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ABSTRACT

Background: An age-related decline in standing balance control in the medio-lateral direction is associated with
increased risk of falls. A potential approach to improve postural stability is to change initial foot position (IFP).
Research questions: In response to a lateral surface perturbation, how are lower extremity muscle activation levels
different and what are the effects of different IFPs on muscle activation patterns and postural stability in younger
versus older adults?

Methods: Ten younger and ten older healthy adults participated in this study. Three IFPs were tested [Reference
(REF): feet were placed parallel, shoulder-width apart; Toes-out with heels together (TOHT): heels together with
toes pointing outward; Modified Semi-Tandem (M-ST): the heel of the anterior foot was placed by the big toe of
the posterior foot]. Unexpected lateral translations of the standing surface were applied. Electromyographic
(EMQG) activity of the lower extremity muscles, standard deviation (SD) of the body’s CoM acceleration (SD of
CoMAccel), and center of pressure (CoP) sway area were compared across IFPs and age.

Results: Activation levels of the muscles serving the ankle and gluteus medius were greater than for the knee joint
muscles and gluteus maximus in the loaded leg across all IFPs in both groups. TOHT showed greater EMG peak
amplitude of the soleus and fibularis longus compared to REF, and had smaller SD of CoMAccel and CoP sway
area than M-ST. Compared to younger adults, older adults demonstrated lower EMG peak amplitude and delayed
peak timing of the fibularis longus and greater SD of CoMAccel and CoP sway area in all IFPs during balance
recovery.

Significance: During standing balance recovery, ankle muscles and gluteus medius are important active re-
sponders to unexpected lateral surface perturbations and a toes-out IFP could be a viable option to enhance ankle
muscle activation that diminishes with age to improve postural stability.

1. Introduction

demonstrated that joint kinematics and muscle responses at each joint
are modified based upon perturbation direction and intensity [3,4].

Fall-related injuries often lead to functional limitation and long-term
disability [1]. Older adults display reduced lower extremity strength and
increased postural sway during standing balance control that is associ-
ated with increased risk of falling and fall-related injuries [2]. Conse-
quently, identifying approaches to improve postural stability during
balance recovery is an important goal.

During standing balance recovery in response to external surface
perturbations, immediate muscle activation at the ankle, knee, and hip
joints play an important role in moving the body’s center of mass (CoM)
towards the inside of base of support (BoS). Previous studies have
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However, differences in muscle activation levels across lower extremity
joints have been relatively unexplored. Therefore, understanding such
relationships will provide insight into the primary target for rehabili-
tation assessments and interventions to improve standing balance re-
covery in older adults.

In order to regain balance following external perturbations, a
modification of body’s CoM position relative to the BoS is performed
with or without compensatory stepping and/or grabbing a nearby sup-
port [5,6]. Compared to younger adults, older adults have greater dif-
ficulty in recovering standing balance during both with and without
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compensatory stepping responses. For example, older adults demon-
strated difficulties in performing rapid counter-rotation of the trunk and
hip abduction to initiate the compensatory loaded limb side-stepping in
response to unexpected medio-lateral (M-L) perturbations [7]. To
recover balance without stepping following external perturbation, lower
torque generation with slower muscle response times at the ankle joint
and reduced hip flexion strength in older adults lead to difficulties in
balance recovery in response to unexpected anterior-posterior (A-P)
perturbations [4,8]. Considering these age-related changes in lower
extremity muscle activity and joint movement control, standing balance
recovery in response to external perturbations becomes more chal-
lenging for older adults.

Neuromechanical factors that contribute to postural stability could
be modified via different initial foot positions (IFPs). With bilateral
symmetrical IFP, for example, a wide IFP requires less muscle activation
at the ankle and knee joints to recover standing balance from unex-
pected M-L perturbations compared to a narrow IFP [9]. Compared to a
parallel IFP, a toes-out IFP provides greater hip abduction and foot
eversion that contribute to M-L balance control while maintaining quiet
standing [10,11]. Furthermore, we have previously reported that a
toes-out IFP increased hip-abductor and adductor muscles activation
during a sit-to-stand. Older adults activated these muscles to a greater
degree in a toes-out IFP compared to younger adults [12], indicating
that modifying IFP could be a strategy to compensate for reduced knee
extensor strength and postural stability in older adults. With bilateral
asymmetric IFP, abnormalities in standing balance control in the M-L
direction including greater CoP excursions, increased peak-to-peak CoP
amplitude, and increased angular displacement with large variability in
the ankle, knee, and hip joints were observed in older adults compared
to younger adults [13]. However, few studies have addressed the effect
of bilateral asymmetric IFP on standing balance recovery in response to
external lateral perturbation and assessed the age-related differences.

To date, the effect of IFPs on leg muscle activation patterns and
postural stability in younger and older adults in response to external
lateral perturbation remains unclear. If modifying the IFP engages the
hip and ankle musculatures that are associated with maintaining
postural stability, rehabilitation design may consider such approach to
target specific muscles. Therefore, the focus of this study was to inves-
tigate the effects of changes in IFPs on lower extremity muscle responses
during feet-in-place balance recovery following unexpected external
lateral surface perturbations. The specific purposes were to (1) compare
muscle activation level across ankle, knee, and hip musculatures during
balance recovery, (2) determine the effect of IFPs on muscle activation
patterns and postural stability and, (3) characterize how aging in-
fluences these relationships. We expected to see greater activation levels
of ankle muscles than knee and hip muscles based on previous findings
that indicated that the central nervous system appeared to recognize the
need to stabilize the joint closest to perturbation first with a quick
response [3]. We also hypothesized that a toes-out IFP would increase
foot evertor and hip abductor muscle activity and reduce M-L postural
sway, and older adults would show decreased activation of these mus-
cles due to age-related decline in ankle and gluteus muscle strength with
increased postural sway [14,15].

2. Methods
2.1. Participants

Ten healthy younger adults (5 men, 5 women, 20 + 1 years) and ten
healthy older adults (5 men, 5 women, 77 + 7 years) participated.
Participants were excluded from this study if they (1) had deficits or
disorders that could affect balance control, 2) had a history of dizziness
and imbalance, 3) had a history of musculoskeletal, neurological, visual
or vestibular disorder, (4) had recent illnesses or injuries, (5) had body
mass index (BMI) within the obesity range (BMI is 30 kg m 2or higher).
The BMI mean (Std. Deviation) of older adults was 23.53 (3.02) kg m?2
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and younger adults was 22.68 (1.84) kg m™. All procedures were
approved by the University of Texas at Austin’s Institutional Review
Board and were in accordance with the Helsinki Declaration of 1975.

2.2. Apparatus and setup

A 10-camera motion capture system (VICON Motion Systems Ltd,
UK) was used to record the whole body movement at 120 Hz. Thirty-
nine reflective markers were placed on the body according to the full
body Plug-In Gait [12]. Ground reaction forces (GRFs) and center of
pressure (CoP) were recorded by the force-instrumented treadmill
(M-GAIT, Motekforce Link, Amsterdam, Netherlands) at 1200 Hz.

Treadmill lateral perturbation was delivered by sending a single
square pulse signal via a computer software (D-Flow 3.24, Motekforce
Link, Amsterdam). Each perturbation consisted of a 0.043 m standing
surface horizontal translation for 0.74 s with maximum velocity of
0.106 m/s and equal and opposite maximum acceleration of magnitude
0.374 m/s> (see Fig. 1).

A Bagnoli EMG System (Delsys, Inc) was used for acquisition of
muscle activity following the perturbation onset. Any possible antici-
patory muscle activation before the perturbation was not analyzed.
Adhesive pre-gelled Ag/AgCl surface EMG electrodes (Delsys Inc., Bos-
ton, MA) were placed bilaterally on lower limb muscles: tibialis anterior
(TA), soleus (Sol), fibularis longus (FL), rectus femoris (RF), biceps
femoris (BF), gluteus maximus (Gmax), and gluteus medius (Gmed). The
positioning of the electrodes was in accordance with Rainoldi et al. [16].

2.3. Experimental procedure

Participants performed three maximum voluntary isometric con-
tractions (MVIC) for each muscle for the normalization of electromy-
ography (EMG) peak amplitude (% EMG max). For the Sol and TA,
MVICs plantar- and dorsi- flexion were performed against a strap
secured over the foot (ankle joint 90 °; knee joint 90 °). For FL, MVIC
foot eversion with plantar flexion against manual resistance over the
foot and knee was performed. For RF, MVIC knee extension was assessed
with the participant seated on a chair (hip joint 90 °; knee joint 90 °)
with a cuff around the ankle. For BF, the participant lay on a table in
prone position and performed MVIC knee flexion at 45 ° against manual
resistance applied to the ankle. For Gmax, the participant was in prone
position with legs extended (hip joint O °; knee joint O °) and performed
MVIC hip extension against manual resistance applied to the ankle. For
Gmed, the participants lay on their sides with the upper trunk and pelvis
aligned in a straight line and performed MVIC hip abduction against
manual external resistance at the lateral side of the knee [17].

Following the MVIC testing, participants took a 5-10 min of rest to
recover from potential fatigue induced by the MVIC task [18]. Next,
participants stood on a force-instrumented treadmill with three different
IFPs (See Fig. 2). Before the perturbation trials, a 20-second quiet
standing trial was recorded to evaluate baseline standing balance in
each IFP. Participants were instructed to distribute body weight evenly
over both legs. Next, participants performed three non-consecutive
external lateral perturbation (left or right direction) trials for each of
the three IFPs in random order with instruction to “please stand on the
foot position asked for each trial and react naturally to maintain your
balance. Try to maintain upright posture following perturbation until
being asked to stop”. GRFs underneath each foot were monitored by the
tester and treadmill translation was delivered after visual confirmation
of evenly distributed body weight over both legs. Perturbation onset
latency and direction, and foot position for each trial were randomized
to minimize prediction of perturbation parameters and order effects.

The boundaries of the three IFPs of each participant were marked on
contact paper on the standing surface to ensure consistency of the foot
position. Because this study focused on lower extremity muscle activa-
tion levels and patterns, participants were instructed to hold a light-
weight stick in front of their chest to minimize arm movements [19].
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Fig. 1. Experimental setup for M-Gait system

it Perturbation Profile (left) and perturbation profile (characteristics
£ et of displacement, velocity, and acceleration) of a
E 0.03 trial (right). The force platform-instrumented
N 8 oo treadmill developed a lateral (left or right di-
8 001 rection) surface translation. Participants stood
nght Weight °0 0.5 1 75 > 25 on the contact paper on the treadmill with
Stick different initial foot position (IFP) for each trial.
__0.40 The boundaries of the three IFPs of each
Contact participant were marked on the contact paper
Paper ;0.05 to ensure consistent foot placement. Partici-
H pants were instructed to hold a lightweight
S o stick in front of their chest to minimize arm
0 05 1 15 2 25 movements. The markers on the treadmill were
Reflective 5 os used to determine the end of perturbation.
Marker §
R \ R
3
Left 5 0.5 S
Surface Translation ’ ° " rime )" 3

Wy

<  TOHT

Shoulder-width

~1¥

Modified
Semi-Tandem

Fig. 2. Three different initial foot positions. REF: Reference foot position. The feet were placed shoulder-width apart and parallel to one another; TOHT: Symmetric
toes-out angle of 20 ° with the same base of support area as REF; Modified Semi-Tandem (M-ST): The heel of the anterior foot was placed by the big toe of the
posterior foot with both feet shoulder-width apart with the same base of support area as REF.

Participants were instructed to look straight ahead at an object projected
on the screen before the perturbations and keep their arms as still as
possible during the perturbations.

Three initial foot positions

1 Reference (REF): The feet were placed shoulder-width apart and
parallel to one another symmetrically.

2 Toes-out with heels together (TOHT): Toes were turned out sym-
metrically with a toe-out angle of 20 ° in the frontal plane. The heels
were positioned close together to achieve a similar total BoS area to
REF.

3 Modified Semi-Tandem (M-ST): The heel of the anterior foot was
placed by the big toe of the posterior foot with shoulder-width apart

451

to achieve a total BoS area that was similar to REF. The posterior leg
was chosen according to the participants’ preference.

2.4. Data processing and analyses

2.4.1. Kinetic and kinematic data

Kinematic and kinetic data were Butterworth low-pass filtered at
6 Hz and 25 Hz, respectively [3,20]. The body’s center of mass (CoM)
trajectory was calculated using Nexus 1.8.5 Software (Vicon, Oxford
Metrics, UK). GRFs in the A-P and M-L directions were calculated and
normalized to body mass (kg). To measure the CoP sway area, the 95 %
confidence ellipse area enclosed by trajectories underneath both feet
was calculated and normalized to the time interval [21].
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Standard deviation of the body’s CoM acceleration (GRF / body
mass), denoted as SD of CoMAccel [22], in the A-P and M-L directions
and CoP sway area were used to quantify postural sway before pertur-
bations (quiet standing period) and after the end of perturbations during
the stabilization phase. The stabilization phase was defined as the time
period between the end of perturbation and the beginning of the quiet
standing phase. The beginning of the quiet standing phase was deter-
mined by the instant when the difference between the CoP and CoM was
steady within £0.5 cm in both the A-P and M-L directions [3,17].

The perturbation onset was defined as the instant when the platform
marker acceleration exceeded zero [23]. The end of perturbation was
defined as the moment in which the velocity of markers on the treadmill
reached zero (see Fig. 1).

2.4.2. EMG

The surface EMG response after the onset of perturbations was
filtered with a 20-450 Hz band-pass filter. A 2nd order Butterworth low
pass filter with 20 Hz cutoff was applied as a digital smoothing algo-
rithm after full wave rectification [24]. The EMG signals were then
normalized to the MVIC EMG to obtain % EMG peak amplitude for each
muscle in both legs. Trials were excluded if anticipatory muscle con-
tractions were observed before perturbation onset. Each muscle’s onset
time following perturbations was determined as the time at which the
EMG exceeded three standard deviations (SD) of the mean baseline
during a quiet standing trial [25].

The average of three trials for each IFP was calculated for all data
analysis. All data were analyzed in Matlab 9.3 (Matworks Inc., Natick,
MA, USA).

2.5. Statistical analysis

A three-way mixed-model design (within: muscles and
IFPs x between: age) ANOVA was used to analyze the effects of muscles,
IFPs, and age on EMG peak amplitude, peak timing, and burst duration.
To quantify postural sway during balance recovery, a two-way mixed-
model analysis (within: IFPs x between: age) of covariance (ANCOVA)
was used to compare SD of CoMAccel and CoP sway area using weight
and height as covariates [26]. A Tukey’s test was used for post hoc
analysis. SPSS (Chicago, IL) was used for all statistical analysis with an
alpha level of 0.05 set a-priori.

3. Results

All data are presented as mean =+ SD in the text and tables. None of
the participants needed to step to recover their balance across any IFPs
over all trials. In addition, no trials were excluded due to anticipatory
EMG activities.

3.1. EMG

3.1.1. EMG peak amplitude

There was a main effect of muscles on the EMG peak amplitude
(muscles: F (6, 413) = 29.84, p < 0.01). Different levels of EMG peak
amplitude during the perturbation phase (Fig. 3) were observed in the
loaded leg muscles (the leg opposite to the perturbation direction). EMG
peak amplitude of the RF, BF, and Gmax was significantly smaller
compared to TA, Sol, FL, and Gmed during balance recovery in all IFPs
(all p < 0.01) (Fig. 4).

There was a main effect of IFPs on the EMG peak amplitude (IFPs: F
(2, 417) =6.92, p = 0.01). EMG peak amplitude in TOHT was greater
than REF (p = 0.01). There was an interaction between muscles and
IFPs (muscles * IFPs: F (12, 399) = 3.66, p = 0.04). The Sol and FL. EMG
peak amplitude in the loaded leg was greater in TOHT (Sol: p < 0.01,
FL: p= 0.04) compared to REF. There was an interaction between
muscles and age (muscles * age: F (6, 406) = 2.98, p = 0.04). Older
adults demonstrated reduced EMG peak amplitude of the loaded FL
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muscle compared to younger adults (p = 0.04, see Fig. 3).
There was no main effect of age and no interaction between age and
IFPs on the EMG peak amplitude.

3.1.2. EMG peak timing and burst duration

There was a main effect of age on the EMG peak timing (age: F (1,
418) = 4.73, p = 0.04). EMG peak timing in older adults occurred later
than younger adults. Interaction was also observed between age and
muscles (age * muscles: F (6, 406) = 3.08, p = 0.04). Older adults
showed a delayed FL peak timing compared to younger adults (p =
0.01, see Fig. 5). There was no main effect of muscles and IFPs, and no
interaction between age and IFPs or between IFPs and muscles for EMG
peak timing.

There was no main effect and no interaction on muscles, IFPs and age
for EMG burst duration.

3.2. Postural sway before and after perturbations

3.2.1. Quiet standing balance before perturbations

There was a main effect of IFPs on SD of CoMAccel in the A-P di-
rection (IFPs: F (2, 57) = 3.792, p = 0.029). Post hoc analysis showed
that SD of CoMAccel in the A-P direction in M-ST was greater than REF
(p = 0.027). No interaction was observed in the A-P direction.

In the M-L direction, there was a main effect of IFPs and age on SD of
CoMAccel (IFPs: F (2, 57) =12.99, p < 0.01, age: F (1, 58) = 5.40,
p =0.03). Post hoc analysis showed that M-L SD of CoMAccel was
greater for M-ST than other two IFPs (both p < 0.01) and was greater for
older adults (p = 0.03). An interaction between IFPs and age for M-L SD
of CoMAccel was detected (IFPs * age: F (2, 57) = 7.77, p < 0.01). Older
adults showed increased M-L SD of CoMAccel in M-ST compared to
younger adults (p < 0.01).

There were main effects of [FPs and age on CoP sway area (IFPs: F (2,
57) =12.34, p< 0.01, age: F (1, 58) = 14.77, p < 0.01). Post hoc
analysis showed that the CoP sway area was greater in M-ST compared
to TOHT (p < 0.01) and REF (p < 0.01). Older adults showed greater
CoP sway area than younger adults (p < 0.01). An interaction between
IFPs and age for CoP sway area was detected (IFPs * age: F (2, 57) =
12.20,p < 0.01). Older adults showed greater CoP sway area in REF and
M-ST than younger adults (both p < 0.01) (Table 1).

3.2.2. Post-perturbations

There was a main effect of IFP and age for SD of CoMAccel in the A-P
(IFPs: F (2,57) = 4.33,p = 0.02, age: F (1, 58) = 4.41, p = 0.04) and M-
L (IFPs: F (2, 57) = 3.82, p = 0.03, age: F (1, 58) = 5.29, p = 0.03)
directions. Post hoc analysis showed that SD of CoMAccel was smaller
for TOHT than M-ST in both the A-P (p = 0.03) and M-L (p = 0.02)
directions. Older adults showed greater SD of CoMAccel than younger
adults in both the A-P (p = 0.04) and M-L (p = 0.03) directions. No
interaction was observed for A-P and M-L SD of CoMAccel.

There were main effects of IFPs and age for CoP sway area (IFPs: F (2,
57) =5.10,p = 0.02, age: F (1, 58) = 4.75, p = 0.04). Post hoc analysis
showed that the CoP sway area was greater in M-ST than REF (p = 0.03)
and TOHT (p = 0.02). Increased CoP sway area was observed in older
adults compared to younger adults (p = 0.04) and no interaction was
detected.

4. Discussion

The purpose of this study was to investigate activation level differ-
ences between lower extremity muscles and the effects of IFPs on muscle
activation patterns and postural stability in response to unexpected
lateral surface perturbations in old and younger adults. We found that
activation levels of ankle muscles were greater than knee and hip
muscles across IFPs. Compared to younger adults, older adults had
greater postural sway in the M-L direction in M-ST before perturbation.
Following perturbation, older adults demonstrated decreased FL muscle
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Fig. 3. Normalized EMG activation (% EMG max) of all muscles in the loaded leg during balance recovery in toes-out with heels together initial foot position from
representative younger and older adults. * represent a statistically significant difference (p < 0.05).
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Fig. 4. Normalized EMG activation (% EMG max) of all muscles in the loaded leg across all initial foot positions. * represent a statistically significant difference (p <
0.05) between the muscles. TA: tibialis anterior, Sol: soleus, FL: fibularis longus, RF: rectus femoris, BF: biceps femoris, Gmax: gluteus maximus, and Gmed: gluteus
medius. REF: Reference, TOHT: toes-out heels together, M-ST: modified semi-tandem (M-ST) initial foot positions.
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activation with greater postural sway in both the A-P and M-L directions
across all IFPs. In addition, TOHT showed the smallest M-L postural
sway with increased activation of the Sol and FL during the stabilization
phase.

4.1. Muscle activation level differences

We observed greater EMG peak amplitude at the ankle (TA, Sol, and
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FL) and Gmed muscles compared to knee muscles (RF and BF) and Gmax
in the loaded leg during standing balance recovery. This could be due to
the relatively low perturbation intensity used in our study. Previous
studies showed that distal muscles at the ankle joint provide immediate
joint torque to regain balance following surface perturbations [27] and
proximal muscles at the hip joint are recruited as the intensity of
perturbation increases [3]. Thus, participants in our study could achieve
balance recovery by increasing ankle joint muscles and Gmed activation
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Table 1
Postural Sway before and after lateral perturbations.

Gait & Posture 90 (2021) 449-456

SD of CoM Acceleration (mm/s?), Fx/m (A-P)

SD of CoM Acceleration (mm/s?), Fy/m (M-L)

CoP Sway Area (mm?/s)

IFP Group Pre Post Pre Post Pre Post

REF Young 14.0 + 1.63 43.0 +7.46 7.00 + 1.11 100.0 + 12.3 2.29 + 0.27 74.04 +5.13
old 22.0 + 4.10 97.5 + 21.3* 16.5 + 4.28 214.5 + 47.9* 4.62 + 0.48* 90.04 + 13.44
Total 18.0 + 2.33¢ 70.3 +12.6 11.8 +2.41 157.3 + 27.4 3.46 + 0.38° 82.04 + 7.24°

TOHT Young 26.5 + 4.02 42.0 + 6.59 14.5 £ 217 88.5+11.0 4.67 + 0.58 65.49 + 4.89
old 27.5 + 9.87 80.0 + 15.1* 28.5 + 7.92 122.0 + 18.7 6.22 + 0.69 97.99 + 10.95*
Total 27.0 £5.19 61.0 + 9.15° 21.5 + 4.31 105.3 + 11.2° 5.44 + 0.47° 81.74 + 6.92°

M-ST Young 0.02 +0.01 91.7 +7.05 9.00 + 1.00 160.5 + 13.3 6.18 +0.75 78.09 + 6.95
old 0.07 + 0.06* 266.5 + 28.7 35.5 + 5.80* 271.5 + 81.4 18.95 + 3.47* 114.92 + 43.77*
Total 44.3 + 10.7° 179.1 +17.7° 22.3 4+ 4.18 216.0 + 42.1" 12.56 + 2.26™" 96.50 + 13.84""

Mean =+ Standard Error. SD (standard deviation). m (mass), CoM (center of mass). CoP (center of pressure). REF (reference), TOHT (toes-out with heels together), M-ST

(modified semi-tandem), A-P (anterior-posterior), M-L (medio-lateral).
# Significantly different than REF (p < 0.05).
b Significantly different than TOHT (p < 0.05).
¢ Significantly different than M-ST (p < 0.05).
" Significantly different than younger adults (p < 0.05).

without greater involvement of muscles at the knee muscles and Gmax.
Although ankle joint muscles provide immediate balance recovery re-
sponses as the closest responders to surface perturbation [3], relatively
greater degree of muscle activation might be required to produce suf-
ficient ankle joint torque due to the smaller moment arms and physio-
logical cross-sectional areas of the ankle muscles compared to proximal
muscles at the knee and hip joints [28]. These results highlighted the
importance of neuromuscular control of the ankle muscles because it
appeared to be one of the first responders to increased postural sway
[29]. In addition, greater activation level of the Gmed compared to
muscles at the knee joint and Gmax confirmed its active role in control of
medio-lateral postural stability. This is consistent with previous studies
that have shown a significance relation between Gmed muscle activity
and balance recovery following external lateral perturbations [30,31].
The hip abd/addutor, trunk, and ankle musculature are key factors that
contribute to the control of CoM motion in the frontal plane in response
to a lateral balance loss [3,32]. Indeed, our finding demonstrated that
the Gmed in the loaded leg increased its activation level even during
feet-in-place balance regulation.

4.2. Effects of IFP on standing balance control in old and younger adults

4.2.1. Modified semi-tandem IFP

Compared to REF, M-ST showed greater A-P and M-L SD of CoMAccel
and CoP sway area prior to perturbation onset and greater CoP area
during the stabilization phase. During REF, A-P balance is primarily
controlled by dorsi- and plantar-flexion at the ankle joint, while hip
adduction and abduction contributes to M-L balance control [3]. During
M-ST, however, balance control in each direction is normally achieved
by simultaneous control over both ankle and hip joints [33]. Our result
demonstrated that EMG peak timing of the FL is delayed in M-ST
compared to REF. Thus, more challenging inter-joint coordination and
relatively slow ankle movement control appeared to result in greater
postural sway during M-ST compare to REF. Considering older adults
commonly show reduced ability to re-distribute lower-limb joint mo-
ments [34,35], difficulties in inter-joint coordination in older adults
likely contributed to greater postural sway during M-ST. Indeed, our
findings suggested that M-ST is a more challenging IFP for older adults to
maintain postural stability during quiet standing. This result warrants
further investigation on whether balance training in older adults with
more challenging posture could lead to better outcomes.

4.2.2. Toes-out IFP

During the stabilization phase, toes-out IFP showed smaller A-P and
M-L SD of CoMAccel compared to M-ST, whereas there was no signifi-
cant difference between REF and M-ST. We found that the activation of
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the Sol and FL was enhanced in TOHT following perturbation onset. The
FL muscle stabilizes the ankle joint of the loaded leg by everting the foot
to prevent increasing lateral plantar pressure induced by lateral per-
turbations. Therefore, it provides more evenly distributed plantar
pressure under the foot and this may result in improved M-L balance
[36]. The Sol and FL generate ankle plantar flexion moment that typi-
cally counteracts the forward toppling of the body’s CoM to maintain
A-P balance [37]. During toes-out foot position, ankle plantar/dorsi
flexion moments also contribute to GRFs in the M-L direction that are
responsible for controlling the lateral motion of the body’s CoM [38].
Thus, TOHT could provide a biomechanically advantageous foot posi-
tion for maintaining postural stability following perturbations and it is
plausible that greater activation of the Sol and FL in toes-out IFP might
have contributed, at least in part, to smaller SD of CoM Accel in both the
A-P and M-L directions during the stabilization phase compared to other
IFPs. Results from this study showed that older adults had delayed peak
timing and decreased activation of the FL muscle following perturba-
tions compared to younger adults, reflecting age-related abnormalities
in neuromuscular control for eversion of the ankle during balance re-
covery in response to external lateral perturbation. Because Sol and FL
muscle activation was increased during TOHT, modifying IFP could be a
viable approach for rehabilitation assessments and interventions
focused on improving balance control in older populations. Our results
indicate that toes-out IFP could be a viable option to better engage ankle
muscles while postural stability training in older adults.

4.3. Limitations of this study

Although the order of IFPs and perturbation onset latency and di-
rection were randomized, postural reactions during subsequence trials
may be different from the first trial and the potential adaptation effects
may not be fully removed [39]. Thus, our results may not be general-
izable for first trial responses.

In addition to lower extremity muscles, lower back and abdominal
muscles control the pelvis and trunk position and, therefore, contribute
to maintaining core stability during standing balance recovery [40].
Thus, the observed differences in the FL and Sol muscles during toes-out
may not be the only factors that affect postural stability. Future research
should evaluate the influence of upper extremity muscle activity in
relation to balance control following unexpected lateral perturbations.

5. Conclusions

During standing balance recovery from unexpected lateral surface
perturbations, activation levels of ankle muscles were greater than knee
and hip muscles. Compared to younger adults, older adults had reduced
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FL activation and greater postural sway. Toes-out IFP appeared to in-
crease activation of Sol and FL muscles and reduce M-L postural sway.
These findings provide useful information for designing potential
rehabilitation approaches that modify IFP to engage ankle muscles to
improve dynamic balance control in older adults.

Declaration of Competing Interest

The authors report no declarations of interest.

Acknowledgements

Woohyoung Jeon is supported by the University of Maryland
Advanced Neuromotor Rehabilitation Research Postdoctoral Training
(UMANRRT) Program (NIDILRR 90AR5028). We would like to thank all
of the volunteers of this study for their help with data collection.

References

[1]

[2]

[3]

[4

=

[5]

[6

—

[7

—

[8

—

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(171

M.H.G. Gerards, C. McCrum, A. Mansfield, K. Meijer, Perturbation-based balance
training for falls reduction among older adults: current evidence and implications
for clinical practice, Geriatr. Gerontol. Int. 17 (2017) 2294-2303, https://doi.org/
10.1111/ggi.13082.

M.J. Gu, A.B. Schultz, N.T. Shepard, N.B. Alexander, Postural control in young and
elderly adults when stance is perturbed: dynamics, J. Biomech. 29 (1996) 319-329,
https://doi.org/10.1016,/0021-9290(95)00052-6.

D. Winter, Human balance and posture control during standing and walking, Gait
Posture 3 (1995) 193-214, https://doi.org/10.1016/0966-6362(96)82849-9.

H. Koushyar, K.A. Bieryla, M.A. Nussbaum, M.L. Madigan, Age-related strength loss
affects non-stepping balance recovery, PLoS One 14 (2019), 0210049, https://doi.
org/10.1371/journal.pone.0210049.

M.W. Rogers, M.-L. Mille, Lateral stability and falls in older people, Exerc. Sport
Sci. Rev. 31 (2003) 182-187, https://doi.org/10.1097,/00003677-200310000-
00005.

Y.C. Pai, J. Patton, Center of mass velocity-position predictions for balance control,
J. Biomech. 30 (1997) 347-354, https://doi.org/10.1016/50021-9290(96)00165-
0.

M.-L. Mille, M.E. Johnson, K.M. Martinez, M.W. Rogers, Age-dependent differences
in lateral balance recovery through protective stepping, Clin. Biomech. Bristol
Avon. 20 (2005) 607-616, https://doi.org/10.1016/j.clinbiomech.2005.03.004.
D.C. Mackey, S.N. Robinovitch, Mechanisms underlying age-related differences in
ability to recover balance with the ankle strategy, Gait Posture 23 (2006) 59-68,
https://doi.org/10.1016/j.gaitpost.2004.11.009.

S.M. Henry, J. Fung, F.B. Horak, Effect of stance width on multidirectional postural
responses, J. Neurophysiol. 85 (2001) 559-570, https://doi.org/10.1152/
jn.2001.85.2.559.

T. Suehiro, M. Mizutani, H. Ishida, K. Kobara, D. Fyjita, H. Osaka, H. Takahashi,
S. Watanabe, Effect of abduction and external rotation of the hip joint on muscle
onset time during prone hip extension with knee flexion, J. Phys. Ther. Sci. 27
(2015) 289-291, https://doi.org/10.1589/jpts.27.289.

S. Khamis, G. Dar, C. Peretz, Z. Yizhar, The relationship between foot and pelvic
alignment while standing, J. Hum. Kinet. 46 (2015) 85-97, https://doi.org/
10.1515/hukin-2015-0037.

W. Jeon, H.-Y. Hsiao, L. Griffin, Effects of different initial foot positions on
kinematics, muscle activation patterns, and postural control during a sit-to-stand in
younger and older adults, J. Biomech. 117 (2021), 110251, https://doi.org/
10.1016/j.jbiomech.2021.110251.

1.G. Amiridis, V. Hatzitaki, F. Arabatzi, Age-induced modifications of static
postural control in humans, Neurosci. Lett. 350 (2003) 137-140, https://doi.org/
10.1016/50304-3940(03)00878-4.

T. Ikezoe, N. Mori, M. Nakamura, N. Ichihashi, Age-related muscle atrophy in the
lower extremities and daily physical activity in elderly women, Arch. Gerontol.
Geriatr. 53 (2011) e153-157, https://doi.org/10.1016/j.archger.2010.08.003.
S.-K. Bok, T.H. Lee, S.S. Lee, The effects of changes of ankle strength and range of
motion according to aging on balance, Ann. Rehabil. Med. 37 (2013) 10-16,
https://doi.org/10.5535/arm.2013.37.1.10.

A. Rainoldi, G. Melchiorri, I. Caruso, A method for positioning electrodes during
surface EMG recordings in lower limb muscles, J. Neurosci. Methods 134 (2004)
37-43, https://doi.org/10.1016/j.jneumeth.2003.10.014.

W. Jeon, J.L. Jensen, L. Griffin, Muscle activity and balance control during sit-to-
stand across symmetric and asymmetric initial foot positions in healthy adults, Gait
Posture 71 (2019) 138-144, https://doi.org/10.1016/j.gaitpost.2019.04.030.

456

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

Gait & Posture 90 (2021) 449-456

E.C. Hill, T.J. Housh, C.M. Smith, K.C. Cochrane, N.D.M. Jenkins, R.J. Schmidt, G.
O. Johnson, The effects of work-to-rest ratios on torque, electromyographic, and
mechanomyographic responses to fatiguing workbouts, Int. J. Exerc. Sci. 10 (2017)
580-591.

B.E. Maki, M.A. Edmondstone, W.E. Mcllroy, Age-related differences in laterally
directed compensatory stepping behavior, J. Gerontol. A Biol. Sci. Med. Sci. 55
(2000) M270-277, https://doi.org/10.1093/gerona/55.5.m270.

D.A. Winter, Biomechanics and Motor Control of Human Movement, John Wiley &
Sons, 2009.

T.E. Prieto, J.B. Myklebust, R.G. Hoffmann, E.G. Lovett, B.M. Myklebust, Measures
of postural steadiness: differences between healthy young and elderly adults, IEEE
Trans. Biomed. Eng. 43 (1996) 956-966, https://doi.org/10.1109/10.532130.

A. Karlsson, G. Frykberg, Correlations between force plate measures for assessment
of balance, Clin. Biomech. Bristol Avon. 15 (2000) 365-369, https://doi.org/
10.1016/s0268-0033(99)00096-0.

B.E. Maki, W.E. Mcllroy, S.D. Perry, Influence of lateral destabilization on
compensatory stepping responses, J. Biomech. 29 (1996) 343-353, https://doi.
org/10.1016,/0021-9290(95)00053-4.

R. Shiavi, C. Frigo, A. Pedotti, Electromyographic signals during gait: criteria for
envelope filtering and number of strides, Med. Biol. Eng. Comput. 36 (1998)
171-178, https://doi.org/10.1007/BF02510739.

W. Jeon, J. Whitall, L. Griffin, K.P. Westlake, Trunk kinematics and muscle
activation patterns during stand-to-sit movement and the relationship with
postural stability in aging, Gait Posture 86 (2021) 292-298, https://doi.org/
10.1016/j.gaitpost.2021.03.025.

J. Kim, Y. Kwon, H.-Y. Chung, C.-S. Kim, G.-M. Eom, J.-H. Jun, B.K. Park,
Relationship between body factors and postural sway during natural standing, Int.
J. Precis. Eng. Manuf. 13 (2012) 963-968, https://doi.org/10.1007/s12541-012-
0125-0.

K. Freyler, A. Gollhofer, R. Colin, U. Briiderlin, R. Ritzmann, Reactive balance
control in response to perturbation in unilateral stance: interaction effects of
direction, displacement and velocity on compensatory neuromuscular and
kinematic responses, PLoS One 10 (2015), https://doi.org/10.1371/journal.
pone.0144529.

M.G. Hoy, F.E. Zajac, M.E. Gordon, A musculoskeletal model of the human lower
extremity: the effect of muscle, tendon, and moment arm on the moment-angle
relationship of musculotendon actuators at the hip, knee, and ankle, J. Biomech. 23
(1990) 157-169, https://doi.org/10.1016,/0021-9290(90)90349-8.

M.J. Warnica, T.B. Weaver, S.D. Prentice, A.C. Laing, The influence of ankle muscle
activation on postural sway during quiet stance, Gait Posture 39 (2014)
1115-1121, https://doi.org/10.1016/j.gaitpost.2014.01.019.

M. Afschrift, L. Pitto, W. Aerts, R. van Deursen, 1. Jonkers, F. De Groote,
Modulation of gluteus medius activity reflects the potential of the muscle to meet
the mechanical demands during perturbed walking, Sci. Rep. 8 (2018), 11675,
https://doi.org/10.1038/5s41598-018-30139-9.

M. Gilles, A.M. Wing, S.G. Kirker, Lateral balance organisation in human stance in
response to a random or predictable perturbation, Exp. Brain Res. 124 (1999)
137-144, https://doi.org/10.1007/5002210050607.

S. Rietdyk, A.E. Patla, D.A. Winter, M.G. Ishac, C.E. Little, Balance recovery from
medio-lateral perturbations of the upper body during standing, J. Biomech. 32
(1999) 1149-1158, https://doi.org/10.1016/50021-9290(99)00116-5.

D.A. Winter, F. Prince, J.S. Frank, C. Powell, K.F. Zabjek, Unified theory regarding
A/P and M/L balance in quiet stance, J. Neurophysiol. 75 (1996) 2334-2343,
https://doi.org/10.1152/jn.1996.75.6.2334.

E.AF. Thlen, Age-related changes in inter-joint coordination during walking,

J. Appl. Physiol. 117 (2014) 189-198, https://doi.org/10.1152/
japplphysiol.00212.2014.

S.-L. Chiu, C.-C. Chang, J.T. Dennerlein, X. Xu, Age-related differences in inter-
joint coordination during stair walking transitions, Gait Posture 42 (2015)
152-157, https://doi.org/10.1016/j.gaitpost.2015.05.003.

S. Mineta, T. Inami, R. Mariano, N. Hirose, High lateral plantar pressure is related
to an increased tibialis anterior/fibularis longus activity ratio in patients with
recurrent lateral ankle sprain, Open Access J. Sports Med. 8 (2017) 123-131,
https://doi.org/10.2147/0AJSM.S131596.

C.J. Dakin, M.E. Héroux, B.L. Luu, J.T. Inglis, J.-S. Blouin, Vestibular contribution
to balance control in the medial gastrocnemius and soleus, J. Neurophysiol. 115
(2015) 1289-1297, https://doi.org/10.1152/jn.00512.2015.

K.J. Simpson, P. Jiang, Foot landing position during gait influences ground
reaction forces, Clin. Biomech. Bristol Avon. 14 (1999) 396-402, https://doi.org/
10.1016/50268-0033(98)00112-0.

M. Zaback, E.R. Reiter, A.L. Adkin, M.G. Carpenter, Initial experience of balance
assessment introduces ‘first trial’ effects on emotional state and postural control,
Gait Posture 88 (2021) 116-121, https://doi.org/10.1016/j.gaitpost.2021.05.013.
L. Donath, E. Kurz, R. Roth, L. Zahner, O. Faude, Leg and trunk muscle
coordination and postural sway during increasingly difficult standing balance tasks
in young and older adults, Maturitas 91 (2016) 60-68, https://doi.org/10.1016/j.
maturitas.2016.05.010.


https://doi.org/10.1111/ggi.13082
https://doi.org/10.1111/ggi.13082
https://doi.org/10.1016/0021-9290(95)00052-6
https://doi.org/10.1016/0966-6362(96)82849-9
https://doi.org/10.1371/journal.pone.0210049
https://doi.org/10.1371/journal.pone.0210049
https://doi.org/10.1097/00003677-200310000-00005
https://doi.org/10.1097/00003677-200310000-00005
https://doi.org/10.1016/s0021-9290(96)00165-0
https://doi.org/10.1016/s0021-9290(96)00165-0
https://doi.org/10.1016/j.clinbiomech.2005.03.004
https://doi.org/10.1016/j.gaitpost.2004.11.009
https://doi.org/10.1152/jn.2001.85.2.559
https://doi.org/10.1152/jn.2001.85.2.559
https://doi.org/10.1589/jpts.27.289
https://doi.org/10.1515/hukin-2015-0037
https://doi.org/10.1515/hukin-2015-0037
https://doi.org/10.1016/j.jbiomech.2021.110251
https://doi.org/10.1016/j.jbiomech.2021.110251
https://doi.org/10.1016/s0304-3940(03)00878-4
https://doi.org/10.1016/s0304-3940(03)00878-4
https://doi.org/10.1016/j.archger.2010.08.003
https://doi.org/10.5535/arm.2013.37.1.10
https://doi.org/10.1016/j.jneumeth.2003.10.014
https://doi.org/10.1016/j.gaitpost.2019.04.030
http://refhub.elsevier.com/S0966-6362(21)00503-8/sbref0090
http://refhub.elsevier.com/S0966-6362(21)00503-8/sbref0090
http://refhub.elsevier.com/S0966-6362(21)00503-8/sbref0090
http://refhub.elsevier.com/S0966-6362(21)00503-8/sbref0090
https://doi.org/10.1093/gerona/55.5.m270
http://refhub.elsevier.com/S0966-6362(21)00503-8/sbref0100
http://refhub.elsevier.com/S0966-6362(21)00503-8/sbref0100
https://doi.org/10.1109/10.532130
https://doi.org/10.1016/s0268-0033(99)00096-0
https://doi.org/10.1016/s0268-0033(99)00096-0
https://doi.org/10.1016/0021-9290(95)00053-4
https://doi.org/10.1016/0021-9290(95)00053-4
https://doi.org/10.1007/BF02510739
https://doi.org/10.1016/j.gaitpost.2021.03.025
https://doi.org/10.1016/j.gaitpost.2021.03.025
https://doi.org/10.1007/s12541-012-0125-0
https://doi.org/10.1007/s12541-012-0125-0
https://doi.org/10.1371/journal.pone.0144529
https://doi.org/10.1371/journal.pone.0144529
https://doi.org/10.1016/0021-9290(90)90349-8
https://doi.org/10.1016/j.gaitpost.2014.01.019
https://doi.org/10.1038/s41598-018-30139-9
https://doi.org/10.1007/s002210050607
https://doi.org/10.1016/S0021-9290(99)00116-5
https://doi.org/10.1152/jn.1996.75.6.2334
https://doi.org/10.1152/japplphysiol.00212.2014
https://doi.org/10.1152/japplphysiol.00212.2014
https://doi.org/10.1016/j.gaitpost.2015.05.003
https://doi.org/10.2147/OAJSM.S131596
https://doi.org/10.1152/jn.00512.2015
https://doi.org/10.1016/s0268-0033(98)00112-0
https://doi.org/10.1016/s0268-0033(98)00112-0
https://doi.org/10.1016/j.gaitpost.2021.05.013
https://doi.org/10.1016/j.maturitas.2016.05.010
https://doi.org/10.1016/j.maturitas.2016.05.010

	Effects of initial foot position on postural responses to lateral standing surface perturbations in younger and older adults
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Apparatus and setup
	2.3 Experimental procedure
	2.4 Data processing and analyses
	2.4.1 Kinetic and kinematic data
	2.4.2 EMG

	2.5 Statistical analysis

	3 Results
	3.1 EMG
	3.1.1 EMG peak amplitude
	3.1.2 EMG peak timing and burst duration

	3.2 Postural sway before and after perturbations
	3.2.1 Quiet standing balance before perturbations
	3.2.2 Post-perturbations


	4 Discussion
	4.1 Muscle activation level differences
	4.2 Effects of IFP on standing balance control in old and younger adults
	4.2.1 Modified semi-tandem IFP
	4.2.2 Toes-out IFP

	4.3 Limitations of this study

	5 Conclusions
	Declaration of Competing Interest
	Acknowledgements
	References


