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Abstract

Aging brings about challenges in the ability to recover balance through protective
stepping, especially in the lateral direction. Previous work has suggested that lateral protective
stepping during weight transfer may be affected by impaired muscle composition and
performance of the hip abductors (AB) in older adults. Hence, this study investigated the
influence of hip abductor-adductor (AB-AD) neuromuscular performance on the weight transfer
phase of lateral protective stepping in younger and older adults. Healthy younger (n=15) and
older adults (n=15) performed hip AB-AD isometric maximal voluntary contractions (IMVC).
Lateral balance perturbations were applied via motorized waist-pulls. ~Participants were
instructed to recover their balance using a single lateral step. Kinetic, kinematic and
electromyographic (EMG) data were analyzed during the weight transfer phase. In the hip IMVC
task, older adults showed reduced peak AB-AD torque, AB rate of torque development and AB-
AD rate of EMG neuromuscular activation (RActv). During the lateral balance perturbations,
older individuals had a lower incidence of lateral steps, reduced hip AB-AD RActv and delayed
weight transfer. However, several outcomes were larger in the older group, such as, center of
mass momentum at step onset, step-side peak rate of vertical force development, hip AB net joint
torque, and power. Although older adults had greater hip muscular output during the weight
transfer phase, their lateral balance recovery was still impaired. The reduced maximal hip AB-
AD capacity, especially RActv, may have been a greater contributor to this impairment, as it

affects the ability to generate rapid force, crucial for balance recovery.



1. Introduction

Falls among older adults may be considered a global epidemic. Approximately one third
of individuals over 65 years of age fall every year (Hausdorff et al., 2001; WHO, 2012). When
balance is perturbed, protective stepping is a common strategy used to re-establish the base of
support (BoS), in order to stabilize balance and prevent falling (Barrett et al.,, 2012; Maki &
Mcllroy, 2006; Mille et al., 2013a; Pai et al., 2014; Sturnieks et al., 2013). However, this ability
declines with increasing age. For example, when stationary balance is perturbed, older adults
tend to use a greater number of protective steps to recover balance compared to younger
individuals, which has been shown to be a potent predictor of future falls (Hilliard et al., 2008;
Luchies et al., 1994; Maki et al., 1994; Mille et al., 2013b; Mille et al., 2005; Rogers & Mille,
2003).

Although loss of balance and falls can occur in all directions, postural instability with
aging is especially problematic in-the medio-lateral (M-L) plane (Mille et al., 2013a; Rogers &
Mille, 2003). Loss of lateral balance involves unique biomechanical demands that affect the
characteristics of M-L protective stepping. For example, when an external lateral balance
perturbation moves the CoM relative to the BoS, the leg contralateral to the perturbation
direction initially undergoes passive unloading while the ipsilateral limb undergoes passive
loading. Older adults frequently use strategies involving the passively unloaded limb, such as
crossover stepping (front or back) or a medial-lateral stepping sequence (Maki et al., 2000; Maki
et al., 1996; Mille et al., 2005). Unloaded-limb stepping strategies allow for faster step initiation,
but there are several disadvantages, such as an increased use of multiple steps, increased single-

limb support time, longer and more complex foot trajectories, increased incidence of limb



collisions, and reduced BoS at first-step foot landing (Bair et al., 2016; Maki et al., 2000; Mille
et al., 2013a).

In contrast to older adults, younger individuals more often recover balance with a single
lateral step performed by the passively loaded limb in the direction of the balance perturbation.
This is normally achieved by rapidly moving the center of mass towards the passively unloaded
limb during the pre-step weight transfer phase, allowing the passively loaded limb to step. This
results in an increased BoS upon landing and more effective control of the CoM lateral
momentum (Bair et al., 2016; Maki et al., 2000). Although ‘this strategy may be more
biomechanically stabilizing than unloaded limb stepping_ strategies, lateral stepping requires
considerable effort to unload the passively loaded limb compared to the cross-over and medial-
lateral stepping sequence strategies (Mille et al., 2005; Patton et al., 2006).

While the factors determining selection of single lateral recovery steps during M-L
balance recovery by older adults are unclear, impaired hip abductor-adductor (AB-AD) muscle
torque, which is important for M-Lbalance control and pre-stepping lateral weight shift, is often
present (Addison et al., 2014; Hilliard et al., 2008; Hurt & Grabiner, 2015; Inoue et al., 2017;
Robinovitch et al., 2013). With aging, the gluteal muscles of the hip are especially susceptible to
adipose infiltration, reduced muscle fiber quality, and compromised hip abductor (AB) strength
which limits M-L protective stepping and gait performance (Addison et al., 2016; Addison et al.,
2014; Hilliard et al., 2008; Inacio et al., 2014). In addition, age-associated neuromuscular
activation impairments may contribute to deficits in hip torque and power which are important
during pre-step lateral weight shifting and balance recovery (Aagaard et al., 2002; Aagaard et
al., 2010; Addison et al., 2016; Fujimoto et al., 2017; Kanda et al., 1996; Kido et al., 2004;

Rogers & Mille, 2003). In particular, the rate of neuromuscular activation, which contributes



significantly to rapid muscle force production needed for effective balance control and protective
stepping, diminishes with aging (Clark et al., 2011; Clark et al., 2013; Reid et al., 2012; Yoshida
et al., 2012).

Due to the predominant use by older adults of more problematic crossover and medial-
lateral stepping strategies which can lead to lateral imbalance and are associated with greater fall
risk, there is a need to better understand the factors that restrict the use of more stabilizing lateral
protective steps. Accordingly, the purposes of this study were to compare between community
living older and younger adults, the neuromuscular and biomechanical performance of the hip
AB-AD musculature during: 1) isolated rapid isometric maximum voluntary contractions
(IMVC); and during 2) the pre-step weight transfer phase of induced lateral stepping at different
initial weight bearing distributions. Different initial stepping limb weight bearing loads were
used to represent a range of challenges to weight shifting ability. Compared with younger adults,
we hypothesized that older adults would demonstrate impairments in isolated neuromechanical
performance with less effective lateral weight shifting and stepping performance, and that
deficits in stepping would be associated with age-related limitations in maximum hip AB-AD

neuromechanical performance.

2. Methods

2.1. Participants

Fifteen younger adults (29.1+1.1yrs, n=8 females) and fifteen generally healthy
community dwelling older individuals (71.3+0.9yrs, n=6 females) were recruited from the
Baltimore/Washington metropolitan areas (Table 1). Exclusion criteria consisted of the

following: 1) cognitive impairment (Folstein Mini Mental Score Exam < 24); 2) sedative use; 3)



non-ambulatory; 4) any clinically significant functional impairment related to musculoskeletal,
neurological, cardiopulmonary, metabolic, or other general medical problem; 6) Centers for
Epidemiological Studies Depression Survey score greater than 16; 7) BMI over 35.

All subjects provided written informed consent. Experimental procedures were approved
by the Institutional Review Board of University of Maryland, Baltimore and the Baltimore

Veterans Administration Health Care System Office of Research Compliance.

2.2. Data collection

The IMVC protocol, performed on a BIODEX System 4 dynamometer (BIODEX,
Shirley, NY), consisted of isometric bilateral hip AB-AD IMVCs. Participants were instructed to
push as hard and fast as possible for 5 seconds, with 90s of rest between sets. Testing was
performed at 30° of hip AB while standing in a custom stabilization frame to facilitate control of
upright alignment (Johnson et al., 2004).

The induced lateral stepping protocol consisted of an initial “balance tolerance limit”
(BTL) assessment (Bair et al., 2016; Yungher et al., 2012) and an induced stepping task at
different initial pre-loaded weight distribution conditions. A position-controlled motorized waist-
pull system was used to apply lateral balance perturbations via a pulley-cable configuration
attached to rigid connections on each side of a waist-belt as described in previous studies (Pidcoe
& Rogers, 1998). Participants wore a safety harness.

For the BTL assessment, subjects were instructed to react naturally and prevent
themselves from falling. The BTL assessment consisted of forty waist-pulls (5 trials x 2

directions x 4 magnitudes (Appendix) randomized by direction (R or L) and magnitude. BTL



was identified as the puller magnitude level where the average number of response steps, for any
self-selected type of first step, exceeded 1.0 steps (Bair et al., 2016; Yungher et al., 2012).

For the induced stepping task using different initial stepping limb pre-loading conditions,
participants received 30 randomly applied lateral waist-pulls in the direction of the pre-loaded
limb (5 trials x 2 directions x 3 pre-loaded conditions), plus 12 catch trials (2 trials x 2 directions
x 3 pre-loaded conditions) delivered to the opposite side to minimize anticipation and postural
adaptation.

In order to present a range of challenges to weight transfer performance, as might be
encountered during everyday activities, prior to the perturbations, participants were instructed to
laterally shift their weight to distribute 50%, 65%, or 80% of their body weight onto the pre-
determined stepping limb using real-time visual feedback of the vertical ground reaction forces
provided by a monitor. Subjects were further instructed to respond to the waist-pull and “recover
your balance with a single lateral step.” The lateral waist-pulls were triggered by computer
control once the target weight distribution was maintained for more than 50ms. Perturbations
were applied at one pulling-magnitude level above the previously determined BTL to ensure a
stepping response on all trials.

Kinetic data were recorded by two AMTI force platforms (AMTI, Watertown, MA) at a
collection frequency of 600Hz. Full body kinematic data were obtained via a motion capture
system at 120Hz (VICON, Los Angeles, CA). Reflective markers were placed bilaterally on the
foot (first metatarsal, hallux, fifth metatarsal and calcaneus), ankle (lateral and medial malleoli),
knee (lateral and medial femoral condyles), hip (greater trochanter of the femur, PSIS and ASIS),

shoulders (acromions) and head (midpoint and center of parietal bones and most lateral point of



temporal bones) creating a seven-segment skeletal model (bilateral foot, shank, thigh and HAT
(head+arms+trunk)).

Surface electromyographic (EMG) (NORAXON, Scottsdale, AZ) recordings of muscle
activation patterns were collected during the hip AB-AD IMVC and the induced lateral stepping
task at a frequency of 1500Hz. The EMG electrodes were placed in accordance with established
guidelines over the gluteus medius (Gmed), tensor fasciae latae (TFL), and adductor magnus
(ADD) (De Luca, 1997; Hermens et al., 2000) (Figure 1). Kinetic, kinematic and EMG data

collection was synchronized by an external computer-controlled trigger.

2.3. Data Analysis

For the IMVC task, the rate of torque development (RTD) was calculated with a custom
MATLAB program as the steepest slope of the of torque-time curve between trial onset and peak

torque, using the following equation:

RTD = AT
At

where, AT - change in torque; At - change in time. Peak torque was normalized to subjects’
height and weight.

For the induced stepping task, analyses were performed exclusively on the stepping limb,
only for trials where balance was recovered with a single lateral step, over the weight transfer
phase. This was defined as the time interval between the weight transfer onset and first-step lift-
off (Figure 1). Weight transfer onset was defined as the instant where the vertical ground

reaction force of the stepping foot exceeded 3SD above the baseline value determined for the



100ms interval immediately prior to pull onset. First-step lift-off was defined as the time where
the stepping foot’s vertical ground reaction force equaled zero.

Kinetic and kinematic data were low pass filtered at 16.5Hz (van den Bogert & de
Koning, 1996). Vertical ground reaction rate of force development (RFD) was calculated as the
slope of the stepping foot’s vertical ground reaction force, from the onset of the weight transfer
to the peak vertical force before lift-off. Inverse dynamics was used to estimate net hip AB-AD
torque and power. Calculations were performed using the Newton-Euler equations of motion
(Appendix) using a bottom-up approach where the ground reaction forces functioned as the
kinetic input to the lowest segment (foot) (Zatsiorsky, 2002). Torque and power values were
normalized to subjects’ height and weight.

Inverse dynamics assumptions include: 1) segments are rigid bodies with uniform mass
distribution and stable inertial properties; 2) all intersegmental forces pass through singular joint
centers; and 3) joint friction is negligible. Segmental inertial properties were estimated using
Dempster’s parameters as described by Winter (1992). Horizontal and vertical body CoM
momentum was calculated by multiplying each subjects” mass with their horizontal and vertical
CoM velocity, respectively.

The raw EMG signals were band-pass filtered (25-1000Hz), full-wave rectified, and low-
pass filtered (6Hz Butterworth 4th order) for smoothing purposes and normalized using the
dynamic peak method (Burden, 2010; Sousa & Tavares, 2012). Rate of neuromuscular activation
(RActv) was defined as the rate of rise of the normalized EMG amplitude from onset to the peak
EMG activity (Clark et al., 2013). EMG activation onset was defined as the time that initiates a
continuous increase in EMG amplitude leading to the peak EMG activity.

Anorm_ EMG

RActv =
ctv AL



Independent samples t-tests were used to determine between-group comparisons for the
incidence of single lateral steps during the stepping task. Between-group comparisons for the
IMVC and induced lateral stepping performance variables were performed using a mixed effects
model incorporating the groups as fixed factors and the participants as random factors. Normality
was tested using the Shapiro-Wilk test. Correlation analysis was done using Spearman’s
correlation (p). Values presented are the arithmetic mean + standard error. Statistical analyses

were performed with SPSS v.22 (IBM, Armonk, NY), with significance at p<0.05.

3. Results

For the IMVC task, normalized peak hip AB-AD torques were significantly reduced by
38% and 31% respectively in older (AB: 0.039+0.002; AD: 0.061+0.002, normalized units)
compared to younger (AB: 0.063+0.001; AD: 0.088+0.002) adults (Figure 2A, p<0.05). Older
adults showed a further 66% reduction in hip AB rate of torque development (RTD) (older:
73.3+6.3 Nm/s; younger: 213.7£20.5 Nm/s, p<0.05, Figure 2B). Hip AD RTD showed a similar
but non-significant trend (older: 145.3+12.5 Nm/s; younger: 179.5+16.8 Nm/s, p>0.05, Figure
2B). Similarly, the EMG RActv of the TFL, Gmed and ADD were significantly lower in the
older group (3.68+0.20 s*, 3.38+0.18 s™, 3.19+0.23 s, respectively) compared to younger
individuals (4.44+0.24 s, 4.63+0.32 s, 6.05+0.38 s, respectively, Figure 2C).

In the induced stepping task, older adults demonstrated lower incidences of single lateral
steps than younger adults, ranging from approximately 20% in the 50% and 65% pre-load
conditions, to about 50% fewer lateral steps in the 80% condition (p<0.05, Table 2). In addition,
across the pre-load conditions, the weight transfer phase was initiated later by older individuals

(50%: 0.132+0.003 s; 65%: 0.134+0.003 s) than the younger group (50%: 0.096+0.002 s; 65%:
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0.104+0.002 s, p<0.05, Figure 3A). Similar results were found for stepping-foot lift-off time
(older, 50%: 0.494+0.006 s; 65%: 0.483+0.007 s; 80%: 0.482+0.008 s; younger: 50%:
0.416+0.005 s; 65%: 0.418+0.005 s; 80%: 0.434+0.005 s, p<0.05, Figure 3B).

At the instant of stepping-foot lift-off, the normalized lateral momentum of the CoM was
greater (p<0.05) in the older adults (58.40+1.57 s™) than the younger adults (47.04%1.17 s™) for
the 50% pre-load condition, and marginally greater at the 65% condition (older: 58.53+1.92 s™;
younger: 47.76+1.30 s™; p=0.06). Furthermore, at the 50% condition, the older group also had
greater (p<0.05) downward CoM momentum at lift-off (10.48+0.90 s*) than younger adults
(6.60+0.53 s™). Kinetic analysis also showed that vertical ground reaction force RFD for the
older individuals (50%: 1777.3+101.4 N/s; 65%: 1598.3+£106.5 N/s; 80%: 1245.7+86.8 N/s) was
70.1%-176.8% greater than that for the younger. adults (50%: 642.1+38.6 N/s; 65%: 619.5+32.6
N/s; 80%: 732.6£37.1 N/s; p<0.05, Figure 4A).

During the weight transfer phase, inverse dynamics analysis for the stepping limb
indicated that older adults generated significantly greater relative net peak AB hip torque than
the younger group at 50% and 65% pre-load conditions (older: 0.105+0.004 and 0.116+0.003;
younger: 0.060+0.002 and 0.088+0.002; p<0.05, Figure 4B), and greater net peak AB power at
the 50% condition (older: 0.153+0.008 s™; younger: 0.093+0.004 s™; p<0.05, Figure 4C). In
contrast, the EMG activation patterns indicated that RActv of all analyzed muscles was
diminished in the older population. Specifically, TFL RActv of older individuals (50%:
5.88+0.25 s'; 65%: 5.10+0.22 s*; 80%: 5.09+0.29 s™; p<0.05, Figure 5) was reduced compared
to younger adults (50%: 7.17+0.28 s™; 65%: 7.63+0.24 s™'; 80%: 7.09+0.27 s™; p<0.05, Figure
5). Gmed RActv showed similar differences between older (50%: 5.64+0.25 s™; 65%: 5.93+0.22

s 80%: 6.37+0.23 s*; p<0.05, Figure 5) and younger individuals (50%: 7.50+0.25 s™; 65%:
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7.96+0.28 s; 80%: 7.75+0.23 s; p<0.05, Figure 5). ADD RActv was also impaired in older
adults (50%: 6.43+0.26 s™; 65%: 6.05+0.28 s™; 80%: 6.62+0.29 s™: p<0.05, Figure 5) compared
to the younger group (50%: 8.23+0.33 s™: 65%: 8.19+0.28 s 80%: 7.66+0.25 s™; p<0.05,
Figure 5).

Correlation analyses revealed significant moderate positive correlations between the
IMVC hip AB-AD peak torque (PT) and the incidence of lateral steps at 65% and 80% pre-load
conditions (p<0.05, Table 3). IMVC hip AB RTD was also positively correlated with the
incidence of lateral steps, independent of the weight distribution condition (p<0.05, Table 3).
Furthermore, TFL, Gmed, and ADD RActv showed moderate correlations with the incidence of

lateral steps for all pre-load conditions (p<<0.05, Table 3).

4. Discussion
The results of this study provide new information about age-related changes in hip
neuromuscular and biomechanical contributions to medio-lateral balance control during the

weight transfer phase of perturbation-induced lateral protective stepping.

Hip AB-AD Isometric Maximal Voluntary Contractions (IMVC)

As expected, younger individuals showed greater isolated maximum hip neuromuscular
performance than older adults (Johnson et al., 2004; Kim et al., 2011; Korff et al., 2014).
Although the aging impairments in hip AB-AD peak torque production were relatively large, the
observed deficits in maximum RActv and hip AB RTD, important for muscle power generation,
were even greater (Aagaard et al., 2002). Similar to previous reports for other lower limb

muscles, these findings indicated that the RTD and RActv may be impaired to a greater extent
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than maximum strength/torque production (Clark et al., 2013; Melzer et al., 2010; Metter et al.,
1997). Considering that the most mechanically stable stepping strategy (lateral stepping) requires
rapid force generation to advance the passively loaded limb through pre-step weight transfer,
these findings provide further insight about the neuromechanical mechanisms of age-related
impairment in M-L balance control and increased risk of falls (Orr et al., 2006; Suetta et al.,

2004).

Induced lateral stepping

In contrast to what was hypothesized, older individuals recovered balance with a lateral
step while performing greater relative vertical RFD and hip AB torque and power production.
Nonetheless, younger adults were more successful than older individuals in their ability to use
the lateral stepping strategy to recover balance, as reflected in their greater incidence of
successful recovery steps. Furthermore, older adults demonstrated a timing delay in the initiation
of weight transfer and in the time taken to achieve the stepping foot lift-off. These timing deficits
in pre-step weight transfer resulted in overall increased time to initiate a step after the onset of
the balance perturbation, and likely contributed to the greater lateral and downward CoM
momentum at lift-off (50% pre-load condition) for the older group.

The hip muscle activation patterns during the stepping task also differed substantially
between younger and older individuals. Older adults showed reduced hip AB-AD RActv in all
pre-load conditions. Considering that neuromuscular RActv is a fundamental component for
muscle power generation, this age-related neuromuscular impairment is likely an important
contributor to the difficulties with lateral balance recovery and may have contributed to the

delayed timing of the weight transfer phase observed for the older adults (Aagaard et al., 2002).
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Although older adults attempted to counteract the weight transfer timing deficits by
increasing their maximum hip AB torque, power, and vertical rate of force generation, they were
still limited by their reduced rate of neuromuscular activation. This greater Kinetic performance
during the weight transfer phase likely approached their maximum capacity and may represent a
saturation point or neuromechanical performance limit. In this regard, previous reports of
impaired mobility function in older individuals have identified a similar “over taxation” of the
neuromuscular system during activities of daily living (Hortobagyi et al., 2003; Reeves et al.,
2009). Furthermore, the observed discrepancy between the greater relative stepping Kinetic
performance and limited neuromuscular RActv in the older adults may, at least in part, be
explained by fact that the RActv is based on the surface EMG from solely the hip AB-AD
musculature, while the RFD is calculated from the vertical ground reaction force involving
musculature throughout the leg and body and other mechanical factors not captured in the focal
neuromuscular recording. While the present focus is on the contributions of the hip AB-AD
musculature, the RActv from hip, knee and ankle extensors and multi-segmental kinematics

would need to be accounted for to further address this issue.

Associations between IMVC and lateral stepping performance

The association between the incidence of lateral steps and hip AB-AD absolute maximum
performance indicated that the greater the maximum peak torque and AB RTD, the greater the
incidence of recovering balance with a single lateral step. This was particularly the case when the
lateral perturbations were applied with the CoM presumably closer to the limits of the BoS
during the 65% and 80% pre-load conditions. Moreover, the hip AB-AD RActv appeared to be

of even greater importance for successful lateral stepping than maximal muscular performance,

14



as it consistently showed moderately higher positive associations with the lateral step incidence
in all pre-load conditions. Altogether, these associations highlight the increased importance of
the rate of neuromuscular activation for successful balance recovery through lateral stepping as it
affects the ability to generate rapid force, i.e. muscular power (Aagaard et al., 2002; Clark et al.,
2013).

Among the limitations of this study, was that the older group had a higher proportion of
male participants. However, gender appeared not to affect the findings as the outcomes were
similar in both groups. Although this study did not directly compare the responses between the
different pre-loads, it was evident that the 80% pre-load condition was the most challenging for
balance recovery as would be expected considering that the CoM was closest to the BoS
boundary limit, resulting in less time to perform the weight transfer preceding the lateral step
during an evolving perturbation. Hence, in general, the weight transfer phase in the 80% pre-load
condition similarly influenced the performance in both groups and represented a comparably
challenging condition possibly related to the available capacity limits of neuromechanical
performance.

Lastly, these results suggest that the age-associated impairments in hip AB-AD rate of
neuromuscular ‘activation and power generation during the pre-step weight transfer phase are
important contributing factors affecting the use of more mechanically stable and potentially safer
protective stepping strategies. Compared with younger adults, older individuals generally show a
lower incidence of taking lateral protective steps which requires stepping with the passively
loaded limb. In contrast, older individuals more frequently use cross-over stepping or a medial-
lateral stepping sequence that involve stepping with the passively unloaded limb (Addison et al.,

2016). Although balance may be successfully recovered using passively unloaded-limb stepping,

15



the consequences for using these strategies are reduced margins of stability at first step landing,
multiple recovery steps, longer and more complex stepping trajectories, and increased collisions
between the limbs (Bair et al., 2016; Maki et al., 2000; Mille et al., 2013a). Moreover, the
predominant use of unloaded-limb stepping patterns has been linked with a greater risk of falls
(Mille et al., 2005). Furthermore, the results demonstrate that progressively increasing pre-step
limb load demands reduces the incidence of lateral steps leading to balance recovery, especially
for the older group. It is conceivable that alleviating these weight transfer neuromechanical
deficits in older individuals through intervention training could lead to improved weight transfer
function and an increased incidence of lateral stepping.

In conclusion, this study identified new insights on how age-related impairments in
maximum hip AB-AD neuromuscular and mechanical performance limit the ability to perform
lateral stepping, through deficits in response timing, kinetic performance, and especially rate of
neuromuscular activation during the pre-step weight transfer phase. These findings support the
need for advancing hip abductor-adductor muscle resistance power training interventions that
have been shown to improve the rates of neuromuscular activation and force production, as well

as muscular power (Bottaro et al., 2007; Lopes et al., 2016; Nogueira et al., 2009).
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Figure legend

Figure 1. Vertical ground reaction force (Fz) and electromyography signals from the tensor fasciae latae
(TFL), gluteus medius (Gmed) and adductor magnus (ADD) during a representative induced lateral
stepping trial.

Figure 2. Hip abductor-adductor (AB-AD) isometric maximal voluntary contraction (IMVC).in younger
and older adults. A) normalized peak hip torque; B) hip rate of torque development (RTD); C)
Normalized neuromuscular rate of activation (RActv) of Tensor Fasciae Latae (TFL), Gluteus-Medius
(Gmed) and Adductor magnus (ADD). * significantly different from older adults (p<0.05).

Figure 3. Onset of the weight transfer phase (A) and stepping foot’s time to lift-off (B) in younger and
older adults during the lateral induced stepping protocol at different initial pre-loads. * significantly
different from younger adults (p<0.05).

Figure 4. Lateral induced stepping protocol at different initial pre-loads in younger and older adults. A)
vertical ground reaction rate of force development (RFD); B) normalized net hip abductor (AB) torque;
C) normalized net hip AB power. * significantly different from younger adults (p<0.05).

Figure 5. Normalized neuromuscular rate of activation (RActv) of Tensor Fasciae Latae (TFL), Gluteus
Medius (Gmed) and Adductor magnus (ADD), in younger and older adults during the lateral induced
stepping protocol at 50% (A), 65% (B) and 80% (C) initial pre-loads. * significantly different from
younger adults (p<0.05).
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Table 1. Participant demographics.

Younger Adults Older Adults
(n=15) (n=15)
Age (years) 29.1+1.1 71.3£0.9
Height (m) 1.74+0.03 1.70+0.02
Weight (kg) 70.0£3.6 80.4+4.1
BMI 23.0£0.7 27.7£1.1*
Induced Stepping Task 4.740.2 4.8+0.1

Pulling Magnitude

Data presented as Mean * SEM. * significantly different from younger adults.
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Table 2. Incidence of single lateral steps in younger and older adults during the lateral induced stepping

task at different initial pre-loads.

Lateral step incidence (%)

Pre-load Younger Adults Older Adults
Conditions (n=15) (n=15)
50% BW 92.5+3.2 73.3x8.0 *
65% BW 94.0+2.9 65.3x7.4 *
80% BW 85.4+4.0 43.4+8.6 *

Data presented as Mean * SEM. * significantly different from younger adults (p<0.05).
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Table 3. Correlations between the incidence of single lateral steps at the different initial pre-loads and
hip abductor-adductor (AB-AD) isometric maximal voluntary contraction (IMVC) peak torque (PT), rate
of torque development (RTD), and Tensor Fasciae Latae (TFL), Gluteus Medius (Gmed) and Adductor

magnus (ADD) rate of neuromuscular activation (RActv).

IMVC ”\f\\éc ”\g\éc u\f\\[/)c TFL Gmed ADD
aBpT S0 70 20 RAct RAct RAt
5 & EE;O\(/)C) 030 048% 019 021 sgx 050% 0.42*
%3% %5\(/)\/; 0537 067 esx 031 (gg1x 076 079
O 4z
=3 ?30\36 060" 067 5gw 027" g 75% g71% 071%

Data presented as Spearman correlation coefficients (r). * represents significant correlation (p<0.05).
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