and pathologic tremor.
Acta. Bioeng. Biomech. 1999, 1, 71–88.

48. Bircher, M.; Kohl, J.; Nigg, B.; Koller, E.A. The microvibrations of the body, an index for examination stress.
Eur. J. Appl. Physiol. Occup. Physiol. 1978, 39, 99–109. [CrossRef]

49. Wang, W.; Xiao, Y.; Yue, S.; Wei, N.; Li, K. Analysis of center of mass acceleration and muscle activation in
hemiplegic paralysis during quiet standing. PLoS ONE 2019, 20, e0226944. [CrossRef]

50. Hsu, W.L.; Scholz, J.P.; Schöner, G.; Jeka, J.J.; Kiemel, T. Control and estimation of posture during quiet stance
depends on multijoint coordination. J. Neurophysiol. 2007, 97, 3024–3035. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0966-6362(02)00200-X
http://dx.doi.org/10.2522/ptj.20060083
http://www.ncbi.nlm.nih.gov/pubmed/17244695
http://dx.doi.org/10.1007/BF00421767
http://www.ncbi.nlm.nih.gov/pubmed/7190500
http://www.ncbi.nlm.nih.gov/pubmed/9603020
http://dx.doi.org/10.1007/BF00421714
http://dx.doi.org/10.1371/journal.pone.0226944
http://dx.doi.org/10.1152/jn.01142.2006
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Subjects 
	Measurements 
	Data Analysis 
	Frequency Domain Analysis 
	Time Domain Analysis 

	Statistical Analysis of COMacc Data 

	Results 
	Frequency Domain 
	Time Domain 
	Correlation Analysis for vCOMacc and apCOMacc 

	Discussion 
	Frequency Domain 
	Time Domain 

	References

