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Abstract

Purpose To assess whether stepping-based weight bearing exercise (WBE) can elicit peak activation of upper leg muscles
similar to resistance exercise (RE) at an intensity required to induce strength gains in elderly women.

Methods Muscular activation of several upper leg muscles was measured during RE and WBE in a cohort of 19 healthy
elderly women (69.3 + 3.4 years). WBE consisted of forward and lateral stepping with step heights of 10, 20 and 30 cm.
Muscular activation was compared to 60% of one-repetition maximum (1-RM) of congruent RE.

Results Peak activation during WBE was higher than RE at 60% 1-RM during forward and lateral stepping in vastus later-
alis starting at 20 cm (p =0.049 and p=0.001), and biceps femoris at 30 cm step height (p =0.024 and p =0.030). Gluteus
maximus peak activation matched RE at 60% 1-RM at 20 and 30 cm step height regardless of step direction (p >0.077).
Peak activation of the rectus femoris and gluteus medius matched RE activation at 60% 1-RM during lateral stepping at
30 cm (p=0.355 and p=0.243, respectively) but not during forward stepping. WBE did not induce similar activation as RE
in the semitendinosus.

Conclusion In WBE, most upper leg muscles were recruited at an equal or higher intensity than in RE at 60% 1-RM. Lateral
stepping at 30 cm step height showed the highest training potential of all WBE’s applied.

Keywords Sarcopenia - Functional training - Stepping exercise - Surface EMG

Abbreviations RE Resistance exercise

BF Biceps femoris ST Semitendinosus

Fstep Forward stepping SEMG  Surface electromyography
GMAX Gluteus maximus VL Vastus lateralis

GMED Gluteus medius WBE Weight bearing exercise

iMVC  Isometric maximal voluntary contraction

Lstep Lateral stepping

I-RM  One-repetition maximum Introduction

RF Rectus femoris

Sarcopenia is defined as the age-related loss of muscle mass

and strength (Rosenberg 1997) and is one of the leading causes

of falls (Pijnappels et al. 2008) and functional impairment in

B0 Remco J. Baggen elderly (Liu and Latham 2009; Van Roie et al. 2011). However,
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to preserve functional performance in elderly. Among these,
resistance exercise (RE) has generally been indicated as the
most effective way to induce gains in muscle mass and strength
(Sherrington et al. 2011; Cederholm et al. 2013).

Muscle strength is a strong predictor of functional perfor-
mance in elderly (Pijnappels et al. 2008; Cawthon et al. 2014)
and several studies have shown that strength gains from RE
can translate into functional improvements (Bean et al. 2009;
Liu and Latham 2009). However, Bean et al. (2009) found
that functional improvements were only achieved in a subset
of studies with appropriate RE task-specificity, but not in
those studies that lacked RE task-specificity, indicating that
strength is just one of the determinants of functional ability
and balance performance (Cress et al. 1996; Manini et al.
2007; Donath et al. 2015). On a motivational level, RE par-
ticipation in elderly appears to be limited. For example, data
from the 2015 National Health Interview Survey (USA) show
that only 15.2% of females between 65 and 74 years old met
the federal physical activity guidelines when resistance train-
ing was taken into account (Ward et al. 2016). In addition,
van Roie et al. (2015) have found that it is difficult to main-
tain exercise adherence to RE in this population. With limited
participation and adherence, it is questionable whether RE is
viable as a long-term training method for elderly.

Therefore, several researchers have recently directed
their focus at more functional training modalities, stating
that exercise protocols aiming to combat functional decline
in elderly cannot be based solely on open kinetic chain RE.
Alternatively, closed kinetic chain RE’s such as the leg press
appear to be more functional since they involve multi-joint
movement and are considered to be safer than open kinetic
chain RE (Bunton et al. 1993; Begalle et al. 2012). However,
training modalities to improve the performance of everyday
tasks and to prevent falls should also focus on functional
parameters such as balance maintenance and coordination
(Donath et al. 2015). A shift towards more functional train-
ing is supported by findings that neuromuscular adaptations
in elderly appear to be highly task-specific (Manini et al.
2007; Bice et al. 2011). In fact, several studies have dem-
onstrated the efficacy of task-specific training for elderly
(Manini et al. 2007; Bean et al. 2009; Pedersen et al. 2015).

One type of exercise that incorporates essential functional
components for the performance of everyday tasks, such as
balance performance and muscular coordination, is weight
bearing exercise (WBE). WBE is characterized by a certain
degree of vertical impact relatable to activities of daily life,
such as normal gait, stair-navigation, stepping and jumping.
Due to its large degree of task-specificity and incorporation
of balance maintenance, stepping-based WBE could serve
as a useful training modality to improve functional ability
and strength. In a systematic review on fall prevention in
elderly, Sherrington et al. state that ‘exercise must provide
a moderate or high challenge to balance’ by reducing the
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base of support, involving movement of the center of gravity
and reducing the need for upper limb support (Sherrington
et al. 2011). Stepping exercise incorporates all three of these
balance challenging elements and may, therefore, help when
training to prevent falling incidents.

Ideally, exercises that aim to improve functional perfor-
mance and decrease falling incidents in elderly should incor-
porate both strengthening and task-specific components to
achieve optimal effectiveness (Kraemer et al. 2001). It is con-
ceivable that WBE may also lead to muscle strength gains,
but unfortunately it remains unknown whether stepping exer-
cise can provide a sufficient training stimulus, because little
research has been done to compare WBE with RE’s known to
improve muscle strength. Due to the mechanically complex
nature of WBE (Anderson and Behm 2005), the mechanical
indeterminacy of muscle-joint-systems and the inability to
measure muscle forces without the use of invasive procedures
it is hard to compare these exercise types based on muscle
output (Staudenmann et al. 2010). Alternatively, muscle acti-
vation as measured with surface electromyography (SEMG)
can provide some fundamental knowledge on the potential
training stimulus that WBE can provide compared to RE.

The current study aimed to compare muscle activation of
several major upper leg muscles of elderly women during
WBE, and RE at 60% of one-repetition maximum (1-RM).
This intensity of 60% of 1-RM for RE was selected as a
reference since it is established as the threshold for strength
gains in untrained adults by the American College of Sports
Medicine (American College of Sports Medicine 2017). By
establishing the relative activation during each WBE to acti-
vation obtained during a maximal contraction, the strength-
ening potential for each muscle can be inferred (Boren et al.
2011). The definition of 60% 1-RM as the critical threshold
for strength gains is further supported by a review from Mac-
adam et al. (2015) and meta-analysis by Schoenfeld (2013).
For elderly this threshold is less clearly defined. Accord-
ing to recent research the relative threshold for muscular
gains is likely lower for older adults than young adults (Van
Roie et al. 2013; Schoenfeld et al. 2014; Fisher et al. 2016).
However, in the absence of a clearly defined threshold for
strength gains in elderly we maintained the established peak
activation of 60% 1-RM as the reference baseline.

The main goals were (1) to determine whether WBE can
elicit peak activation levels sufficient to surpass the thresh-
old for strength gains in this population and (2) how training
characteristics, such as step height and step direction, affect
peak activation levels. We hypothesized that stepping-based
WBE at step heights of 20 and 30 cm could elicit peak mus-
cular activation similar to, or higher than RE at 60% of a
1-RM. Additionally, we assessed the timing of peak acti-
vation for each muscle and made additional comparisons
with results from closed kinetic chain resistance exercise to
support our findings.
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Materials and methods
Subjects

Twenty-two healthy, community-dwelling elderly women
were recruited through posters at various social activities
for elderly in Leuven (Belgium). Exclusion criteria, stated on
the recruitment material and confirmed by a questionnaire,
were diagnosed osteoarthritis of the lower limbs, hip, knee
or ankle prosthetics, a history of mental disorders, balance
disorders, brain injuries, and recurring dizziness. Three par-
ticipants dropped out between the familiarization and testing
session. One sustained a sprained ankle in the week follow-
ing familiarization and two did not wish to disclose their
reason for dropping out. The average age of the remaining
nineteen subjects was 69.1 years (+3.1).

This study was approved by the Human Ethics Committee
of KU Leuven in accordance with the Declaration of Hel-
sinki. All subjects provided signed informed consent prior
to participation.

Familiarization and 1-RM testing

A flowchart of the study protocol is provided in Fig. 1. All
subjects attended an individual familiarization session, dur-
ing which they performed all RE’s at least three times at low
intensity. After familiarization, individual 1-RM for each
RE was estimated in accordance with methods employed
by Brzycki (1993) where five-repetition maximum (86%
1-RM) was the minimum intensity used for estimation. Esti-
mation of 1-RM was chosen since some population groups
such as sedentary elderly might experience difficulty to
maximally exert themselves during direct 1-RM measure-
ments (Wood et al. 2002). Based on the estimated 1-RM,

Fig. 1 Flowchart of familiariza-
tion and testing procedures
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the external loads corresponding with the predetermined
resistance levels (40, 60 and 80%, respectively) for each RE
were calculated. Familiarization occurred at least 1 week
prior to testing to avoid any effects of fatigue.

Weight bearing and resistance exercise

On the testing day, the subjects were fitted with electrodes on
the dominant leg to record SEMG. Left-right leg dominance
was established by asking the participants with which foot
they would kick a ball. SEMG was recorded from the vas-
tus lateralis (VL), rectus femoris (RF), biceps femoris (BF),
semitendinosus (ST), gluteus maximus (GMAX) and gluteus
medius (GMED). Before electrode placement the skin was
shaved and thoroughly rubbed with an alcohol swab. Elec-
trodes (Ambu® BlueSensor P Ag/Ag—Cl electrodes, Bal-
lerup, DK) were placed on the belly of the muscles with an
inter-electrode distance of 10 mm. Subjects then performed a
warm-up of 5 min cycling on a cycle ergometer at 70-80 rpm
at a preferred resistance. The subjects were fitted with 50
retro-reflective markers (Giarmatzis et al. 2017) to record kin-
ematics during the dynamic trials with 3D motion capturing
(Vicon®, Oxford Metrics, Oxford, UK). Subjects were ran-
domly assigned to perform either WBE or RE first, followed
by RE and WBE, respectively. The WBE protocol consisted of
forward stepping (Fstep) and lateral stepping (Lstep) onto and
off wooden blocks with heights of 10, 20 and 30 cm, respec-
tively. For safety reasons, subjects were allowed to place their
hand on a support bar during lateral stepping, without grip-
ping the bar to avoid any force being applied by the hand
during ascent. Every trial was performed twice to ensure at
least one trial with proper recording of the EMG signals. The
RE protocol consisted of five open kinetic chain exercises
and one closed kinetic chain exercise. The open kinetic chain
exercises included a seated knee extension, knee flexion in
prone position, standing hip extension, standing hip flexion
and standing hip abduction performed with a cable jungle
(Technogym®, Gambettola, IT), adapted to simulate RE in
a common gym setting. A seated unilateral leg press was
included as a closed kinetic chain exercise. During the RE
trials subjects performed three repetitions at each intensity
(40, 60 and 80% of 1-RM, respectively) to ensure recording of
at least one full cycle from lifting the weight stack to returning
the weight stack to starting position. Both RE and WBE were
performed at a controlled speed guided by verbal feedback
(one second concentric and one second eccentric contraction
for RE and one second ascent for WBE).

Data collection

All measurements were performed at the Movement and
posture Analysis Laboratory Leuven (MALL). Muscle
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activation was measured with SEMG through a telemetric
system (Aurion®, ZeroWire, Milan, IT) at a sampling fre-
quency of 1000 samples/s. Kinematics were recorded with
a 3D motion capturing system (10—15 MX camera system;
Vicon®, Oxford Metrics, Oxford, UK) sampled at 100
samples/s to establish start and end of each exercise. The raw
SsEMG signals were high-pass filtered with a first order But-
terworth filter with a cut-off at 20 Hz (De Luca et al. 2010;
Staudenmann et al. 2010), full-wave rectified and smoothed
with a 0.1-s moving average. The resulting signals were then
normalized to the maximal dynamic output obtained during
the muscle specific RE (Hodder and Keir 2013) which, due
to the difficulties of elderly to perform maximal dynamic
contractions (Klass et al. 2007), was recorded at an intensity
of 80% 1-RM (Staudenmann et al. 2010), before establish-
ing peak activation per trial. Normalization to a dynamic
maximum (1-RM) was chosen over normalization to an iso-
metric maximal voluntary contraction (iMVC) since iMVC-
normalized data resulted in higher inter-subject variation,
which was in line with findings by Burden (2010). For the
WBE trials, the time-normalized SEMG curves were plotted
against the vertical displacement of the pelvis (represented
by a marker on the sacrum) to detect during which phase of
stepping peak activation occurred in each muscle.

Baseline determination

To provide a meaningful assessment of WBE as a train-
ing modality we employed a comparison with the Ameri-
can College of Sports Medicine-established threshold for
muscle strength gains in RE for untrained adults, which is
>60% of 1-RM (Schoenfeld 2013; American College of
Sports Medicine 2017).

Statistical analysis

All processing was performed with MATLAB R2014b
(MathWorks®, Natick, USA). Statistical analysis was per-
formed with SPSS (IBM® SPSS v23 Statistics for Windows,
Armonk, USA). The data were tested for normality with a
Kolmogorov—Smirnov test. Since the assumption of normality
was violated, overall significance of differences between each
exercise, intensity and the reference exercise at baseline (60%
1-RM) were determined by means of a Friedman test. If an
overall significant difference (p < 0.05) was found, a Wilcoxon
signed rank test was performed to determine differences in
peak sSEMG of the individual muscles between each WBE and
the baseline. Comparisons were made between each exercise
intensity and the relevant baseline RE for that muscle (knee
extension for VL and RF, knee flexion for BF and ST, hip
extension for GMAX and hip abduction for GMED). Addi-
tional comparisons were made between corresponding inten-
sities of each open kinetic chain RE and leg press.
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Results

Only data from the ascent phase of stepping was analyzed
since none of the recorded sSEMG signals during descent
were able to match or surpass those obtained during RE
at 60% 1-RM. Positive dose—response relationships were
found between exercise intensities (step height in WBE and
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Table 1 Maximal amplitude of VL, RF, BF, ST, GMAX and GMED
activation at different intensities of WBE and RE. Intensity levels
respectively indicate 10, 20 or 30 cm step height for WBE and 40, 60
or 80% of 1-RM for RE. Italic figures indicate reference baseline of
60% 1-RM. Bold figures indicate WBE and leg press exercises that
incited equal or significantly higher activation compared to reference
baseline

Trial Mean peak (% DMAX)
Intensity 1 2 3
VL
Knee extension 83.7+20.6 91.4+20.8 100+0
Leg press 69.5+25.0 97.6 +32.7 120.4+44.7
Forward step 69.9+23.2 109.6 +36.8 118.7+47.6
Lateral step 83.1+26.3 130.5+43.6 132.2+49.7
RF
Knee extension 75.9+18.7 96.2+16.3 100+0
Leg press 48.2+28.5 69.4+44.1 73.0+29.9
Forward step 35.4+15.7 51.4+21.1 74.8+30.1
Lateral step 43.4+£20.4 70.8+31.5 88.2+35.0
ST
Knee flexion 88.1+16.3 99.0+£19.4 1000
Leg press 23.5+10.0 26.6+9.1 342+13.3
Forward step 47.4+17.5 59.0+21.4 66.3+27.6
Lateral step 31.3x12.1 40.1+19.0 43.6+17.7
BF
Knee flexion 93.0+14.6 97.9+12.6 1000
Leg press 99.3+76.1 133.4+102.0 159.4 +65.1
Forward step 80.1+46.2 122.1+61.5 154.5+84.3
Lateral step 90.7 +56.2 119.0+61.2 141.1+69.5
GMAX
Hip extension 80.7+17.8 91.4+23.1 1000
Leg press 39.8+33.8 47.8+17.7 77.4+37.4
Forward step 70.6+78.2 65.3+69.0 115.8+72.5
Lateral step 49.9+35.4 65.5+40.3 101.1+64.3
GMED
Hip abduction 82.6+13.7 92.5+12.2 1000
Leg press 21.7+14.4 26.0+9.8 33.6+12.5
Forward step 64.3+40.2 65.3+25.9 71.1+20.5
Lateral step 71.9+314 75.8+40.7 81.2+29.7

Quadriceps

For the VL, the baseline RE was knee extension. Fstep at
10 cm elicited a significantly lower maximal activation
than the baseline (p =0.035), while Fstep at 20 and 30 cm
elicited significantly higher activation levels (p =0.049 and
p=0.002, respectively) than the baseline. Lstep at 10 cm
step height showed no significant difference with the base-
line (p=0.723) and at 20 and 30 cm heights, significantly
higher activation was recorded (p=0.001 for both). When
each intensity of the leg press was compared to the corre-
sponding intensity of knee extension, a significant difference
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was found between both exercises at 40% 1-RM (p=0.013)
but not at 60 and 80% 1-RM (p > 0.05 for both). For the RF,
knee extension was also used as the baseline RE. Forward
stepping elicited significantly lower activation of the RF than
the baseline at all step heights (p <0.001 for 10 and 20 cm
and p=0.024 for 30 cm). Lateral stepping elicited higher
activation than forward stepping at the same step heights.
However, 10 and 20 cm step height elicited lower activa-
tion than the baseline (p <0.001 and p =0.044, respectively).
Only lateral stepping at 30 cm elicited similar activation
to the baseline (p =0.355). Comparisons between the cor-
responding intensities of leg press and knee extension also
showed consistently higher activation of the RF during knee
extension (p <0.01).

Hamstrings

For both hamstrings, the baseline exercise was knee flexion.
In the ST, none of the stepping exercises or leg press inten-
sities elicited similar or higher activation than the baseline
(p<0.001). However, in the BF all stepping exercises pro-
duced similar or higher activation than the baseline. Both
forward and lateral stepping at 10 and 20 cm elicited similar
peak activation to knee flexion (p > 0.05 for all). Both step-
ping directions at 30 cm step height elicited significantly
higher activation (p =0.024 for Fstep and p =0.030 for
Lstep). All leg press exercises resulted in similar activity as
their corresponding knee flexion intensity (p > 0.05).

Gluteus maximus

For GMAX the baseline exercise was hip extension. A step
height of 10 cm elicited significantly lower activation than
the baseline during forward and lateral stepping (p =0.040
for Fstep and p =0.004 for Lstep). However, similar activa-
tion to the baseline was elicited at step heights of 20 and
30 cm (p>0.05 for both stepping directions). When com-
pared to their corresponding hip extension intensity, all leg
press intensities resulted in significantly lower activation
(p<0.05).

Gluteus medius

The baseline exercise for the GMED was hip abduction.
Fstep at 10 cm showed similar activation to the baseline
(p=0.077), however, Fstep at 20 and 30 cm both elicited sig-
nificantly lower activation (p =0.004 and p =0.024 respec-
tively). Lstep at 10 cm and 30 cm showed similar activa-
tion to the baseline (p =0.070 and p =0.243 respectively),
while Lstep at 20 cm showed significantly lower activation
(p=0.044). All leg press intensities produced significantly
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lower activation than their corresponding hip abduction
intensities (p <0.001 for all intensities).

Timing of peak activation

Figure 3 shows the muscular activation patterns of one
representative subject during ascent and descent for Fstep
and ascent for Lstep at 30 cm step height. Peak activation
occurs during the ascent phase of both stepping directions
for all muscles except the ST. The ST shows clear peak
activation during the final phase of descent during for-
ward stepping and several peaks over the whole step cycle
during lateral stepping with the maximal peak occurring
during the final phase of double support. Because lateral
stepping is a less common task during activities of daily
life, lateral stepping ascent and descent were recorded
separately to allow for more standardized trial execution.
Peak activation during descent did not surpass activation
obtained during ascent and was, therefore, left out of fur-
ther analyses.

Discussion

To the authors’ knowledge, this is the first study to com-
pare peak muscle activation from various stepping exercise
modalities with a reference intensity of RE. While several
studies have shown that elderly tend to perform daily life
activities at a relatively higher effort than young adults (Hor-
tobagyi et al. 2003; Reeves et al. 2008) and that task-specific
training is effective for older adults (Manini et al. 2007;
Bean et al. 2009; Pedersen et al. 2015), little evidence exists
to determine which stepping exercise modalities have the
most potential to improve muscle strength in this age group.
Therefore, the purpose of this comparison was to determine
if, with appropriate step height and direction, stepping could
elicit peak muscle activation similar to medium-high inten-
sity RE in elderly subjects and which conditions would yield
highest activation. Our findings show that, depending on
step height and direction, WBE can indeed elicit peak acti-
vation similar to—or higher than—RE at 60% 1-RM for all
muscles except the ST.

Peak activation in weight bearing and resistance
exercise

Although peak activation of the individual muscles dur-
ing forward and lateral stepping has shown the potential to
match and even surpass peak activation during a congruent
RE at the threshold intensity of 60% 1-RM (Fig. 2), step
height and, to a certain extent, step direction had different
effects on the individual muscle activation. For this reason

the comparisons will be discussed separately per muscle
group.

For the quadriceps muscles, the minimal required step
height to achieve similar peak activation to the baseline was
remarkably different. Lateral stepping at 10 cm was suffi-
cient to elicit activation of the VL similar to the baseline. In
the RF, however, a minimum step height of 30 cm in lateral
direction was required to reach peak activation similar to
the baseline. Similar peak activation of the VL during cor-
responding intensities of leg press and knee extension shows
that there is no difference between open and closed kinetic
chain RE as a training stimulus for the VL. For the RF, none
of the leg press intensities was able to elicit peak activation
similar to congruent intensities of knee extension. These
differences between VL and RF are all in line with results
by Stensdotter et al. (2003) which they related to the nature
of the RF as a multi-joint muscle and the fact that the RF has
relative later onset activation timing compared to the other
quadriceps muscles.

For the hamstrings clear differences were found between
individual muscles. As opposed to the ST, which did not
show activation up to baseline values for any of the WBE’s
or leg press intensities, the BF could be recruited to the
baseline starting at a step height of 10 cm and even showed
significantly higher activation than the baseline at 30 cm
step height for both forward and lateral directions. The dif-
ference in relative peak activation between ST and BF could
be attributable to differences in neuromuscular coordination
of the hamstrings to achieve the most economic force pro-
duction during different tasks. Previous research has shown
that during high load open kinetic chain exercises such as
the leg curl, the ST is activated to a much larger extent
than the BF (Schuermans et al. 2014). Consequently, the
potential for closed kinetic chain exercise to elicit similar
peak activation of the ST compared to the baseline is lower
than for the BF.

GMAX showed similar recruitment to the baseline from
20 cm step height, regardless of step direction. During step-
ping the GMAX is mainly responsible for hip extension but
also counteracts hip flexion moments induced by the RF
when extending the knee during step ascent. This degree of
co-activation is not required during isolated hip extension
and may, therefore, account for the similarities in peak acti-
vation. Leg press peak activation compared to corresponding
resistances of hip extension did not show any significant dif-
ferences, indicating that closed kinetic chain resistance exer-
cise did not provide an additional benefit over open kinetic
chain resistance exercise for the GMAX.

GMED peak activation was relatively low in the forward
stepping trials, which are functionally similar to stair climb-
ing (Wang et al. 2003; Mair et al. 2014). Forward stepping
at 10 cm and lateral stepping at 10 and 30 cm all recruited
GMED to a level similar to the baseline. Overall, muscle
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Fig.3 EMG output of VL, RF, ST, BF, GMAX and GMED muscles
of one representative subject during ascent and descent of Fstep at
30 cm (a) and ascent of Lstep at 30 cm (b). Group average % of step
cycle at which peak activation for each muscle occured in depicted by
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pelvis (bottom graphs). A low-pass 3rd order butterworth filter was
applied at 3 Hz to smooth the EMG signals
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activation was higher during lateral stepping then forward
stepping. This is in line with research by Mercer et al. who
found that SEMG activity of the GMED muscles was signifi-
cantly higher when stepping in lateral direction compared
to stepping in a forward direction (Stemmons Mercer et al.
2009). Additionally, this study indicates that a step height
of 30 cm is preferable to achieve sufficient recruitment. Low
peak activation of the GMED during the leg press indicated
that, despite being considered an effective way to promote
strength training in elderly, the leg press is likely not ideally
suited to induce gains in muscle strength of the GMED.

Overall, stepping-based WBE appears to be a viable way
for elderly to simultaneously recruit several important upper
leg muscles to a level required to improve muscle strength.
Lateral stepping at a height of 30 cm yielded the best results
as it simultaneously recruited all muscles measured up to—
or beyond—their baseline activation, with the exception of
the ST. This makes it an even more effective exercise than a
leg press at 80% 1-RM, which could only recruit three out
of six muscles to baseline activation.

Timing of peak activation

Our results (Fig. 3) show that peak activation for most mus-
cles (except ST) occurs during the ascent phase of stepping,
regardless of stepping direction. Similar activation patterns
for VL and BF in forward stepping were found by Reeves
et al. (Reeves et al. 2009), indicating concentric work per-
formed by the quadriceps to lift the body while the ham-
strings co-contract to extend the hip and simultaneously sta-
bilize the knee joint. Peak activation of the GMED during
the ascent phase of lateral stepping was expected since the
GMED is the primary muscle responsible for hip abduction.
However, during forward stepping peak activation of the
GMED also occurred during the ascent phase which could
be attributed to its role in controlling lateral weight shift
during step ascent (Stemmons Mercer et al. 2009).

Clinical implications

These findings indicate the importance of acquiring fun-
damental knowledge regarding different exercise modali-
ties prior to designing more effective exercise programs for
elderly. For example, most studies on the effects of stepping
exercise only applied a limited range of step heights, based
on commonly encountered step heights (Wang et al. 2003;
Mair et al. 2014). The results of this study, however, show
that this may not provide enough training stimulus for the
RF and GMED. For the VL, WBE appears to be an excel-
lent exercise method since a step height of 20 cm is more
than sufficient to achieve threshold level activation regard-
less of stepping direction. For the GMED, however, proper

step direction and height (lateral at 30 cm) are essential to
achieve threshold activation.

Future considerations

There are some limitations to this study that need to be taken
into consideration. First, some major leg muscles such as the
vastus medialis, tibialis anterior and gastrocnemius were not
included in the analyses. Previous research by Stensdotter
et al. (2003) has shown that activation of the vastus media-
lis obliquus is higher during closed kinetic chain exercises
compared to open kinetic chain exercises, indicating that
stepping exercise also has a higher training potential for the
vastus medialis obliquus. And while the plantar- and dorsi-
flexors also play an important role during functional tasks
and balance recovery (Pijnappels et al. 2008), no congruent
RE was performed to serve as a reference for comparison.

Second, no assumptions can be made with regard to rep-
etitions required to improve muscle strength. Since fatigue
affects the EMG power spectrum (Dimitrova and Dimitrov
2003) and fatigue onset is different in every subject, all exer-
cises were performed with minimal repetitions to minimize
possible signal changes which could affect a reliable com-
parison between each exercise type and intensity. Further
research is needed to explore the optimal training volume
and further improve the fundamental basis for stepping
based WBE in elderly.

Third, during lateral stepping a safety bar was essential
to provide subjects with the confidence to perform an unfa-
miliar movement normally, without fear of falling. Subjects
were clearly instructed to only use the bar for tactile feed-
back and any force applied was visible since the bar could
shift slightly. When a shift of the bar was detected or task
execution was not adequate, subjects were asked to per-
form the task again. Only adequately performed tasks were
included in the analyses. However, the use of this safety bar
may still have influenced muscular activation of the GMED
in particular, resulting in a higher variability at step height
of 20 cm where not all subjects utilized this safety feature.
However, even with the use of a safety bar, lateral stepping
at 30 cm could still incite muscular activation to the baseline
reference for muscular gains.

Finally, this study was conducted exclusively with elderly
females because they are at higher risk for developing func-
tional limitations and falling incidents compared to men
due to accelerated muscle loss after menopause (Cederholm
et al. 2013; Montero and Serra 2013). In addition, the cohort
was quite homogenous due to strict exclusion criteria. For
this reason no additional baseline measurements of func-
tional status were recorded to further characterize the cohort.
Therefore, caution is advised when extrapolating the results
of this study to male or young populations and elderly with
physical disability.
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Conclusion

Stepping-based WBE appears to be a viable alternative to
RE for improving muscle strength, since it shows the capac-
ity to produce peak muscular activation similar to RE at an
intensity required to induce hypertrophy and strength gains,
while also incorporating relevant task-specific challenges to
balance and coordination. However, exercise characteristics
such as step height and step direction affect recruitment of
individual muscles differentially and need to be taken into
account when designing training programs. Lateral stepping
at 30 cm step height appears to provide the best training
potential for all muscles except the ST. The findings from
this study can be used to comprise more evidence-based
WBE-based training programs to improve both strength and
functional performance in elderly.
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