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Abstract

Though both contraction of agonist muscles and co-contraction of antagonistic muscle
pairs across the ankle joint are essential to postural stability, they are perceived to operate
independently of each other, In an antagonistic setup, agonist muscles contract generat-
ing moment about the joint, while antagonist muscles contract generating stiffness across
the joint. While both work together in maintaining robustness in the face of external pertur-
bations, contractions of agonist muscles and co-contractions of antagonistic muscle pairs
across the ankle joint play different roles in responding to and adapting to external pertur-
bations. To determine their respective roles, we exposed participants to repeated pertur-
bations in both large and small magnitudes. The center of pressure (COP) and a co-
contraction index (CCl) were used to quantify the activation of agonist muscles and antag-
onistic muscle pairs across the ankle joint. Our results found that participants generated
moment of a large magnitude across the ankle joint—a large deviation in the COP curve—
in response to perturbations of a large magnitude (p <0.05), whereas the same patrtici-
pants generated higher stiffness about the ankle—a larger value in CCl—in response to
perturbations of a small magnitude (p <0.05). These results indicate that participants use
different postural strategies pertaining to circumstances. Further, the moment across the
ankle decreased with repetitions of the same perturbation (p <0.05), and CCl tended to
remain unchanged even in response to a different perturbation following repetition of the
same perturbation (p <0.05). These findings suggest that ankle muscle contraction and
co-contraction play different roles in regaining and maintaining postural stability. This
study demonstrates that ankle moment and stiffness are not correlated in response to
external perturbations.
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1 Introduction

The center of pressure (COP) is a widely used indicator of neuromuscular control while stand-
ing [1-7]. The major role of COP is laid in maintaining whole-body balance by controlling

the acceleration of the whole-body center of mass. COP is closely proportional to the moment
about the ankle joint that is generated by the musculoskeletal system governing the ankle [1, 8,
9]. Meanwhile, it is questionable whether stiffness associated with the ankle joint can be pre-
dicted using COP curves alone while recovering balance after external perturbations.

A study in 2014 differentiated fallers from non-fallers using a mathematical model and con-
cluded that a greater excursion in COP in response to an external translational perturbation
results from a stiffer ankle joint [10]. However, while COP is closely related to the ankle
moment, it would be thought to be oversimplified if ankle stiffness is estimated from COP
curves alone, particularly in differentiating postural control with great stiffness from postural
control without great stiffness. Ankle stiffness is predominantly related to muscle co-contrac-
tions, that is, simultaneous activities of antagonistic muscle pairs across the joint, when pos-
tural stability is threatened [11-13]. In a joint system under an antagonistic setup, the moment
generated from the contraction of agonist muscles is not linearly related to the co-contractions
of the antagonistic muscle pairs about the joint [8, 14-16].

Plantar flexion and dorsiflexion are achieved through contractions of muscles that govern
the ankle joint including the tibialis anterior and gastrocnemius [11, 17]. Activation by the ner-
vous system of these muscles leads to corrective actions to recover balance in response to pos-
tural threats. For example, the gastrocnemius muscle plays a major role in modulating COP
during plantar flexion [9, 18]. When external perturbations are predictable, as well as when
they are unpredictable, humans usually adopt anticipatory postural control strategies to
recover balance, or attempt to avoid a loss of balance [2, 5, 19]. These anticipatory strategies
often engage muscle contractions of the lower extremities during balance challenges. As partic-
ipants become familiarized with perturbations, changes in muscle contractions would be
expected [5, 11, 20-23].

Meanwhile, co-contraction of the ankle musculature alters the impedance of the musculo-
skeletal system against unexpected perturbations [24, 25]. Co-contraction could greatly
increase the available time to counteract destabilizing forces [13]. As well, since muscle co-
contraction is centrally controlled, experience-based adaptation appears in muscle co-contrac-
tion for motor responses [26, 27].

A number of studies have explored the relationship of ankle stiffness—co-contraction—to
ankle moment—agonist muscle contraction—employing COP and/or center of gravity (COG)
[28-30]. As a rule, these studies have been limited to evaluating postural stability in quiet
stance. Also, no attempt has yet made to evaluate simultaneous changes in muscle contraction
and co-contraction during adaptation to external perturbations. It remains unclear how each
activity of antagonistic muscle pairs across the ankle joint are centrally modulated as the per-
turbation is familiarized. In this study, we strive to answer the question as to whether agonist
muscle contractions and co-contractions of the antagonistic muscles around the ankle act to
cope with an external threatening factor in a separate and distinct versus a synchronized
manner.

Herein, we investigate what trends in the activities of antagonistic muscle pairs appear as
they adapt to repeated perturbations. These efforts provide an insight into how the contrac-
tion and co-contraction of agonist and antagonist muscles work to regain postural stability
with each role when it is compromised by perturbations. Our findings respond to the ques-
tion posed in [10] regarding whether ankle stiffness can be estimated from COP curves
alone. Moreover, we examine whether the learning effect resulting from repeated
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perturbations of agonist and antagonist muscle pairs during contraction and co-contraction
are retained by imposing the challenge of an unexpected perturbation. The activities of
antagonistic muscle contractions about the ankle are quantified using COP, a force plate,
and a co-contraction index with surface electromyography (EMG). Kinematic data in
response to external perturbations are analyzed to examine whether they could be used as an
indicator of contractions of the antagonistic muscles.

2 Methods
2.1 Participants

A total of 9 male volunteers, from Kyungpook National University, ranging in age from 25 to
37 years (age: 32.45 +3.57 standard deviations (SD); height: 1.72 £0.05 m; weight: 72.45 +8.25
kg), were recruited for this study. All participants reported no histories of neurological or
motor deficits. None of the participants had previous experience with perturbation experi-
ments and were not made aware of our experimental design. All participants gave written
informed consent to participant in the study. The experiment was approved by Kyungpook
National University’s Institutional Review Board. The participants’ heights, weights, hip joint
heights, and foot lengths were measured.

2.2 Apparatus

Fig 1 displays a schematic of the experimental setup and experimental data from this setup.
The experimental setup was composed of a platform on which participants stood, an EMG
measurement device, two miniature motion tracking devices, and two personal computers
(PCs) running Windows 10 (Microsoft Corp. Redmond, WA, USA).

The platform was built with a force plate (EzForce Plate, i2A systems Co., Ltd., Daejeon,
Korea) to be used for measuring COP on a linear guide rail (8 mm/revolution) that converted
a brushed DC motor’s (RE65, Maxon Motor, Sachseln, Switzerland) rotary motion into ante-
rior-posterior translational motion. The perturbations that caused body sway in the sagittal
plane were designed to be small, medium and large. While the small and medium perturba-
tions were designed to produce a displacement of 2 and 4 cm for 0.3 s, respectively, the large
perturbation generated a displacement of 6 cm for 0.3 s. The force plate was designed to imme-
diately move back to the original position for 0.3 s. All perturbations drew sinusoidal motions.
For example, displacement was designed as 6sin(71/0.6t) cm in the case of the large perturba-
tion. The design of these perturbations was believed to elicit a muscular and biomechanical
response to the perturbations.

Surface EMG was recorded using an EMG system (LXM3201, LAXTHA Inc., Daejeon,
Korea). EMG data were obtained from muscles associated with the ankle in each leg—the
tibialis anterior (TA) and medial gastrocnemius (GAS) muscles, respectively. Prior to the elec-
trode placement, the skin on the data collection sites was shaved, cleansed, and abraded by
rubbing alcohol over the site. Disposable pre-gelled Ag-Agcl electrodes (Blue Sensor, Medicot-
est, Inc, Olstykke, Denmark) were placed parallel to the muscle fiber orientations a 2-cm inter-
electrode distance.

The two motion tracking units (MPU9250, InvenSense Inc., San Jose, USA) measured the
acceleration values of the lower and upper body, respectively, in the anterior-posterior (a,p),
craniocaudal (acc) and lateral (a;) directions. 3D printed cases were devised to include each of
the tracking units to allow firm placement of these units on the participant’s body aligned in
the three directions. One unit was attached at 5% of the total height below the knee joint while
the other unit was attached at 13% of the total height above the hip joint. Acceleration values
were used to calculate the angles of the lower and upper body with regard to the vertical line,

PLOS ONE | https://doi.org/10.1371/journal.pone.0207667 November 29, 2018 3/19


https://doi.org/10.1371/journal.pone.0207667

o ®
@ ’ PLOS | ONE COP and ankle muscle co-contraction

cop

(a) (b)

-~ s} . 25
g . ! Perturbation g s
N2 I <
o o, | Posterior 2 }
) .
E st g . | Posterior
3
8 2 1 k] 1
o o
@ o ) m @ 1
g, Anterior & - i
i . Anterior
Posterior Anterior ! 1
EI | I
2 ! Hip angle Zoe 1
E] i p ang E | TA
= P
; = Py | - |
Motion tracking yhit En =1 | {
s . f=t
<o gl
ba I = I
I I
I |
Sequence 1 Sequence 2 o ! Ankl | _— ! GAS
_ EMG electrode_ ! nkle angle I
E«frrrrriLL — E. l E 1
£ M ER ) 1 3
121 Q. £
T; Force plate 2. .. 58SSSSS %’D b | ‘
g z 2. S .
123456789 - 1234546789
Trial X Trial :
0 1 2 3 4 5 0 1 2 3 4 5
Time (s) Time (s)

Fig 1. (a) A schematic of the experimental setup and definitions of the ankle angle 6,,, hip angle 6}, and hip height h;,. Sequence 1 consists of 8
perturbations of a large magnitude followed by one perturbation of a medium magnitude. Sequence 2 consists of 8 perturbations of a small
magnitude followed by one perturbation of a medium magnitude. (b) Experimental data obtained from a representative participant for Trial 2
in Sequence 1: displacement of the force plate, hip and ankle angles, COP, and EMG signals from the left leg. The dashed line indicates the time
at the onset of the perturbation. All data are aligned to the dashed line.

https://doi.org/10.1371/journal.pone.0207667.g001

respectively, using the following equation:

0= tan‘l(L). (1)

3 2
V e ta;

Data including the DC motor angle, COP and body acceleration were acquired using a PC,
and a control input was sent to the motor using a signal processing board (Batuino, i2A sys-
tems Co., Ltd., Daejeon, Korea), with a sampling frequency of 500 Hz. No filters were applied
to the kinematic data to minimize signal distortion. The cables and interfaces were shielded to
eliminate interference. EMG signals were acquired with a sampling frequency of 1024 Hz and
were amplified with an overall gain of 1785 and digitized using Telescan 2.89 software (Laxtha,
Daejeon, Korea). A band-pass filter (20-450 Hz) and a notch filter (60 Hz) were used. The
data were then saved to another PC through serial communications. Signals were sent to both
of the PCs for synchronization of the beginning and ending times of each experiment.

White noise was presented through headphones to eliminate the effect of noise from the
apparatus on postural control.

2.3 Procedure

Throughout the experiment, participants stood barefoot on the force plate with their feet apart
in a comfortable stance and their arms crossed over the chest. The participants were instructed
to recover their balance every time a perturbation was administered and to avoid taking a step
so long as they could avoid falling. They were also recommended to use the ankle strategy as
far as possible, instead of the hip strategy or other strategies. The participants were not
informed of the objective or design of the experiment.
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The experiment consisted of a practice phase and a main phase. Before the main phase
began, the practice phase was introduced to allow participants to familiarize themselves with
the large and small perturbations. Participants were presented each perturbation twice.

In the main phase, all participants were evenly and randomly divided into two groups. Two
sequences of perturbations were designed and administered in turn. Each group began with
one of the two sequences. In one sequence, Sequence 1, the large perturbation was repeated 8
times, followed by one medium perturbation. In the other sequence, Sequence 2, the small per-
turbation was presented 8 times, followed by one medium perturbation. The perturbations
were presented every 5 seconds. Participants were expected to regain and stabilize their origi-
nal posture before the onset of the next perturbation. A break time of 5 minutes was provided
between the two sequences in an effort to avoid fatigue and reduce the learning effect from the
proceeding sequences.

2.4 Signal post-processing and Measures

All data analyses were completed using custom software (MATLAB vR2016b, Mathworks,
Natick, MA). All acquired data were synchronized based on the onset of the perturbation dur-
ing each trial using synchronization signals. COG was approximated using the following equa-
tion with the assumption that all joints other than the hip and ankle were locked, and that the
center of mass was located near 13% of the total height away from the hip joint (defined as L,)
[1,31]:

COG =L,0,, + LZBHi[ﬂ (2)

where L; denotes the length between the hip joint and the bottom of the feet along the legs and
O nkies Oriip denote the angles of the ankle and hip joints, respectively.

The levels of ankle angle, hip angle, COP, and COG were adjusted to 0 at the time when the
perturbations began. To extract participants’ postural strategies from these data, we considered
how large the deviation from their original position was and in what ranges they moved in
response to perturbations. Excursion I was defined as the distance between the maximum
deviation in COP, and the kinematic data (ankle angle, hip angle and COG) resulting from the
perturbation and their original position before the perturbation. Excursion II denoted the total
anterior-posterior movement of COP and the kinematic data in response to the perturbation.
Since COP is closely proportional to the ankle moment, Excursions I and IT in COP could
indicate how much ankle moment was generated to regain postural stability. Also, Excursions
I and IT in the kinematic data indicate the extent of body sway caused by the perturbations.

The stored EMG data were processed by subtracting the mean obtained from each trial, full
wave rectifying and linear enveloping [30, 32]. Also, the data were further low-pass filtered
using a second-ordered, zero-phase-lag Butterworth filter with a cutoff frequency of 4 Hz.
Muscle activities in response to perturbations were believed to be at frequencies under 4 Hz. A
co-contraction index (CCI) was adopted, which was proposed in [33, 34], to quantify the co-
contraction effect between a pair of agonist and antagonist muscles over a specified time
period. CCI is a common measure for analyzing both dynamic and static activities, and is
expressed as follows:

[EM EMG,, (i
CCl 2 22 min| GGAS ), EMGr ()] 1009, (3)
EMGGAS + EMGTA( )

where min denotes the minimum value of the two elements.
Integer N is the total number of data points for the time window of interest, and EMGry4
and EMGgas denote the relative magnitudes of the linear enveloped EMG at each instant in
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time for the muscle pairs under consideration. CCI was evaluated over 5 time periods of 100
ms (N = 1024) each: Period 1 was from -50 ms to 50 ms; Period 2 from 50 ms to 150 ms; Period
3 from 150 ms to 250 ms; Period 4 is from 250 ms to 350 ms; and Period 5 from 350 ms to 450
ms, based on the onset of the perturbations. The preset co-contraction in advance of the volun-
tary postural control actions [35] and the co-contractions occurring afterward could be inves-
tigated by evaluating CCI in each of the time periods. For the co-contraction associated with
the ankle, the values of CCI obtained from each leg were averaged.

To investigate changes in contractions of the GAS and TA muscles as perturbations con-
tinue, mean absolute value (MAV) was employed [36]. The MAVs of the EMG linear enve-
lopes over 0-350 ms were calculated for each trial, and ratios of MAV for each trial to that of
the first trial were obtained.

2.5 Statistical analysis

A repeated-measures analysis of variance (ANOVA), with sequence and trial as the indepen-
dent variables, was used to evaluate performance changes across repeated measurements. If
the sphericity assumption in ANOV As was violated, then Greenhouse-Geisser adjusted p-val-
ues were used. Bonferroni post-hoc tests were conducted if a significant interaction effect was
found. The statistical analyses were performed with SPSS version 20.0 (SPSS Inc., Chicago,
USA) and the significance level was set at 0.05. All analyses were preceded by Shapiro-Wilk
tests of normality and their results were employed only when normality was not violated. Mea-
sures during Trial 1 were excluded from analysis as they were regarded as a continuation of
familiarization.

3 Results

For COP, as displayed in Fig 2, there were downward trends in the magnitudes of the first
excursion (COP Excursion I) from Trial 1 to Trial 8. Participants generated greater excursions
in COP during Sequence 1 than during Sequence 2. In Trial 9, COP Excursion I decreased
from the same values in Trial 8 with a larger slope during Sequence 1 in comparison with Trial
8 from Trial 7, while COP Excursion I increased from Trial 8 to Trial 9 during Sequence 2.

For muscle co-contractions, downward trends were not observed for both sequences, as
seen in Fig 3. No significant changes in CCI were identified as the trials continued. We
observed that the values of CCI for participants in Sequence 2 were slightly greater than those
for Sequence 1 during Period 2 in contrast to Period 1 during which voluntary responses did
not work [35].

For muscle contractions, the activity of the medial GAS decreased as participants familiar-
ized themselves with the repeated perturbations, while that of TA did not exhibit a downward
trend, as shown in Fig 4.

The changes in the magnitudes of the ankle angle and COG exhibited downward trends
from Trial 2 to Trial 8 (Fig 5). The magnitude of hip angle showed plateaus during this period.

3.1 Adaptation to repeated perturbations (Trial 2 to Trial 8)

Repeated-measures ANOV As were performed on each measure from Trial 2 to Trial 8 with
trial (seven levels: Trials 2-8) and sequence (two levels: Sequences 1 and 2) as within-sub-
jects variables. COP: ANOVA on Excursion I of COP showed a significant main effect of
sequence [F(1,8) = 43.796, p < 0.001, r]i = 0.294] and a significant main effect of trial
[F(6,48) = 4.796, p = 0.001, n; = 0.373]. The interaction effect was not significant

(p >0.1). ANOVA on Excursion II of COP produced a significant main effect of sequence
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display the definitions of COP Excursion I and Excursion II.
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[F(1,8) = 15.119, p = 0.005, 1> = 0.654] and a significant main effect of trial
[F(6,48) = 6.595, p < 0.001, 1> = 0.452]. Co-contraction: For Period 2, a marginally
significant main effect of sequence [F(1,8) = 5.078, p = 0.054, n> = 0.388] was observed.

No other effects were found to be significant. No significant main effects and interactions were
reported for Periods 1, 3, 4, and 5 (all p >0.1). Contraction: ANOVA on MAV of GAS reported
a marginally significant main effect of sequence [F(1,7) = 4.720, p = 0.066, 1, = 0.403] and
a significant main effect of trial [F(6,42) = 2.448, p = 0.04, 7 = 0.259]. One of the partici-
pants was excluded from the analysis as the contraction ratios between Trial 2 and Trial 8 were
far greater than 3 standard deviations above the mean. Meanwhile, ANOVA on MAV of TA
reported no main effects (all p >0.1).

ANKLE: ANOVA on Excursion I of the ankle angle reported a significant main effect of
sequence [F(1,8) = 32.981, p < 0.001, 11; = 0.805] and a significant main effect of trial

Period 1 Period 2 Period 3
9 % 9
80 T 80 F 80 F
Sequence 2
70 equence 2 70F 70
O @) O
60 60 [ 60 [
o © Sequence 2 ©
50 | Sequence 1 50 501
40t 1 40 - 40 - Sequence 1
Sequence 1
30t 30 30
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 1 4 5 6 7 8 9
Trial Trial Trial

Fig 3. Mean by sequence of CClIs within each period: Period 1 (+ 50 ms from the onset of perturbations), Period 2 (between 50 ms and 150 ms from the onset of
perturbations) and Period 3 (between 150 ms and 250 ms from the onset of perturbations) for Trials 1-9 (Error bars are + 1 standard deviation of the mean).

https://doi.org/10.1371/journal.pone.0207667.9003
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[F(6,48) = 3.417, p = 0.007, 7 = 0.299]. Meanwhile, ANOVA on Excursion II showed a
significant main effect of sequence [F(1,8) = 47.658, p < 0.001, n> = 0.851]. No significant
main effect of trial was identified (p >0.4). HIP: ANOVA on Excursion I of the hip angle
reported a significant main effect of sequence [F(1,8) = 91.155, p < 0.001, #; = 0.919]. No
significant main effect of trial was observed (p >0.7). Meanwhile, ANOVA on Excursion II
displayed a significant main effect of sequence [F(1,8) = 72.572, p < 0.001, »; = 0.901]. No
significant main effect of trial was reported (p >0.5). COG: ANOVA on Excursion I of COG
produced a significant main effect of sequence [F(1,8) = 44.310, p < 0.001, i} = 1.057]
and a significant main effect of trial [F(6,48) = 3.964, p = 0.003, 1; = 0.331]. ANOVA

on Excursion II of COG showed a significant main effect of sequence [F(1, 8) = 47.854,

p < 0.001, n7 = 0.857]. No significant main effect of trial was identified (p >0.2).

3.2 Response to unexpected perturbations (Trial 8 to Trial 9)

Trial 8 was the last trial in the sequence of perturbations of large and small magnitudes. We
compared the measures of Trial 8 with those of Trial 9 during which a perturbation of medium
magnitude was given. Repeated-measures ANOVAs were conducted on each measure from
Trial 8 to Trial 9 with trial (two levels: Trials 8 and 9) and sequence (two levels: Sequences 1
and 2) as within-subjects variables.

COP: ANOVA on Excursion I of COP showed a significant main effect of sequence
[F(1,8) = 14.759, p = 0.005, n; = 0.684] and a significant interaction [F(1,8) = 12.226,
p = 0.008, n2 = 0.604]. A Bonferroni post-hoc test showed that there was a significant differ-

ence between Sequences 1 and 2 for Trial 8 (p = 0.003); however, no significant difference

was found for Trial 9 (p >0.4). The main effect of trial was not significant (p >0.8). The results
on Excursion IT of COP reported a significant main effect of sequence [F(1,8) = 6.013,

p = 0.040, 7 = 0.429]. The main effect of trial was not significant (p >0.05). Fig 6 displays
the means and + 1 standard deviations of COP traces for 1 second after the onset of each per-
turbation across Trials 8 and 9. Co-contraction: For Period 3, as shown in Fig 7, ANOVA on
CCl reported a significant main effect of sequence [F(1,8) = 5.624, p = 0.045, n; = 0.413].
The main effect of trial was not found to be significant (p >0.5). Further, no main effects or
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interactions were identified for Periods 1, 2, 4, and 5 (all p >0.1). Contraction: ANOVA on
the contraction ratio for GAS reported a significant main effect of sequence [F(1,7) = 5.962,
p =0.033, n; = 0.499]. No other significant effects were reported for the GAS and TA con-

traction ratios.

Fig 8 displays tracings of ankle angle, hip angle and COG for 1 second after the onset of
each perturbation in Trials 8 and 9. ANKLE: The results on Excursion I of the ankle angle
reported a significant main effect of sequence [F(1,8) = 16.457, p = 0.004, n; = 0.673] and
a significant interaction effect [F(1,8) = 7.259, p = 0.027, 1, = 0.476]. A Bonferroni post-
hoc test produced a significant difference between Sequences 1 and 2 for Trial 8 (p = 0.001)
while no significant difference was reported for Trial 9 (p = 0.129). The main effect of trial
was not significant (p >0.5). The results on Excursion II reported a significant main effect
of sequence [F(1,8) = 6.510, p = 0.034, n; = 0.449] and a significant interaction effect
[F(1,8) = 12.206, p = 0.008, 12 = 0.604]. A Bonferroni post-hoc test produced a significant
difference between Sequences 1 and 2 for Trial 8 (p = 0.007), whereas only a marginally
significant difference was reported for Trial 9 (p = 0.094). The main effect of trial was not
significant (p >0.1). HIP: The results of Excursion I of the hip angle showed a significant
main effect of sequence [F(1,8) = 18.134, p = 0.003, #; = 0.694]. ANOVA also showed a
significant interaction effect [F(1,8) = 211.034, p < 0.001, #, = 0.963]. A Bonferroni post-
hoc test produced a significant difference between Sequences 1 and 2 for Trial 8 (p <0.001)
and Trial 9 (p = 0.014). The results on Excursion II reported a significant main effect of
sequence [F(1,8) = 10.609, p = 0.012, ; = 0.570] and a significant interaction effect
[F(1,8) = 110.836, p < 0.001, r]i = 0.933]. A marginally significant effect of trial
[F(1,8) = 5.125, p = 0.053, n; = 0.390] was reported. A Bonferroni post-hoc test produced
a significant difference between Sequences 1 and 2 for Trial 8 (p <0.001), whereas no significant
difference was observed for Trial 9 (p = 0.859). COG: The results on the first excursion of COG
produced a significant main effect of sequence [F(1,8) = 17.523, p = 0.003, #, = 0.687] and
a significant interaction effect [F(1,8) = 10.343, p = 0.012, n; = 0.564]. A Bonferroni post-
hoc test produced a significant difference between Sequences 1 and 2 for Trial 8 (p = 0.001)
while a marginally significant difference was reported for Trial 9 (p = 0.097). The main effect of
trial was not significant (p >0.5). The analysis of Excursion II for COG showed a significant
main effect of sequence [F(1,8) = 8.836, p = 0.018, > = 0.525] and a significant interaction
effect [F(1,8) = 8.266, p = 0.021, 1, = 0.508]. A Bonferroni post-hoc test produced a signif-
icant difference between Sequences 1 and 2 for Trial 8 (p = 0.009), while no significant differ-
ence was reported for Trial 9 (p >0.3). The main effect of trial was not significant (p >0.6).

4 Discussion

This study was originally motivated by the question as to whether COP could be an indicator
of ankle muscle co-contraction, with the assumption that ankle stiffness is predominantly
related to muscle co-contractions in a situation where external perturbations threatens pos-
tural stability [13]. This question is closely tied to the relationship between simultaneous con-
tractions in antagonistic muscle pairs during balance recovery. As the human’s mechanical
power is certainly limited, it would be difficult to increase the contraction of the agonist mus-
cles and co-contraction of the pairs at the same time. Rather, contraction of agonist muscles or
co-contraction of antagonistic muscle pairs would be selected and emphasized according to
the perturbed circumstances. Also, it could be that contractions and co-contractions exhibit a
different trend of adaptation in response to repeated perturbations. The results presented in

PLOS ONE | https://doi.org/10.1371/journal.pone.0207667 November 29, 2018 11/19


https://doi.org/10.1371/journal.pone.0207667

o ©®
@ : PLOS | ONE COP and ankle muscle co-contraction

15 15+
10l Ankle:Trial 8 10l - Ankle:Trial 9
2 &
< g
T g
en an
< z
15 ¢
30l I\ Hip:Trial 8 - ‘

[\

S
[\
(=]

Angle (degrees)
= )

Angle (degrees)
o S

—
o

—
S)

:Sequence 1 :Sequence 2

—
W

15 + ’ I
/N COG:Trial 8 COG:Trial 9

—_
(=]

10 1

W

Displacement (cm)
b o

Displacement (cm)

—
=)

'
—_
W

I 1 I |

| 1 1 1
01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09
Time (s) Time (s)

Fig 8. Means (bold) and + 1 standard deviations (translucent) of traces of ankle angle, hip angle and COG for 1 second after the onset of each
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this paper provide an insight into the roles of muscle contraction and co-contraction in terms
of COP and CCI. In addition, we investigated the behaviors of ankle angle, hip angle and
COG, which are the results of muscle contraction and co-contraction.

4.1 Adaptation to repeated perturbations (Trial 2 to Trial 8)

Opverall, the magnitude of the excursion in COP curves decreased as the perturbations of the
same magnitudes were repeated (p < 0.05), as shown in Fig 2. This indicates that muscle con-
tractions generating the counteracting moment to leaning continued to be tailored to external
perturbations. In particular, the magnitudes of the EMG envelope of GAS showed a downward
trend between Trial 2 and Trial 8 (p < 0.05), which is in accordance with the trend of COP.
This may be because plantar flexion was dominant over dorsiflexion in our perturbation
design (in particular, COP Excursion I reflected this fact). The GAS muscle played a major
role in modulating COP in comparison with the TA muscle in our study [9, 18]. There is clear
evidence that central activation does change because the EMG activities of the ankle muscles
are modulated in anticipation of postural sway [2, 11], e.g.,]. Our results agree with the
evidence.

For CCI, participants displayed a flat trend for all the considered time periods across all tri-
als. Thus, they maintained a similar level of ankle muscle co-contraction (see Fig 3). Muscle
co-contraction would be expected to vary with adaptation to external perturbations [8, 37, 38];
however, this was not the case. From the results showing that COP and CCI follow different
trends, we could postulate that muscle contractions in GAS and TA were activated in a harmo-
nious manner. Not only was GAS excited to counteract the perturbations, but also TA was
excited to modulate ankle stiffness during balance recovery. One study proposed that the activ-
ities of the medial GAS and TA motor units are synchronized in a short-term manner [39]. A
common synaptic input to the GAS and TA motor neurons could serve to simultaneously acti-
vate these two muscles during co-contraction. Our findings indicating that co-contraction
remains the same may support the existence of the common input, although the activity of TA
did not exhibit a downward trend in our analysis.

Participants who experienced Sequence 1, consisting of perturbations of large magnitude,
generated a large range of COP behaviors in the anterior-posterior direction, in comparison
to when they experienced a train of perturbations of small magnitude (Sequence 2). This
implies that more muscle contraction was activated to generate a moment at the ankle joint in
response to the perturbations during Sequence 1 in comparison to that during Sequence 2.
Meanwhile, Sequence 2 produced a marginally significantly greater CCI than Sequence 1 for
Period 2, about which the voluntary movement began (50 ms after the perturbation onset,

p = 0.054). It would be possible to interpret the results as participants tended to employ greater
co-contraction to minimize body sway caused by a perturbation of small magnitude, rather
than emphasizing that GAS contraction recovered the leaned body in response to a perturba-
tion of large magnitude. An increase in co-contraction typically occurs to minimize postural
sway [40-42].

Note that participants did not prepare a postural strategy in advance of the perturbations.
Ankle muscle co-contraction was not modulated for Period 1 (see Fig 3). The extent of ankle
muscle co-contraction did not vary significantly with the trials or the magnitude of perturba-
tions before the onset of voluntary reaction to postural threats.

The extents of the excursions in COG as well as in ankle angle decreased as the trials
advanced to Trial 8 (p < 0.05). This similar trend to COP would be associated with the flat
trend of CCI. Stiffness can be regarded as the ratio between the angular displacement and
moment around the ankle joint [43]. Since COG reflects the ankle’s angular displacement, to
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say nothing of ankle angle, while COP reflects the ankle moment, it would be possible to spec-
ulate that the flat trend of CCI led to similar trends between COP and COG. Typically, pertur-
bations of large magnitude resulted in larger excursions in comparison with perturbations of
small magnitude. The smaller excursions may have also resulted from greater co-contraction
of the antagonistic muscles during Period 2. Intuitively, a 1 degree-of-freedom inverted pen-
dulum with high joint stiffness shows the smaller magnitude of sway in response to an external
force, in comparison to one with low joint stiffness, [1]. This phenomenon will be addressed
again.

4.2 Response to unexpected perturbations (Trial 8 to Trial 9)

During Trial 8, the learning effect on a certain perturbation could be considered the maximum
in this experimental design, while at Trial 9, a perturbation of a different magnitude was intro-
duced to participants. We zoomed in on the differences in the measures of interest during
Trials 8 and 9. For COP, we observed that there was no significant difference in the extents of
the first excursion between Sequences 1 and 2 during Trial 9 in contrast to Trial 8 (see Fig 6).
Meanwhile, for Excursion II, the ANOVA results showed that participants in Sequence I pro-
duced greater excursions than in Sequence II during the two trials.

The statistical results on the contraction ratios of GAS were not the same as those on COP
during Trials 8 and Trial 9, in contrast to the time period from Trials 2 to 8. Since the contrac-
tion ratios were calculated based on muscle activity at Trial 1, it might not be reasonable to
interpret these results by directly comparing the contraction ratios between Sequences 1 and 2
in these results.

With respect to ankle stiffness evaluated with CCI, we found that participants adopted a
greater stiffness in Sequence 2 than Sequence 1 for Period 3. Note that participants maintained
a similar extent of ankle stiffness across the two trials, regardless of the sequence. These results
demonstrate that co-contractions might be influenced by the previous trial in an anticipatory
manner. The results are similar to those showing that the level of CCI did not change across
trials from Trial 2 to Trial 8.

It appears that a higher CCI led to smaller excursions in ankle angle and COG during
Sequence 2 in comparison with that during Sequence 1, though the p-value failed to reach the
significance level in Trial 9. Also, the significant difference in COP Excursion II between the
two sequences could be explained by the difference in ankle angle or COG. Participants in
Sequence 2 generated ankle moments of smaller magnitude than in Sequence 1 to counteract
body sway, for which the magnitude was decreased by higher stiffness for Period 3.

4.3 General remarks

The contraction of agonist muscles as well as the co-contraction of antagonistic muscle pairs is
employed by the CNS in voluntary motor tasks. Anticipatory strategies often govern muscle
contraction and co-contraction of the lower extremities when postural stability is threatened.
Ankle muscle contractions produce counteracting forces through plantar flexion and dorsi-
flexion in response to balance challenges [9, 11, 17]. Muscle activities at the ankle joint corre-
late with the behavior of COP [9, 18], which also correlates with the ankle moment [1, 8, 9].
Muscle co-contraction regulates the impedance of the musculoskeletal system, minimizing
body sway from internal or external perturbations [24, 25, 40-42]. Increasing joint stiffness
through co-contraction of sufficient magnitude could completely counteract destabilizing per-
turbations. This phenomenon is also exhibited in upper-limb movements perturbed by unsta-
ble loads [44, 45]. Though the mechanical properties of the human ankle are modulated
through feed-forward components including muscle co-contraction as well as feedback
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components including stretch reflexes, a reduced influence of feedback control during postural
challenges has been reported [46-48]. The increased ankle stiffness during co-contraction is
contributed primarily by the non-reflex components including activations of TA, medial GAS
and peroneus longus muscles [13].

In this study, simultaneous behaviors in the contraction and co-contraction of antagonistic
muscles responding to postural challenges are our main interest. We found that the extent of
co-contraction of agonist and antagonist muscles about the ankle joint remained unchanged
as participants adapt to perturbations, whereas the extent of contraction of agonist muscles
decreased. These findings primarily indicate that it might not be reasonable to use COP curves
alone to estimate ankle stiffness, at least during perturbations that threaten balance. The ankle
moment, which determines the behavior of COP, is generated by contracting the agonist
muscles across the ankle joint, whereas ankle stiffness during voluntary movements largely
involves the activities of the agonist and antagonist muscles. This fact suggests the irrationality
of predicting the co-contraction of antagonistic muscle pairs using the contraction of the ago-
nist muscles.

In our study, we observed that participants tended to be stiffer in response to perturbations
of small magnitude. In contrast, they were less stiff and generated greater ankle moments
against perturbations of large magnitude. Increasing muscle co-contraction is beneficial
for minimizing body sway [40-42], but it also hinders the generation of a moment that is
great enough to counteract balance challenges. The nervous system may perform a selective
activation of the muscles across the ankle [13]. We emphasize that co-contraction showed a
significant change in Period 3, which suggests that the CNS select its postural strategy after
experiencing the ongoing perturbation, not prior to its onset.

Participants maintained a similar level of muscle co-contraction even when the magnitude
of the given perturbation changed unexpectedly. This phenomenon would also imply that par-
ticipants might have been intentionally selective of the stiffness level based on perturbations
they experienced, regardless of how familiar they were with the perturbations. This finding
could be related to the fact that people who have a fear of falling, or have experienced a fall in
the past, tend to employ increased co-contractions in response to perturbations [42, 49, 50].

Though participants were encouraged to use the ankle strategy, hip angular displacements
were noticeable (see Fig 8). These results may be interpreted by a mixed hip and ankle strategy
that can be adopted to correct postural disturbances of any speed in the anterior-posterior
direction, instead of using a pure ankle strategy, when the main objective of optimization is
a minimal neural effort [51]. In our experiment, the ankle and hip angular displacements
showed similar trends in excursions in response to repeated perturbations and an unexpected
perturbation. This would mean that participants use the ankle strategy or mixed strategy con-
sistently. Those strategies presumably produce a compensatory moment on the ankle joint to
regain balance by moving the whole-body COM forward or backward. Here, we would like to
emphasize that the main objective is originally to investigate the relationship between COP
(ankle moment) and ankle muscle co-contraction, regardless of whether participants adopt the
ankle strategy or other strategies.

The theories proposed in the study [10] are in contrast to those supported by the majority
of studies in several aspects. A representative one is that the authors in the study, and through
personal communication, denied the existence of feed-forward control in recovering per-
turbed balance, focusing on only feedback control involving transmission delays in feedback
loops. In comparison with the arm, it is possible that stretch reflexes at the ankle have a limited
contribution, because of longer transmission delays, slower muscle activation time constants
and the high compliance of the Achilles tendon [13]. Nonetheless, the authors ignored the pos-
sibility of the existence of pre-programmed motor command or the involvement of ballistic

PLOS ONE | https://doi.org/10.1371/journal.pone.0207667 November 29, 2018 15/19


https://doi.org/10.1371/journal.pone.0207667

®PLOS | one

COP and ankle muscle co-contraction

movements that are generated based on an estimate by forward models of the body and the
environment [52-54]. However, in their study ankle stiffness was linked to a fear of falling, a
factor of feed-forward control based on experience, followed by their assertion that a fear of
falling does not necessarily result in high stiffness. Although their study may be grounded in
the equilibrium-point hypothesis [55], the transmission delay in the feedback loop they identi-
fied through the mathematical model is unrealistically short.

Another opposing theory presented in their study, which motivated our study, is that the
authors estimated ankle stiffness in response to translational perturbations using ankle
moment alone, which was calculated from COP. Using optimization, the output of the model
was fitted with the empirical COP data. However, fitting to the COP curves only (without an
angular displacement component) would promote an insensitivity to estimated ankle stiffness.
It is possible that the optimization provided a wide range of estimated stiffness, even within
similar levels of the goodness of fit. The authors suggested that the non-faller group employed
greater stiffness, which would imply that the group showed smaller magnitudes of body sway
[40-42]. This suggestion contradicts their COG data. Though the study population was com-
posed of pregnant women in their study, the authors basically investigated the participants’
neuromuscular control based on COP curves alone.
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