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A B S T R A C T

Background: Muscle co-contraction is an accepted clinical measure to quantify the effects of aging on neuro-
muscular control and movement efficiency. However, evidence of increased muscle co-contraction in old
compared to young adults remains inconclusive.
Research Question: Are there differences in lower-limb agonist/antagonist muscle co-contractions in young and
old adults, and males and females, during walking and stair use?
Methods: In a retrospective study, we analyzed data from 20 healthy young and 19 healthy old adults during
walking, stair ascent, and stair descent at self-selected speeds, including marker trajectories, ground reaction
force, and electromyography activity. We calculated muscle co-contraction at the knee (vastus lateralis vs. biceps
femoris) and ankle (tibialis anterior vs. medial gastrocnemius) using the ratio of the common area under a
muscle pairs’ filtered and normalized electromyography curves to the sum of the areas under each muscle in that
pair.
Results: Old compared to young adults displayed 18%–22% greater knee muscle co-contractions during the
entire cycle of stair use activities. We found greater (17%–29%) knee muscle co-contractions in old compared to
young adults during the swing phase of walking and stair use. We found no difference in ankle muscle co-
contractions between the two age groups during all three activities. We found no difference in muscle co-con-
traction between males and females at the knee and ankle joints for all three activities.
Significance: Based on our findings, we recommend clinical evaluation to quantify the effects of aging through
muscle co-contraction to include the knee joint during dynamic activities like walking and stair use, and in-
dependent evaluation of the stance and swing phases.

1. Introduction

Muscle co-contraction, defined as the simultaneous contraction of
an agonist and antagonist muscle pair crossing a joint, is a measure of
motor control [1]. Muscle co-contraction is theorized to provide
movement accuracy, energy efficiency, and adaptation to environ-
mental demands [2]. Muscle co-contraction is reported to maintain
joint integrity during ballistic movements, protecting ligaments from
excessive forces during rapid acceleration and deceleration of bones
[3,4]. Changes in muscle co-contraction are associated with degrada-
tion of motor control, and have been associated with aging, stroke,
cerebral palsy, Parkinson’s disease, and joint replacement [5,6]. In

understanding the effects of aging on motor control, it is accepted that
the execution of activities of daily living such as walking, stair ascent,
and stair descent require substantially greater effort in old compared to
young adults relative to their available maximal capacity [7]. One
theorized cause for this greater effort in old compared to young adults is
increased muscle co-contraction, which acts as an evolving functional
mechanism [7] to counter the loss of balance [8], stability [9], and
sensory processing [10] with aging. The increased muscle co-contrac-
tion leads to increased joint stiffening [10], greater compressive forces,
and increased metabolic cost [11]. Although muscle co-contraction is
an accepted clinical measure to study the effects of aging on motor
control [12,13], evidence of increased muscle co-contraction in old
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compared to young adults remains inconclusive.
There is a lack of clarity and depth in the literature regarding in-

creased muscle co-contraction in old compared to young adults during
walking and stair use. During level walking trials, studies have reported
higher muscle co-contraction in old compared to young adults at the
knee and ankle joints [14,15], at the knee joint with no differences at
the ankle [11], at the ankle joint with no differences at the knee [16], at
the knee joint with the ankle not evaluated [17], and at the ankle joint
with the knee not evaluated [18]. Next, stair ascent and descent are
more demanding tasks than level walking, but evidence in support of
increased muscle co-contraction in old compared to young adults
during stair ascent and descent is sparse. To the best of our knowledge,
only two studies have compared muscle co-contraction in healthy
young and old adults during stair ascent and descent activities [7,19].
Both these studies reported higher muscle co-contraction in old com-
pared to young adults at the knee joint [7,19]; Hortobagyi et al. did not
evaluate muscle co-contractions at the ankle joint [7], while Larsen
et al. did not find any differences at the ankle joint [19]. The lack of
consensus in studies during walking, and limited data during stair as-
cent and descent, make it difficult to extract clinical relevance from
existing literature.

In addition to age-related differences, gender differences in muscle
co-contraction during walking and stair use remain unclear. To the best
of our knowledge, only one study has compared muscle co-contraction
in healthy males and females during walking [20]. Mengarelli et al.
reported consistently greater muscle co-contraction in females com-
pared to males at the ankle joint [20]. It is unclear, however, if gender
differences in muscle co-contraction exist at the knee joint, and during
stair ascent and stair descent activities.

Accordingly, the goal of this study was to determine if there were
differences in lower-limb agonist and antagonist muscle co-contraction
in healthy young and old adults, and in males and females, during
walking and stair use. Specifically, we addressed the following research
questions: 1) are muscle co-contractions at the knee and ankle joints
greater in old compared to young adults during walking, stair ascent,
and stair descent?, 2) is muscle co-contraction associated with age?,
and 3) are there gender differences in muscle co-contractions at the
knee and ankle joints during walking, stair ascent, and descent activ-
ities? We hypothesized that 1) muscle co-contractions at the knee and
ankle joints are greater in old compared to young adults during
walking, stair ascent, and stair descent activities, 2) muscle co-con-
tractions are associated with age, and 3) muscle co-contractions at the
knee and ankle joints are greater in females compared to males during
walking, stair ascent, and stair descent activities.

2. Methods

2.1. Participant recruitment

We recruited 39 healthy participants for this study, 20 young (11
males, 9 females) and 19 old (9 males, 10 females) adults (Table 1). The
young adults were taller than the old adults for the gender-combined
and gender-specific age groups (Table 1, two-tailed, unpaired t-tests).
Males weighed more than females in both age groups (Table 1, two-
tailed, unpaired t-tests). There was no difference in exercise time be-
tween the young and old adults for the gender-combined or gender-
specific age groups (Table 1, two-tailed, unpaired t-tests). We screened
the participants for current or history of neurological or musculoske-
letal deficits that might affect their mobility, and uncorrectable visual
impairment or vestibular dysfunction. Prior to participation, each par-
ticipant was informed on all aspects of the study and provided signed
consent according to the policies of an Institutional Review Board.

2.2. Gait and electromyography measurements

We analyzed each participant during walking, stair ascent, and stair

descent activities at self-selected speeds [21], with simultaneous mea-
surements of three-dimensional marker trajectories, ground reaction
force, and muscle electromyography (EMG) activity (Fig. 1). A 12-
camera motion capture system (Motion Analysis Corp., Santa Rosa, CA)
was used to analyze lower extremity motion. Twenty nine retro-re-
flective markers were placed on bony landmarks based on previously
established marker sets [22,23]. Retro-reflective marker trajectories
were sampled at 60 Hz, reconstructed and filtered using a low-pass,
fourth-order Butterworth filter with a cutoff frequency of 8 Hz [21].
Ground reaction force was measured using embedded force plates
(Kistler Instrument Corp., Amherst, NY). The participants performed all
activities with bare feet. During walking trials, a participant traversed a
level walkway embedded with four force plates. During stair ascent/
decent trials, a participant traversed a four-step wooden staircase em-
bedded with three force plates, with four force plates at the bottom of
the staircase (Fig. 1A). The wooden staircase had a riser height of
17 cm, depth of 28 cm, and width of 90 cm per step. The staircase had
handrails on each side for safety (Fig. 1A). The handrails were 90 cm
high with 5 cm circular diameter. We instructed the participants to walk
in a step-over manner, with one foot contact per stair, on the staircase
without using the handrails [21]. During stair ascent, a participant
walked on level ground for 3 m prior to stepping onto the staircase,
ascended the four steps, and walked to the end of a 2.5-meter elevated
walkway. During stair descent, a participant walked the 2.5-meter
elevated walkway, descended the four steps, and walked on the 3-meter
level ground. Ground reaction force data were sampled at 1020 Hz. A
minimum of three successful trials, defined as all foot placements en-
tirely on single force plates during an activity, was a criterion for a
participant to be included in this analysis. Based on this criterion, nine,
two, and one participants were excluded from walking, stair ascent, and
stair descent analyses, respectively. Although we collected data from
both legs, only one leg per participant (the leg with the greater number
of successful trials) was included in this study. Spatiotemporal gait
parameters, including walking, stair ascent, and stair descent speeds
and stride lengths were calculated from marker trajectories.

We measured muscle activation during walking, stair ascent, and
stair descent trials using a multi-channel surface EMG system (Trigno™,
Delsys Inc., Natick, MA). Electromyography data were sampled at
1020 Hz for all three activities. We recorded EMG measurements from
the vastus lateralis, biceps femoris, tibialis anterior, and medial gas-
trocnemius muscles according to established guidelines [24,25]. Prior
to the functional trials, resting EMG signals were recorded with a par-
ticipant stationary and relaxed. We subtracted a participant’s mean
resting EMG value from his/her raw EMG from functional trials to offset
the functional trial data to zero. The EMG data were then filtered using
a second order Butterworth bandpass filter (20–500 Hz) to remove
motion artifact, full-wave rectified, and again filtered with a fourth
order 10 Hz Butterworth low-pass filter [15,26]. The filtered EMG data
were dynamically normalized to muscle-specific maximum activations
obtained from all successful trials of walking, stair ascent, and stair
descent for each participant [27,28]. In other words, EMG data from
each muscle were normalized to the maximum value over all successful
trials of all three activities. To clarify, we did not use isometric con-
traction to normalize our EMG data. We synchronized the EMG signals
with the marker and vertical ground reaction force data to label the
stance and swing phases of an activity (Fig. 1B and C). Heel strike, the
beginning of stance phase, was labeled as the frame with the first non-
zero value of vertical ground reaction force. Toe off, the end of stance
and beginning of the swing phase, was labeled as the frame with the
first zero value of vertical ground reaction force. For walking trials, the
second heel strike marking the end of the swing phase was determined
by visual inspection of the heel markers as the heels came in contact
with the ground; this qualitative method was used because we did not
have force plates to record the second heel strike during walking trials.
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2.3. Muscle Co-contraction analysis

We calculated muscle co-contraction at the knee and ankle joints for
all successful trials of walking, stair ascent, and stair descent activities
(Fig. 1). We used an established method for calculating muscle co-
contraction [1,26,29], given by:

=
+

Percent muscle co-contraction 2* Common area A & B
Area A Area B

*100 (1)

where A and B were filtered and normalized EMG curves of an agonist/
antagonist muscle pair crossing a joint. Area A was the area under the
EMG curve of muscle A, Area B was the area under the EMG curve of
muscle B, and the common area A & B was the intersection of the EMG
curves of muscles A & B. Muscle co-contraction at the knee joint was

evaluated between the vastus lateralis and biceps femoris muscles
[11,14,17], while muscle co-contraction at the ankle joint was eval-
uated between the tibialis anterior and gastrocnemius muscles
[11,14,16,20,26]. Muscle co-contraction values from individual trials of
an activity were averaged for each participant. We calculated muscle
co-contraction from the entire cycle of an activity, and from further
classification of an activity into its stance and swing phases.

2.4. Data analysis and statistical methods

We compared average muscle co-contraction from young and old
adults during walking, stair ascent, and stair descent activities at the
knee and ankle joints. We compared average muscle co-contraction
from the entire cycle of an activity, and from the stance and swing
phases of each activity. We chose p < 0.050 for testing significance
between the groups and then corrected for multiple comparisons using
Bonferroni correction. Our data failed the normality test, and as such,
significant differences between the groups were evaluated with the one-
tailed Mann Whitney test (post-Bonferroni correction, p < 0.017 for
the entire cycle of the three activities; p < 0.025 for the stance and
swing phases of each activity). Next, we evaluated the relationship
between age and muscle co-contraction in young and old adults. Linear
regression models were used to test for the significance of a relationship
(p < 0.050). Finally, we compared average muscle co-contraction from
males and females during walking, stair ascent, and stair descent ac-
tivities at the knee and ankle joints using the two-tailed Mann Whitney
test (post-Bonferroni correction, p < 0.017 for the entire cycle of the
three activities; p < 0.025 for the stance and swing phases of each
activity).

3. Results

Old adults displayed greater muscle co-contraction at the knee joint
during the entire cycle of stair ascent and descent activities compared to
young adults (Fig. 2). Average knee muscle co-contractions were 22%
and 18% greater in old compared to young adults during the entire
cycle of the stair ascent (p= 0.002) and stair descent (p < 0.001),

Table 1
Population characteristics of the young and old participants recruited for this study. The p values were from two-tailed, unpaired t-tests between the groups.

All participants Young (n = 20) Old (n = 19) p value

Mean SD Range Mean SD Range

Age (years) 25.7 4.9 18.0 –
35.0

74.4 6.0 66.0 –
87.0

Height (meters) 1.72 0.09 1.54 –
1.86

1.62 0.08 1.51 –
1.77

< 0.001

Weight (kgs) 71.1 10.7 48.5 –
89.0

71.4 17.8 50.5 –
117.0

0.946

Exercise time per
week (hours)

3.0 2.1 0.0 –
7.0

2.8 1.7 0.0 – 5.0 0.862

Young adults Males (n = 11) Females (n = 9) p value

Mean SD Range Mean SD Range

Age (years) 25.3 5.8 18.0 – 35.0 26.2 3.8 22.0 – 33.0 0.678
Height (meters) 1.78 0.06 1.71 – 1.86 1.66 0.07 1.54 – 1.76 < 0.001
Weight (kgs) 76.4 9.0 62.3 – 89.0 64.6 9.9 48.5 – 81.0 0.010
Exercise time per week (hours) 2.7 2.4 0.0 – 7.0 3.2 1.8 1.0 – 6.0 0.616

Old adults Males (n = 9) Females (n = 10) p value

Mean SD Range Mean SD Range

Age (years) 72.3 5.0 67.0 – 80.0 76.2 6.5 66.0 – 87.0 0.167
Height (meters) 1.70 0.04 1.64 – 1.77 1.55 0.04 1.51 – 1.64 < 0.001
Weight (kgs) 84.8 15.7 59.3 – 117.0 59.3 8.6 50.5 – 76.0 < 0.001
Exercise time per week (hours) 2.7 2.1 0.0 – 5.0 3.0 1.4 0.0 – 4.0 0.683

Fig. 1. Measurement of muscle co-contraction at the knee and ankle joints
during (A) a representative stair descent trial. Raw (B) and filtered and nor-
malized (C) electromyography (EMG) activations of the vastus lateralis (VL),
biceps femoris (BF), tibialis anterior (TA), and medial gastrocnemius (GAST)
muscles were synchronized with vertical ground reaction force (GRF) data to
label the stance and swing phases. The shaded regions in (C) are the common
areas between the muscle pairs. The ratio of the common area of a muscle pair
to the sum of the areas under each muscle in that pair represents co-contraction
at that joint.
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respectively (Fig. 2A). Average knee muscle co-contractions were si-
milar for the two age groups during the entire cycle of walking
(p= 0.084, Fig. 2A). At the ankle joint, average muscle co-contractions
were similar for the two age groups during the entire cycle of walking
(p= 0.238), stair ascent (p= 0.237), and stair descent (p= 0.215)
activities (Fig. 2B).

Evaluating muscle co-contractions independently during the stance
and swing phases of each activity, old compared to young adults dis-
played consistently greater knee muscle co-contraction during the
swing phase (Fig. 3). Average knee muscle co-contractions during the
swing phase were 26%, 29%, and 17% greater in old compared to
young adults during walking (p= 0.016, Fig. 3A), stair ascent
(p= 0.011, Fig. 3B), and stair descent (p= 0.013, Fig. 3C) activities,
respectively. During the stance phase, average knee muscle co-con-
traction was 21% greater in old compared to young adults during stair
ascent (p= 0.008, Fig. 3B); these differences were close to significance
during stair descent (13% greater in old adults, p= 0.025, Fig. 3C).
Average muscle co-contractions were similar for the two age groups
during the stance phase of walking (p= 0.467, Fig. 3A). At the ankle
joint, we found no difference in muscle co-contraction between the two
age groups during the stance (p= 0.179) and swing (p= 0.417) phases
of walking (Fig. 3D), the stance (p= 0.176) and swing (p= 0.140)
phases of stair ascent (Fig. 3E), and the stance (p= 0.320) and swing
(p= 0.270) phases of stair descent (Fig. 3F).

Muscle co-contraction was associated with age only at the ankle
joint in old adults during stair descent (R2 = 0.43, p= 0.002, Fig. 4L).
At the knee joint, this relationship between age and muscle co-con-
traction was close to significance in old adults during stair descent
(R2 = 0.20, p= 0.057, Fig. 4J). We found no relationship between age
and muscle co-contraction in young adults during stair descent eval-
uated at the knee (R2 = 0.004, p= 0.808, Fig. 4I) or the ankle
(R2 = 0.10, p= 0.182, Fig. 4K) joint. We found no relationship be-
tween age and muscle co-contraction during walking (Fig. 4A–D) and

stair ascent (Fig. 4E–H) at the knee and ankle joints.
We found no difference in muscle co-contraction between males and

females (Fig. 5). At the knee joint, average muscle co-contractions were
similar for the two gender groups during the entire cycle of walking
(p= 0.493), stair ascent (p= 0.403), and stair descent (p= 0.075)
activities (Fig. 5A). At the ankle joint, average muscle co-contractions
were similar for the two gender groups during the entire cycle of
walking (p= 0.493), stair ascent (p= 0.553), and stair descent
(p= 0.070) activities (Fig. 5B). We found no difference in muscle co-
contraction between males and females during the stance and swing
phases of all three activities (figures not shown).

We found no association between muscle co-contraction and ac-
tivity speed. Young adults recorded greater speeds during all three
activities compared to the old adults. During walking, average ± SD
speeds for young and old adults were 1.31 ± 0.10 and 1.21 ± 0.13,
respectively (p= 0.008). During stair ascent, average ± SD speeds for
young and old adults were 0.80 ± 0.08 and 0.73 ± 0.11, respectively
(p= 0.013). During stair descent, average ± SD speeds for young and
old adults were 0.74 ± 0.10 and 0.61 ± 0.10, respectively
(p < 0.001).

4. Discussion

The purpose of this study was to determine if there were differences
in lower-limb agonist and antagonist muscle co-contractions in healthy
young and old adults, and in males and females during walking and
stair use. We sought to answer three research questions. Our first re-
search question was: are muscle co-contractions at the knee and ankle
joints greater in old compared to young adults during walking, stair
ascent, and stair descent? Our results showed 18%–22% greater muscle
co-contractions at the knee joint in old compared to young adults from
the entire cycle of stair ascent and descent activities (Fig. 2A). We found
greater (17%–29%) knee muscle co-contraction in old compared to
young adults during the swing phase of walking, stair ascent, and stair
descent (Fig. 3A). We found no difference in muscle co-contraction at
the ankle joint during all three activities (Figs. 2B, 3 D–F). Our second
research question was: is muscle co-contraction associated with age?
Our results showed an association between muscle co-contraction and
age only at the ankle joint in old adults during stair descent (Fig. 4). Our
third research question was: are there gender differences in muscle co-
contraction at the knee and ankle joints during walking, stair ascent,
and descent activities? We found no difference in muscle co-contraction
at the knee and ankle joints in males and females during walking, stair
ascent, and stair descent activities (Fig. 5).

To the best of our knowledge, this is the first study to evaluate si-
multaneously muscle co-contractions at the knee and ankle joints
during walking, stair ascent, and stair descent activities. Our results
demonstrate greater muscle co-contraction in old compared to young
adults only at the knee joint (Figs. 2 and 3). A possible explanation is
that old adults demonstrate greater hip flexion (leaning forward)
compared to young adults during activities of daily living, requiring
larger hip extensor moments and hamstring activity [7]. With all other
study variables remaining constant, we found no differences in muscle
co-contraction between the two age groups at the ankle joint during
walking, stair ascent, and stair descent. These results corroborate the
findings of a previous study evaluating muscle co-contraction in young
and old adults during stair ascent and descent [19], but contradict
previous walking studies that reported greater muscle co-contractions
at the ankle joint of old compared to young adults [14–16,18]. These
contradictions may be explained, in part, due to differences in the study
methods. Hortobagyi et al. 2009 used a different method to calculate
muscle co-contraction, measuring timing and amplitude of antagonist
muscle pairs [14]. Nagai et al. used a different muscle pair (tibialis
anterior vs. soleus) to calculate muscle co-contraction at the ankle [18].
Hallal et al. [15] and Franz and Kram [16] conducted their walking
trials on a treadmill, while our participants walked overground.

Fig. 2. Average (+1 SD) muscle co-contractions for young and old adults
during walking, stair ascent, and stair descent activities evaluated at the (A)
knee and (B) ankle joints. Average muscle co-contractions from the entire cycle
(stance and swing) of the three activities are shown. At the knee joint, muscle
co-contraction was evaluated from the vastus lateralis (VL) and biceps femoris
(BF) muscles. At the ankle joint, muscle co-contraction was evaluated from the
tibialis anterior (TA) and medial gastrocnemius (GAST) muscles. The number of
participants in each group are shown next to the bars. p values are shown for
the statistically significant differences (p < 0.017 post-Bonferroni correction).
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Another possible reason may be that similar exercise levels in the old
and young adults in our study (p= 0.862) minimized the increases in
muscle co-contraction observed at the ankle joint in previous old adult
cohorts.

Old adults displayed greater knee muscle co-contractions compared
to young adults during the swing phase of walking, stair ascent, and
stair descent (Fig. 3). Lo et al. concluded that “the stance and swing
phases of the gait cycle should be considered independently when
measuring lower limb muscle co-contraction during walking” [26].
Indeed, we found no difference in knee muscle co-contraction between
the two age groups from the entire cycle of walking (Fig. 2A); however,
considering the stance and swing phases independently, old adults de-
monstrated greater knee muscle co-contraction during the swing phase
of walking (Fig. 3A). Lo et al. attributed these differences to different
levels of cognitive and motor activation during the stance and swing
phases of gait; co-contractions had significant associations with

physical measures during the stance phase, while co-contractions had
significant associations with cognitive measures during the swing phase
[26]. Older adults use muscle co-contraction to stiffen joints to com-
pensate for poor postural control [10], and lifting, forward propulsion,
and lowering the foot during the swing phase demand greater cognitive
resources than the stance phase [26]. This likely explains the difference
in knee muscle co-contraction between the two age groups only during
the swing phase of walking. This also explains the lack of difference in
ankle muscle co-contraction between the two age groups, as the mus-
cles crossing the ankle joint do not contribute to lifting, forward pro-
pulsion, and lowering of the foot during the swing phase. The differ-
ences in cognitive and motor activation levels in stance and swing
phases may be less pronounced during stair ascent and descent activ-
ities. We found greater knee muscle co-contraction in old compared to
young adults from the entire cycle (Fig. 2A), and in the stance and
swing phases of stair ascent (Fig. 3B). This trend is likely also true for

Fig. 3. Average (+1 SD) muscle co-contractions for young
and old adults during the stance and swing phases of (A, D)
walking, (B, E) stair ascent, and (C, F) stair descent activities
evaluated at the (A, B, C) knee and (D, E, F) ankle joints. At
the knee joint, muscle co-contraction was evaluated from the
vastus lateralis (VL) and biceps femoris (BF) muscles. At the
ankle joint, muscle co-contraction was evaluated from the ti-
bialis anterior (TA) and medial gastrocnemius (GAST) mus-
cles. The number of participants in each group are shown next
to the bars. p values are shown for the statistically significant
differences (p < 0.025 post-Bonferroni correction). The dif-
ference between the means was close to significance
(p= 0.025) at the knee joint during the stance phase of stair
descent (C).
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stair descent, with the difference in the means of knee muscle co-con-
tractions being close to significance (p= 0.025) during the stance
phase (Figs. 2A and 3 C).

Our results are consistent with the previous two studies in-
vestigating muscle co-contraction in healthy young and old adults
during stair ascent and descent activities [7,19]. Hortobagyi et al. found
greater muscle co-contraction in old compared to young adults at the
knee joint during stair ascent and descent, with the ankle joint not
evaluated [7]. Larsen et al. reported 16.8% and 19.2% greater knee
muscle co-contractions during the stance phase of stair ascent and
descent, respectively [19]; in comparison, we found 21% and 13%
(close to significance, p= 0.025) greater knee muscle co-contractions
during the stance phase of stair ascent and descent, respectively
(Fig. 3B, C). Larsen et al. did not evaluate muscle co-contractions during
the swing phase of stair ascent and descent [19]; to the best of our
knowledge, this present study is the first to report muscle co-contrac-
tion during the swing phase of stair ascent and descent activities. These
results epitomize the greater demands required during stair use than
level walking.

We found no gender-based difference in muscle co-contraction at
the knee and ankle joints during walking, stair ascent, and stair descent

activities (Fig. 5). Our results contradict Mengarelli et al., who reported
consistently greater ankle muscle co-contractions in females compared
to males during walking [20]. They attributed these gender differences
to “a female tendency for a more complex muscular strategy during
gait” [20]. We agree with Mengarelli et al. that there are gender-based
differences in hip, pelvis, and knee kinematics [30,31], and myoelectric
activity [32]; however, evidence of a more complex muscular strategy
in females compared to males is sparse. Further investigation is re-
quired to understand the prevalence and potential causes of gender-
based differences in muscle co-contraction. Next, Mengarelli et al. did
not evaluate muscle co-contractions at the knee joint, or during stair
ascent and stair descent [20]; these are novel contributions of our
present study.

A limitation of this study is that we only acquired EMG activations
from the medial gastrocnemius muscle of the triceps surae. The medial
gastrocnemius contributes ˜24% to the triceps surae, with the re-
maining contributions from the soleus (˜60%) and lateral gastrocnemius
(˜16%) muscles [33]. An average muscle activation of all three muscles
or relative to their contributions to triceps surae would be a more
complete approach. A second limitation is that we did not acquire
maximum isometric activation data from the subjects in this study.

Fig. 4. Relationship between age and muscle co-contraction
during the entire cycle of a walking (A–D), stair ascent (E–H), and
stair descent (I–L) activities evaluated at the knee and ankle joints
of young and old adults. At the knee joint, muscle co-contraction
was evaluated between the vastus lateralis and biceps femoris
muscles. At the ankle joint, muscle co-contraction was evaluated
between the tibialis anterior and medial gastrocnemius muscles.
The regression line represents a significant relationship
(R2 = 0.43, p= 0.002) in old adults at the ankle joint during stair
descent. The relationship between age and muscle co-contraction
was close to significance (R2 = 0.20, p= 0.057) in old adults at
the knee joint during stair descent (J).
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Using the dynamic normalization technique, direct comparison of EMG
values between the two age groups may be influenced by the differ-
ences in maximal activations during the different phases of an activity
due to differing kinematic strategies in the two age groups. Maximal
isometric activation data would provide us a better way to normalize
our EMG data than the dynamic normalization technique. A third
limitation of this study is that our results are based on a single method
of calculating muscle co-contraction from EMG data, that is, by evalu-
ating the ratio of the common area to total area under the EMG signal
curves of a muscle pair [1,26,29]. Although this method is well estab-
lished and commonly used, there are other valid methods for calcu-
lating muscle co-contraction from EMG data [34–37]. It is unclear if the
conclusions of this study can be applied to other EMG-based methods to
calculate muscle co-contraction. A direct comparison of muscle co-
contraction results using different EMG-based methods would test the
generality of our findings, and may provide clarity by tying together the
disparate studies in the literature and building a cohesive under-
standing on muscle co-contraction during activities of daily living. A
fourth potential limitation of this study is that we used an EMG-based
method to determine muscle co-contraction during walking, stair as-
cent, and stair descent. Although greater EMG magnitude is related to
greater muscle force [38,39], this relationship is not linear [40],
especially during dynamic activities like walking and stair ascent/des-
cent [12,41]. Electromyography-based methods are not able to distin-
guish between the force production capacity of the agonist and an-
tagonist muscles. For example, an EMG-based method to calculate
muscle co-contraction at the ankle joint does not account for the plantar
flexor muscles being several times stronger than the dorsiflexor muscles
[42]. As a result, the ability of EMG-based methods to quantify actual
muscle co-contraction during dynamic activities remains unclear
[12,41]. On the other hand, EMG-to-force models to calculate muscle

co-contractions using joint moments [12,41] are time consuming and
difficult to translate to clinics. As such, EMG-based methods remain the
standard for quantifying muscle co-contraction in clinical settings.

Muscle co-contraction is an accepted clinical measure to understand
the effects of aging and pathology on muscle control strategies [12,13].
Our present study provides new evidence in support of greater muscle
co-contraction in old compared to young adults at the knee joint during
walking, stair ascent, and stair descent activities. Based on our findings,
we recommend clinical evaluation to quantify the effects of aging
through muscle co-contraction to include the knee joint during dynamic
activities like walking and stair use, and independent evaluation of the
stance and swing phases of an activity. Future work includes analysis of
muscle co-contractions in relation to joint kinematic differences, and
during more detailed gait events, including single and double support
and concentric and eccentric muscle activity.
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