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Abstract
Walking uphill and downhill can be challenging for community-dwelling old adults. We
investigated the effects of age on leg muscle activity amplitudes and timing during level, uphill,
and downhill walking. We hypothesized that old adults would exhibit smaller increases in ankle
extensor muscle activities and greater increases in hip extensor muscle activities compared to
young adults during uphill vs. level walking. We also hypothesized that, compared to level
walking, antagonist leg muscle coactivation would be disproportionately greater in old vs. young
adults during downhill walking. Ten old (72 ± 5 yrs) and ten young (25 ± 4 yrs) subjects walked at
1.25 m/s on a treadmill at seven grades (0, ±3, ±6, ±9°). We quantified the stance phase
electromyographic activities of the gluteus maximus (GMAX), biceps femoris (BF), rectus
femoris (RF), vastus medialis (VM), medial gastrocnemius (MG), soleus (SOL), and tibialis
anterior (TA). Old adults exhibited smaller increases in MG activity with steeper uphill grade than
young adults (e.g., +136% vs. +174% at 9°). A disproportionate recruitment of hip muscles led to
GMAX activity approaching the maximum isometric capacity of these active old adults at steep
uphill grades (e.g., old vs. young, 73% MVC vs. 33% MVC at +9°). Neither uphill nor downhill
walking affected the greater coactivation of antagonist muscles in old vs. young adults. We
conclude that the disproportionate recruitment of hip muscles with advanced age may have critical
implications for maintaining independent mobility in old adults, particularly at steeper uphill
grades.
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Introduction
Walking uphill and downhill can be challenging for community-dwelling old adults. During
level walking, old adults alter their gait patterns; they often walk more slowly, take shorter,
wider steps, and recruit leg muscles differently than young adults (e.g., [1–3]). However,
little is known about how old adults walk up or down hills. Here, we recorded the
electromyographic (EMG) activities of leg muscles to investigate how advanced age affects

© 2012 Elsevier B.V. All rights reserved.

Address correspondence to: Jason R. Franz, Department of Integrative Physiology, UCB 354, University of Colorado, Boulder, CO
80309, Phone: (303) 492-0926, FAX: (303) 492-4009, jason.franz@colorado.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of Interest
The authors have no conflicts of interest to disclose.

NIH Public Access
Author Manuscript
Gait Posture. Author manuscript; available in PMC 2014 March 01.

Published in final edited form as:
Gait Posture. 2013 March ; 37(3): 378–384. doi:10.1016/j.gaitpost.2012.08.004.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



leg muscle recruitment during uphill and downhill walking. Advanced age may bring
changes in muscle recruitment that uniquely compromise uphill or downhill walking ability
in old adults.

Compared to young adults, even active and healthy old adults exhibit a distal to proximal
redistribution of leg muscle recruitment during the stance phase of level walking [3–6]. Old
adults rely less on ankle extensor muscles (e.g., gastrocnemius and soleus) and more on hip
flexor (e.g., iliopsoas) and extensor (e.g., gluteus maximus and biceps femoris) muscles than
young adults. It is possible that distal muscle weakness contributes to this greater reliance on
hip muscles. Indeed, Christ et al. [7] showed that the ankle extensor muscles of women
exhibited greater declines in isometric force production with advanced age than other
muscle groups. For young adults, uphill walking involves a significantly greater recruitment
of hip, knee, and ankle extensor muscles than level walking [8, 9]. Consequently, ankle
extensor muscle weakness could especially limit uphill walking ability in old adults.

Alternatively, neural modifications with advanced age could beget hip muscle reliance,
independent of muscle strength. Consistent with this premise, Schmitz et al. (2009) showed
that old adults rely more on hip muscles during level walking at their preferred walking
speed despite being able to significantly increase ankle extensor muscle activity at a
modestly faster speed (mean increase, 0.26 m/s). It is not clear how much of the
redistribution of leg muscle recruitment in old adults can be attributed to muscle weakness
vs. neural mechanisms. However, even if due to neural changes alone, it is possible that hip
muscle reliance in old adults is inadequate to meet the challenges posed by uphill walking.
Thus, the markedly greater concentric demand placed on leg extensor muscles during uphill
walking is most concerning for the maintenance of independent mobility in old adults.

Further, although not expected to limit their mobility, coactivation of antagonist muscle
pairs may be disproportionately greater in old vs. young adults during uphill or downhill
walking. Old adults demonstrate greater antagonist leg muscle coactivation than young
adults during level walking [10–13]. Many suspect that antagonist coactivation increases leg
joint stiffness and may thereby aid in responding to a trip or fall (e.g., [14]). Hortobagyi et
al. (2011) found that modest uphill or downhill grades (± 3.4°; i.e., ± 6%) had little to no
influence on the greater antagonist coactivation in old vs. young adults. However, such a
modest grade may not reflect the muscular challenges posed by steeper grades encountered
while walking in many communities. Even the Americans with Disabilities Act permits
ramps of 4.8° (i.e, 8.3%). A fear of slipping and/or falling during downhill walking in
particular may cause a disparate increase in the coactivation of antagonist leg muscle pairs
in old adults [15, 16].

We investigated the effects of age on leg muscle activity during level, uphill, and downhill
walking. We reasoned that due to the greater concentric demand on leg extensor muscles
during the stance phase, uphill walking would exacerbate the disproportionate recruitment of
hip muscles in old adults. Thus, we hypothesized that old adults would exhibit smaller
increases in ankle extensor muscle activities and greater increases in hip extensor muscle
activities compared to young adults during uphill vs. level walking. We also hypothesized
that, compared to level walking, antagonist leg muscle coactivation would be
disproportionately greater in old vs. young adults during downhill walking. We quantified
the timing of leg muscle activity to complement our primary measures of amplitude and
coactivation in evaluating these hypotheses.
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Methods
Subjects

10 old adults (6F/4M, mean ± standard deviation, age: 72 ± 5 yrs, height: 1.70 ± 0.10 m,
mass: 65.0 ± 13.3 kg) and 10 young adults (5F/5M, age: 25 ± 4 yrs, height: 1.73 ± 0.10 m,
mass: 69.2 ± 13.1 kg) gave written informed consent as per the University of Colorado IRB.
All subjects were healthy and exercised regularly. We recruited old adults from local senior
mountain hiking and cycling groups. Subjects completed a health questionnaire based upon
recommendations by the American College of Sports Medicine [17]. Exclusion criteria
were: BMI≥30, sedentary lifestyle, coronary artery disease, cigarette smoking, high blood
pressure, high cholesterol, diabetes or prediabetes, orthopedic or neurological condition, or
medication that causes dizziness. All subjects scored at the highest possible mobility on the
Short Physical Performance Battery (SPPB) and we found no difference in preferred level-
ground walking speed in old vs. young adults (1.49 ± 0.14 m/s vs. 1.46 ± 0.14 m/s, p =
0.59).

Experimental Protocol
Subjects walked for 5 min at 1.25 m/s on a level, motorized treadmill (model 18–60,
Quinton Instruments, Seattle, WA) with custom calibrated, digital electronic readouts for
velocity and grade. Subjects then walked at 1.25 m/s for 1 min at each of seven grades (0°,
±3°, ±6°, ±9°; i.e., 5.2%, 10.5%, 15.8%) in randomized order. Finally, we collected a series
of maximum voluntary contractions (MVCs), described in detail below.

Data Collection
After preparing the shaved skin with alcohol and fine sandpaper, we placed single
differential electrodes with wireless pre-amplifiers (Trigno, Delsys, Inc., Boston, MA) over
the following muscles of each subjects’ right leg according to Cram and Kasman [18]:
gluteus maximus (GMAX), biceps femoris (BF), rectus femoris (RF), vastus medialis (VM),
medial gastrocnemius (MG), soleus (SOL), and tibialis anterior (TA). We verified electrode
positions and signal quality by visually inspecting the EMG signals, sampled at 2000Hz,
while subjects contracted each instrumented muscle. Subjects also wore a pressure-sensitive
insole in their right shoe (B&L Engineering, Tustin, CA) which we sampled at 1000 Hz and
in synchrony with the EMG signals. We recorded all data during the final 15 s of each 1 min
trial.

Subjects completed a series of MVCs to establish each muscle’s maximum isometric
capacity against manual resistance as follows: GMAX (while lying prone and the leg
extended), BF (while lying prone and the knee flexed to 90°), RF and VM, MG and SOL,
and TA (all three while seated and the knee and ankle flexed to 90°) [18]. We verbally
encouraged subjects to gradually reach a maximal effort over 3 seconds and to sustain that
effort for 3 seconds. A 30 s rest period separated two repetitions for each MVC. For a subset
of participants (9 old and 7 young), we recorded the maximum isometric force (N/kg)
produced during the hip and knee extensor MVCs using a handheld dynamometer (Chatillon
MSE-100, Ametek, Inc., Largo, FL). We did not measure isometric force during the ankle
extensor MVC because, unlike hip and knee extension, handheld dynamometry provides
unreliable measures of ankle extension strength [19]. Finally, we calculated subjects’
preferred walking speed as the average of two times taken to traverse the middle 10 m of a
30 m walkway at a normal, comfortable speed.

Data Analysis
A MATLAB script (Mathworks, Inc, Natick, MA) processed all data. The Delsys hardware
bandpass filtered the EMG signals (20–450 Hz). We utilized the raw young adult data from
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our study published previously [8], which we reanalyzed together with the old adult data as
follows. We defined a muscle’s baseline activity as a multiple of the standard deviation
above the activity observed while subjects relaxed in a supine position. This multiple (mean,
1.5) ensured a muscle’s activity during the average level walking gait cycle reached an “off”
state within an appropriate window established by the literature (e.g., [3]). Using the above
criteria, we omitted GMAX data for two old adults. We full-wave rectified and normalized
the EMG signals using two common methods: 1) to the mean amplitudes over a complete
stride during level walking and 2) to the MVCs.

We synchronized EMG signals to the timing of heel-strikes and toe-offs identified from the
insole voltage signal. A 5% of peak voltage threshold identified the timing of the stance
phase, and provided each subject’s average stride frequency (SF) and stance time (tstance).
We interpolated the EMG signals to obtain 1001 data points corresponding to the right leg
gait cycle. Corresponding to the primary EMG bursts during stance, we computed subjects’
mean normalized EMG activity from heel-strike to midstance for GMAX, BF, VM, RF, and
TA and from midstance to toe-off for MG and SOL. We also manually identified EMG
activity onset and offset times to within 0.1% of the gait cycle from each muscle’s 10 Hz
linear envelope.

We calculated coactivation indices (CI) for agonist-antagonist muscle pairs of the thigh (RF
and BF, VM and BF) and lower leg (MG and TA, SOL and TA) from each muscles’ 10Hz
linear envelope over an average gait cycle [13, 20]:

(1)

where min and max refer to the minimum and maximum of the two EMG linear envelopes,
respectively, at each instant of the gait cycle.

Statistical Analysis
We calculated mean values of SF, tstance, and all EMG variables over seven consecutive
strides per condition. An analysis of variance (ANOVA) for repeated measures tested for
significant effects of age and grade with a p<0.05 criterion. Post-hoc pairwise comparisons
evaluated significant main effects of grade with planned contrasts between level and all
uphill and downhill grades. When a significant main effect of age was found, we performed
independent-samples t-tests to determine at which grade(s) the differences occurred.

Results
EMG Amplitude and Timing

Independent of normalization method, stance phase hip, knee, and ankle extensor muscle
activities increased significantly and progressively with steeper uphill grade for both old and
young adults. However, old adults exhibited significantly smaller increases in MG activity
with steeper uphill grade than young adults (Figure 1). Compared to level walking, MG
activity increased by 136% to walk up 9° in old adults but by 174% in young adults. Old
adults also exhibited greater than twice the GMAX activity of young adults at all grades, and
approached their maximum GMAX isometric capacity at steep uphill grades (Figure 2).

We observed no significant effect of age on leg muscle activity amplitudes during downhill
walking. For both old and young adults, only knee extensor muscle activities increased
significantly and progressively with steeper downhill grade, independent of normalization
method (Figures 1–2). Old adults exhibited earlier MG activity onset and prolonged TA
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activity offset compared to young adults, but this was significant only during level walking
(Figure 3).

Antagonist Muscle Coactivation
Old adults exhibited significantly greater coactivation of antagonist lower leg muscles
compared to young adults (Figure 4). Antagonist lower leg muscle coactivation increased
significantly and progressively with steeper downhill grade (e.g., +55% and +106% for
CIMG,TA and CISOL,TA at −9°, respectively), but similarly in old vs. young adults (CIMG,TA:
from 20.1% at 0° to 28.2% at −9° vs. from 6.9% at 0° to 13.5% at −9°; CISOL,TA: from
11.2% at 0° to 20.7% at −9° vs. from 4.8% at 0° to 12.3% at −9°). Antagonist thigh muscle
coactivation did not differ between old and young adults, but increased significantly and
progressively with steeper uphill grade (e.g., +38% and +75% for CIRF,BF and CIVM,BF at
9°, respectively) and decreased significantly and progressively with steeper downhill grade
(e.g., −31% for CIVM,BF at −9°).

Kinematics and Isometric Strength
Old adults took 11% faster strides than young adults during uphill walking (Table 1).
Compared to level walking, both old and young adults took progressively faster strides and
spent less time in stance on steeper downhill grades. Old adults demonstrated significantly
weaker maximum isometric strength for the hip and knee extensor muscle groups compared
to young adults (hip extensors: 1.49 ± 0.43 N/kg vs. 2.36 ± 0.50 N/kg, p=0.003; knee
extensors: 3.11 ± 1.05 N/kg vs. 4.47 ± 1.34 N/kg, p=0.046).

Discussion
In this study, we quantified leg muscle activities in old and young adults to investigate how
advanced age affects leg muscle recruitment during uphill and downhill walking. Both old
and young adults employed the same general muscle recruitment strategies during uphill
walking (greater recruitment of hip, knee, and ankle extensor muscles) and downhill
walking (only greater recruitment of knee extensor muscles). The durations of muscle
activities largely mirrored these changes in amplitude. However, we discovered several
notable and significant age-related differences in muscle recruitment that may reflect
compromised walking ability in old adults.

As hypothesized, old adults exhibited smaller increases in MG activity and a strong trend
toward smaller increases in SOL activity than young adults with steeper uphill grade.
However, old adults did not compensate for these larger ankle muscle deficits during uphill
walking by further exploiting hip muscles as expected. Instead, old adults uniformly
demonstrated approximately twice the recruitment of GMAX at all grades compared to
young adults. This is consistent with other studies [3, 4, 6] of level walking. However,
GMAX activity during level walking (33% MVC) was far below the maximum isometric
capacity of old adults. In contrast, GMAX activity approached the maximum isometric
capacity of these exceptionally active old adults at steep uphill grades (e.g., 73% MVC at
+9°). This is particularly significant when compared to young adults, for whom GMAX
activity only reached 33% MVC at +9°. This finding suggests that the disproportionate
recruitment of hip muscles may ultimately limit the uphill walking ability of old adults.

Compared to level walking, downhill walking is often associated with greater movement
variability indicative of impaired balance and a greater fall risk [16, 21]. However, to our
surprise, antagonist coactivation of lower leg muscles increased similarly in old and young
adults during downhill vs. level walking. It is possible that the old adults in this study were
not representative of those with compromised balance. But, our old adults did exhibit greater
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lower leg antagonist coactivation for all conditions compared to young adults, contributed to
in part by an earlier MG onset and delayed TA offset. As an alternative explanation, despite
a greater risk of falling, downhill walking may not be accompanied by greater antagonist
coactivation in old vs. young adults. Consistent with this possibility, Finley et al. (2011)
showed that antagonist lower leg muscle coactivation alone cannot adequately increase
ankle joint stiffness to recover from an unexpected fall.

Despite several studies [3–6] demonstrating that old adults disproportionately recruit hip
muscles during level walking, the mechanism(s) responsible for this apparent redistribution
remain elusive. Despite their remarkably active lifestyles, old adults in our study exhibited
~30–37% less isometric leg strength than young adults. One might deduce that ankle muscle
weakness contributes to greater hip muscle recruitment in old adults. However, we did not
observe progressively greater recruitment of GMAX or BF in old vs. young adults to
compensate for their reduced ankle muscle recruitment with steeper uphill grade. Further,
compared to level walking, the old adults in this study were able to dramatically increase
their ankle extensor muscle activities with steeper uphill grade (e.g., +136% and +74% for
MG and SOL at +9°, respectively). We infer from these data that old adults have a
considerable and possibly underutilized reserve available for recruiting these muscles during
level walking. Thus, our findings corroborate the speculation of earlier studies [3, 4] that
ankle muscle weakness contributes at most only marginally to the disproportionately greater
recruitment of hip muscles with advanced age.

Rather than muscle weakness, we propose that modified neural control, from feedback
(reactive and dependent upon afferent information) to feedforward (predictive and
insensitive to afferent information), underlies both the greater antagonist coactivation and
disproportionate recruitment of hip muscles in old adults. Consistent with impaired feedback
control, advanced age is accompanied by a decline in sensory information, longer reflex
latencies, and slower maximum rates of muscle force development [22–25]. The greater
coactivation of antagonist muscles in old adults is often considered a feedforward strategy to
increase joint stiffness and abate the effects of a trip or fall [12–14, 26, 27]. Although less
intuitive, we also suspect a decline in feedback control may contribute to the
disproportionate recruitment of hip muscles in old adults. Daley et al. (2007) found that
muscle force regulation in the proximal leg muscles of birds is inherently under far greater
feedforward control than distal muscles. In that study, an unexpected fall during running
elicited a large feedback response only from the distal muscles, while proximal muscle
output and hip kinematics remained the same as unperturbed running [28]. Studies in other
animals have revealed that, unlike hip muscles, the magnitude and duration of ankle muscle
activities largely depend upon afferent feedback [29–31]. This evidence suggests that a
decline in feedback control is at least one factor affecting leg muscle recruitment in old
adults.

There are several limitations of this study. First, our findings are limited to active and
healthy old adults. Advanced sarcopenia and muscle weakness could more directly affect leg
muscle activities and compromise uphill or downhill walking ability in sedentary and/or frail
old adults. Second, we did not measure hip flexor muscle activity. Cofre et al. (2011)
suggested that the hip flexors also compensate for reduced ankle extensor function in old
adults. However, there is little net contribution from the hip flexors during the stance phase
of uphill walking [32]. Third, the shorter steps taken by old vs. young adults during uphill
walking imply subtle age differences in GMAX fiber length changes. However, GMAX
activity normalized to isometric conditions remains essentially constant over a large range of
fiber lengths [33]. Thus, these differences are unlikely to contribute to the significantly
greater GMAX activity observed in old adults. Also, because handheld dynamometry only
reliably measures hip and knee muscle strength, we cannot exclude a differential loss of
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ankle muscle strength. Finally, the mechanical behavior of muscle-tendon complexes cannot
be directly inferred from EMG data alone, and can be particularly difficult to resolve for
biarticular muscles. Age differences in the muscular contributions to uphill and downhill
walking may be better characterized using musculoskeletal simulations.

In summary, we find that old adults walk uphill with diminished MG activity and GMAX
activity that approaches their maximum isometric capacity. Our findings also suggest that
neural mechanisms contribute notably more than muscle weakness to the reliance on hip
muscles in old adults. Surprisingly, neither uphill nor downhill walking affected the greater
coactivation of antagonist muscles in old vs. young adults. We conclude that the
disproportionate recruitment of hip muscles with advanced age may have critical
implications for maintaining independent mobility in old adults, particularly at steeper uphill
grades.
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Research Highlights

• Old adults exhibited smaller increases in medial gastrocnemius activity with
steeper uphill grade than young adults.

• Old adults uniformly demonstrated greater than twice the gluteus maximus
activity at all grades compared to young adults.

• Gluteus maximus activity approached the maximum isometric capacity of old
adults at steep uphill grades.

• Neither uphill nor downhill walking affected the greater coactivation of
antagonist muscles in old vs. young adults.

• Changes in muscle recruitment with age may negatively affect walking ability in
old adults, particularly at steeper uphill grades.
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Figure 1.
Mean (SE) stance phase EMG signals for old and young adults normalized to the mean
amplitudes over a complete stride during level walking. We include p-values for the main
effects of age and grade. TA activity exhibited no significant effects of age or grade, and
thus is not shown. Single asterisks (*) indicate significant differences between old and
young adults. Double asterisks (**) indicate significantly different from level walking.
p<0.05 significant.
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Figure 2.
Mean (SE) stance phase EMG signals for old and young adults normalized to each muscle’s
maximum voluntary contractions. We include p-values for the main effects of age and grade.
TA activity exhibited no significant effects of age or grade, and thus is not shown. Single
asterisks (*) indicate significant differences between old and young adults. Double asterisks
(**) indicate significantly different from level walking. p<0.05 significant.

Franz and Kram Page 11

Gait Posture. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Horizontal bars indicate mean (SE) timing of muscle activities for old and young adults
during level, uphill (+9°), and downhill (−9°) walking. A subset of subjects exhibited an RF
peak near toe-off, which we show in gray and did not evaluate statistically. Old adults
exhibited a significantly earlier MG onset and a delayed TA offset compared to young
adults. Double asterisks (**) indicate significantly different from level walking. p<0.05
significant.
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Figure 4.
Mean (SE) coactivation of antagonist thigh and lower leg muscles in old and young adults.
We include p-values for the main effects of age and grade. Single asterisks (*) indicate
significant differences between old and young adults. Double asterisks (**) indicate
significantly different from level walking. p<0.05 significant.
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