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Abstract: Force variability is potentially related to altered low-frequency oscillations in motor out-
puts. This study examines the contributions of low-frequency oscillations in force to altered force
control performances from lower to higher targeted force levels in older women. Fourteen older
women executed unilateral hand-grip force control tasks at 10% and 40% of maximum voluntary
contraction (MVC). Force control performances were estimated by calculating force accuracy (root-
mean-square-error), force variability (standard deviation), and force regularity (approximate entropy).
We additionally quantified low-frequency oscillations in force using absolute powers across four
different frequency bands: (a) 0-0.5 Hz, (b) 0.5-1.0 Hz, (c) 1.0-1.5 Hz, and (d) 1.5-2.0 Hz. The findings
reveal that from lower to higher targeted force level older women show greater force error, force
variability, and force regularity with increased values of absolute power in force across the four
frequency bands. The multiple regression models identified a significant relationship between greater
force frequency power below 0.5 Hz and more impairments in force control performances. These
findings suggest that force frequency oscillation below 0.5 Hz is a key predictor indicating altered
stability of task performances across different targeted force levels in older women.
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1. Introduction

Force control capabilities are essential for successfully conducting various activities of
daily living [1,2]. Moreover, the isometric force control paradigm may be a viable option to
estimate sensorimotor integration functions in the motor system [3,4] because a performer
can produce and maintain isometric forces around the targeted force level via continu-
ous online motor corrections by processing visual feedback. During the isometric force
control task, quantifying inconsistency of motor outputs (i.e., force variability) provides
information regarding how the motor system controls and regulates motor-related neural
oscillations for successful task performance [5-7].

A recent literature review raised the possibility that force variability properties in
the motor system may be associated with changes in the low-frequency oscillations of
motor outputs [8]. For healthy young adults, when the concurrent visual information was
removed, force oscillations below 0.5 Hz increased with greater force variability during the
index finger’s abduction force control tasks [9]. Moreover, older adults and patients with
stroke revealed more low force oscillations with higher motor variability than those in the
control groups [9,10]. While processing a greater amount of visual information (i.e., higher
visual gain conditions), elderly people especially elevated force frequency properties below
0.5 Hz that predicted more force variability across force control tasks using upper and lower
limbs [9,11]. Interestingly, these greater force oscillations below 0.5 Hz were additionally
associated with increased oscillation of muscle activity below 0.5 Hz (i.e., EMG burst power)
for both younger and older adult groups [11,12]. Taken together, these findings support an
idea that force frequency power below 0.5 Hz may be a crucial predictor indicating altered
neuromuscular variability in the motor system.
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A recent literature review proposed several possible mechanisms underlying the
relationship between the greater powers in the low-frequency band and increased force
variability [8]. Potentially, the central nervous system (CNS) may select a control strategy
for increasing the efficiency in controlling and generating more accurate force outputs by
grouping the activations in the motor neuron pools into a low-frequency unit. Next, the
low-frequency oscillations in forces may be considered as neuronal noise that presumably
originated from higher physiological stress in the sympathetic nervous system (e.g., breath-
ing and heart rate) [13]. Finally, the altered voluntary drive from the brain when more
difficult task requirements were provided [9,12,14] may be responsible for the low force
frequency oscillations.

Importantly, force control performances can be affected by various neuromuscular
factors such as different targeted force levels. For example, force variability (i.e., standard
deviation of force outputs) typically increased at higher targeted force levels [15,16]. Given
that this scaling relation between force variability and targeted force level presumably
reflects neuronal changes in the central and peripheral nervous systems [17-19], increased
force variability at higher targeted force levels would be influenced by greater force oscilla-
tions below 0.5 Hz. In fact, a prior study reported that increased force variability from 10%
to 30% of maximum voluntary contraction (MVC) in healthy young adults was significantly
associated with greater force frequency power below 0.5 Hz [12]. Previously, older adults
revealed higher force variability than young adult controls across various submaximal
targeted force levels (e.g., 10-50% of MVC) because of age-related deficits in the nervous
systems [16,20]. Force control at higher targeted levels is necessary to facilitate greater neu-
ral involvements in the motor system (e.g., hyperactivation across sensorimotor cortex and
greater low-frequency oscillations in motor neuron discharge rates) [21,22]. However, given
that elderly people showed a tendency to increase the neural activations to compensate for
age-related impairments in the motor system [23], controlling degrees of freedom of neural
resources may be challenging for older adults, resulting in more erroneous and variable
forces [24]. Taken together, these findings suggest that elderly people may additionally
show greater force oscillations below 0.5 Hz from lower to higher targeted force levels that
potentially lead to more impairments in force control capabilities.

Thus, the purpose of this study is to investigate the effects of different force levels on
changes in force control performances and low-frequency oscillations in force for older
adults. In particular, we focused on older women since females in the older group demon-
strated more impairments in hand-grip force control performances than males [25] because
of the interactive effects of aging and loss of sexual hormones facilitating more dysfunc-
tions in the motor system [26]. Participants executed unilateral hand-grip force control
tasks with their dominant hand at 10% and 40% of MVC. Beyond the previous findings
that focused on force variability changes [8-11], we additionally examined the potential
contribution of low-frequency oscillations in force to various force control performances,
including force accuracy, variability, and regularity. Based on a significant relationship
between greater powers in the low force frequency band (<0.5 Hz) and increased force
variability [8], we hypothesized that force control performances (i.e., greater task error,
variability, and regularity) would be impaired from lower to higher targeted force levels,
and furthermore the increased force oscillations below 0.5 Hz would be associated with
more force control impairments.

2. Materials and Methods
2.1. Participants

Fourteen healthy older right-handed women who experienced menopause (time since
menopause > six years) participated in this study. Before the testing, we confirmed that
all participants had no musculoskeletal deficits in their upper extremities and cognitive
dysfunctions (mini-mental state examination scores > 26) [27]. Specific demographic
details are shown in Table 1. All participants read and signed the study protocols and an
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informed consent form approved by the Institutional Review Board of the Incheon National
University prior to beginning the experiments.

Table 1. Demographic information.

Characteristics Older Women
Sample Size (N) 14

Age (years) 63.5+24
Time since menopause (year) 132453
Handedness 14 right handed
Weight (kg) 589 £ 6.2
Skeletal Muscle Mass (kg) 20.1 £ 1.7
Body Fat Mass (kg) 214 +£45
BMI (%) 241423
Mini-mental state exam (score) 281 + 1.7

Data were stated as mean =+ standard deviation. BMI: body mass index.

2.2. Experimental Apparatus and Procedures

Hand-grip force control tasks for the dominant hand were administered because grip
strength is progressively reduced in the aging population [28,29], and further decreased
grip strength predicts various age-related diseases [30]. Participants sat in front of a 54.6 cm
LED monitor (1920 x 1080 pixels and 60 Hz of a refresh rate) located 80 cm away at eye
level and placed both arms on the table with comfortable positions (15-20° of shoulder
flexion and 25-40° of elbow flexion). To perform grip force control tasks, participants used
their dominant hands and maintained their non-dominant hands on the pad (Figure 1A).
To avoid unintentional force generations caused by other joint actions, we instructed
them to fix both arms on the table during the task execution. We used a customized
isometric force control device (SEED TECH Co., Ltd., Bucheon, South Korea), including
handles (a diameter = 30 mm) embedded force transducers (Micro Load Cell-CZL635-3135,
range = 220 Ibs., Phidgets Inc., Calgary, Canada). A 16-bit analog-to-digital converter (A/D;
ADS1148 16-Bit 2Ksps and a minimum detectable force = 0.0192 N) collected all force signals
(a sampling rate = 200 Hz) amplified by an INA122 with an excitation voltage of 5 V (Texas
Instruments Inc., Dallas, TX, USA). All experimental procedures were administered using
a custom Microsoft Visual C++ program (Microsoft Corp., Redmond, WA, USA), and a
custom Matlab Program (Math Works™ Inc., Natick, MA, USA) was used for additional
offline analysis.

Red line = force production
White line = targeted force level

J

Figure 1. Experimental setup. (A) hand-grip isometric force control, and (B) visual information
during force control task.

2.2.1. MVC task

To set individualized targeted force levels, participants conduced two consecutive
MVC trials. We instructed participants to produce their maximal forces for 5 s and provided
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60 s of rest between MVC trials. We selected a peak value of force outputs for each trial,
and calculated participant’s MVC by averaging the two peak values. Then, two levels of
targeted force levels (i.e., 10% and 40% of MVC) for each participant were calculated.

2.2.2. Submaximal Force Control Task

We administered three consecutive submaximal force control trials for each targeted
force level (i.e., 10% and 40% of MVC). The order of the two targeted force levels was
randomly assigned. During a submaximal force control trial, participants produced and
maintained isometric force outputs around the targeted force level for 20 s. Two types of
visual information were provided on the screen: (a) isometric force production = a red line,
and (b) targeted force level = a white line (Figure 1B). To minimize potential fatigue effects,
we set 30 s of rest between trials and 60 s of rest between targeted force levels.

2.3. Data Analysis

To prevent potential initial isometric force control adjustment and early termination
effects, the first 5 s and final 1 s of force data were removed. Thus, the middle 14 s of force
data was analyzed for each trial. Using a bidirectional fourth-order Butterworth filter (a cut-
off frequency = 30 Hz), all force data were additionally filtered. Force control performances
were estimated by (a) force accuracy: root-mean-square error (RMSE), (b) force variability:
standard deviation (SD), and (c) force regularity: approximate entropy (ApEn). Force
regularity is a temporal structure of force variability so that ApEn values denote regularity
of future force signals in a time series in comparison to the prior force signals. The values
of ApEn close to 2 represent less regularity of force data indicating more adaptive force
productions, whereas the values of ApEn close to 0 mean more regularity of force data.
Using the Pincus algorithm (Formula 1), we calculated the ApEn value for each trial [31,32].

ApEn ()? m, r> _ ln[(%gr()r)] (1)

where C;; (r) indicates number of repetitive patterns of length m of vector X within r
criterion of similarity. Cy, + 1 (r) indicates number of repetitive patterns of length m + 1.
Consistent with previous studies [33,34], we set m as 2 and r as 0.2 x SD.

Low-frequency oscillations in force signals were calculated by performing power
spectrum analysis with a fast Fourier transform using a custom Matlab Program (Math
Works™ Inc., Natick, MA, USA). Consistent with prior studies [11,12], we quantified
absolute power (N?) for the four frequency bands: (a) 0-0.5 Hz, (b) 0.5-1.0 Hz, (c) 1.0-1.5 Hz,
and (d) 1.5-2.0 Hz.

2.4. Statistical Analysis

To determine altered force control performances across different targeted force levels,
we conducted paired t-tests on RMSE, SD, and ApEn. Furthermore, two-way ANOVA with
repeated measures on each factor (Force Level x Frequency Band; 2 x 4) were used for the
low-frequency oscillations in force signals. When assumptions of sphericity were violated,
we report Greenhouse-Geisser’s degrees of freedom adjustment. Bonferroni pairwise
comparisons were used for the post hoc test. To determine the relationship between altered
low-frequency oscillations in force and force control performances between two targeted
force levels, we performed three multiple linear regression analyses on changes in absolute
powers for each frequency band (four explanatory variables at 40% of MVC—those at
10% of MVC) and changes in force control performance (a dependent variable at 40% of
MVC—those at 10% of MVC) using the stepwise method. Both explanatory and dependent
variables were the changes in variables from lower to higher targeted force levels. All
statistical analyses were conducted using the IBM SPSS Statistics 22 (SPSS Inc., Chicago,
IL, USA) and the alpha level was set at 0.05.
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3. Results
3.1. Force Control Performance and Low-Frequency Oscillations in Force

From 10% to 40% of MVC, paired t-tests revealed impairments in force control per-
formances: (a) increased values in RMSE (t13 = —10.215; p < 0.001; Figure 2A), (b) greater
values in SD (t13 = —8.239 and p < 0.001; Figure 2B), and (c) less values in ApEn (t13 = 12.247
and p < 0.001; Figure 2C). Moreover, a two-way repeated measures ANOVA on the absolute
power showed a significant force level x frequency band interaction [F(1.882, 24.468) = 25.675;
p < 0.001; partial n? = 0.664; Figure 2D]. Post hoc analyses showed that the absolute power
for four frequency bands significantly increased from 10% to 40% of MVC. At 10% of MVC,
the absolute power in 0.5-1.0 Hz was significantly greater than those in 1.5-2.0 Hz and the
absolute power in 1.0-1.5 Hz was significantly greater than those in 1.5-2.0 Hz. At 40% of
MVC, the absolute powers were significantly different among all pairs of frequency bands.
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Figure 2. Force control performances and low-frequency oscillations in force across two targeted
force levels. (A) Force accuracy (RMSE), (B) force variability (SD), (C) force regularity (ApEn), and
(D) low-frequency oscillations in force (absolute power) for four frequency bans as a function of
different targeted force level. Data are mean =+ standard error. Asterisk (*) denotes a significant
difference between two targeted force levels. Number sign (#) indicates a significant difference in
comparison to 0-0.5 Hz. Percent sign (%) indicates a significant difference in comparison to 0.5-1.0 Hz.
Ampersand (&) means a significant difference in comparison to 1.0-1.5 Hz.

3.2. Relationship between Changes in Low-Frequency Oscillations in Force and Force Control
Performances across Different Targeted Force Levels

A multiple linear regression analysis using a stepwise method identified a significant
relationship between increased values of absolute power in 0-0.5 Hz and higher RMSE
values (Y = 0.920 + 0.047 X; R? = 0.533; p = 0.003; Figure 3A). For SD values, the analysis
found a significant relationship between increased values of absolute power in 0-0.5 Hz and
0.5-1.0 Hz and higher SD values (Y = 0.307 + 0.037 Xo_05 1z + 0.018 X0 5-1.0 Hz; R? =0.978;
p < 0.001; Figure 3B). Finally, a multiple linear regression analysis using a stepwise method
reported a significant relationship between increased values of absolute power in 0-0.5 Hz
and less ApEn values (Y = —0.141-0.008 X; R? = 0.890; p < 0.001; Figure 3C).
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Figure 3. Regression models showing relationship between change of low-frequency oscillations in
force and force control performances across two targeted force levels. (A) force frequency oscillations
below 0.5 Hz (absolute power in 0-0.5 Hz) vs. force accuracy (RMSE), (B) force frequency oscillations
below 1.0 Hz (absolute powers in 0-0.5 Hz and 0.5-1.0 Hz) vs. force variability (SD), and (C) force
frequency oscillations below 0.5 Hz (absolute power in 0-0.5 Hz) vs. force regularity (ApEn).

4. Discussion

The current study examines altered low-frequency oscillations in force and force con-
trol performances across different targeted force levels in older women. From 10% to 40% of
MVC, older women increased force error, force variability, and force regularity during
unilateral hand-grip force control tasks, and further revealed greater force oscillations in
four different frequency bands below 2 Hz. Interestingly, the multiple linear regression
analyses using a stepwise method identified that greater amounts of force oscillations
below 0.5 Hz significantly predicted higher levels of force error, force variability, and force
regularity from lower to higher targeted force levels, respectively.

4.1. Changes in Force Control Capabilities and Low-Frequency Oscillations at Different
Targeted Levels

Not surprisingly, older women revealed force control deficits such as increased force
error and absolute force variability at 40% of MVC as compared with those at 10% of MVC
consistent with most prior findings [12,15,16,35]. Presumably, simultaneously maintaining
and correcting force outputs via the processing of visual information at higher targeted
levels is challenging so that these procedures required more neural involvements in the
motor system, such as greater brain activation across sensorimotor areas and low-frequency
oscillations in motor neuron discharge rates [21,22]. Importantly, the neural involvements
for the elderly people tended to increase to compensate for age-related impairments in the
motor system [23]. These greater neural resources during the task may increase difficulty in
controlling the degrees of freedom of motor actions for the older adults, resulting in more
erroneous and variable forces [24]. Moreover, higher force regularity at 40% of MVC than
at 10% of MVC is in line with previous studies [16,36,37]. The prior findings indicated that
the motor system may decrease motor adaptations (e.g., increased motor optimality) rather
than identify various motor options (e.g., increased motor flexibility) while performing
more difficult tasks (e.g., tasks that required stronger force productions and tasks without
visual feedback) [37,38].

Beyond the prior findings that showed the contribution of low-frequency oscillations
in force signals to force variability [8], we found that these relationship patterns were
observed in both force accuracy and regularity across different targeted force level. A recent
study reported that increased relative force power below 0.25 Hz was significantly associ-
ated with higher task error (R? = 0.36) and force variability (R? = 0.33) when healthy young
participants executed more challenging dynamic force control tasks (i.e., tracking 1 Hz of
the sinusoidal target line than 0.5 Hz of the sinusoidal target line) [14]. Common findings
from two studies that focused on healthy young adults suggested that task constraints
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(e.g., more difficult task requirements such as higher targeted force level and more oscil-
latory targeted force level) influenced changes in the low force frequency band (<0.5 Hz)
resulting in impaired force control performances [12,14]. Taken together, we confirmed
that the potential effects of task constraint on low-frequency oscillation in force signals
additionally appeared in the older women group in addition to the young adults [12].

Interestingly, the current findings expanded prior findings by showing a significant
relationship between force frequency power below 0.5 Hz and force regularity across dif-
ferent targeted force levels. Christou and colleagues posited that greater force oscillations
below 0.5 Hz may be related to the CNS’s motor control strategies [8,14]. When higher
force outputs are generated, a greater number of spinal motor neurons are recruited [39].
For example, producing and controlling isometric force outputs at a higher targeted force
level (>30% of MVC) may require the recruitment of large motor neurons that innervate
fast-twitch, fatigable muscle fibers, in addition to the early recruitment of small motor
neurons that innervate slow-twitch muscle fibers [39]. Thus, the CNS is necessary to control
numerous spinal motor neurons in an efficient way (i.e., grouping spinal motor neurons
into low-frequency units) that may increase force frequency power below 0.5 Hz instead
of individually modulating spinal motor neurons. In fact, a prior simulation study found
that motor unit synchronization patterns, defined as a tendency for comparable tempo-
ral intervals of discharge rate between motor units, increased with more efforts toward
producing forces leading to deterioration of motor actions (e.g., greater force variability
and low force frequency oscillations) [40]. Dideriksen and colleagues additionally reported
simulated results that more regular force generation patterns (i.e., lower values of ApEn)
appeared with a greater number of motor neurons involvements [41]. Importantly, the
inter-spike intervals in aging muscles tended to be less complex (i.e., higher regularity), and
furthermore elderly people hardly continued task stability along with more flexibility [42].
Overall, this motor control strategy may be responsible for producing more stereotyped
motor outputs (i.e., increased force regularity) rather than generating more flexible force
control.

4.2. Potential Mechanisms underlying the Contribution of Low-Frequency Oscillations to Force
Control Capabilities

Potentially, the effects of changes in low force frequency oscillations on force control
performances may originate from neural involvements of the central and peripheral ner-
vous systems. Given that producing stronger muscle forces increased corticomuscular
coherences across various frequency bands (e.g., beta and gamma bands) [43], greater
low-frequency oscillations at higher targeted force level may be influenced by voluntary
drive from supraspinal level to activations in the spinal motor neurons [8]. Moreover,
despite no muscle activation findings in this study, several studies reported a potential rela-
tionship between whole muscle activity oscillations in the gamma band and low-frequency
burst (<1 Hz) in muscle activity contributing to a force frequency structure below 0.5 Hz
[11,12,14]. Intriguingly, several studies have focused on low-frequency oscillations of brain
activity (i.e., electroencephalogram: EEG frequency power below 0.5-4 Hz) that potentially
appeared in specific pathologies (e.g., epileptic seizure, attention deficit hyperactivity dis-
order, and stroke) [44—46]. Indeed, a recent study that examined postural variability during
a forward lean task reported greater low-frequency of center of pressure (COP) oscillations
below 0.5 Hz in the older adult group than in the young adult group, and furthermore
found these changes were associated with greater COP variability collapsed across the two
groups [47]. Presumably, low-frequency oscillations of various biological signals may be
related to motor variability in human movements. Thus, future studies should determine
whether low-frequency oscillations in force signals are the results of intentional motor
control strategies from the brain or inherent noise components of biological signals in the
motor system.
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4.3. Study Limitations

Although we identified the relationship between low-frequency oscillations and force
control capabilities in older women, these findings should be carefully interpreted. First,
given that only older women participated in this study, whether changes in force oscillation
below 5 Hz from 10% to 40% of MVC are different between younger and older adult groups
is still inconclusive. Previously, older adults revealed greater force oscillations below 5 Hz
with higher motor variability than those in younger adults while processing a greater
amount of visual feedback [9], and furthermore a lower mean firing rate of motor units
appeared in older adults during submaximal force control tasks (10-50% of MVC) [48].
Thus, comparing altered low-frequency oscillations between younger and older groups
across different targeted force levels may provide further information regarding age-related
motor control deficits. Moreover, some studies that used conventional surface EMG devices
evidenced that low-frequency oscillations in muscle activity were associated with force
frequency power below 0.5 Hz [12,14]. Beyond these findings, to determine potential
relationship between altered motor neuron pools and force frequency oscillations below
0.5 Hz caused by aging, future studies should examine low-frequency properties of multiple
motor units activations and force control capabilities between younger and older adults
according to various task constraints.

5. Conclusions

In summary: the current study identifies that increased force frequency oscillations
below 0.5 Hz in older women are significantly associated with more impairments in force
control performances from lower to higher targeted force levels. Our findings expand prior
results shown in healthy young individuals [12] by demonstrating the effects of increased
force frequency oscillations below 0.5 Hz on impaired force control capabilities estimated
by both conventional (higher force error and variability) and non-linear (greater force
regularity) measurements. These findings suggest that impaired force control capabilities
from lower to higher targeted force levels may originate from changes in low force frequency
properties regardless of the aging progress. Moreover, in addition to recent findings that
show greater force frequency oscillations below 0.5 Hz with higher visual gain condition
in older adults [11], we suggest that low-frequency oscillation in force is a key predictor
indicating altered stability of task performances in elderly people affected by various
task requirements.
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