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Abstract

Purpose—The metabolic cost of walking is greater in old compared to young adults. This study 

examines the relation between metabolic cost, muscular efficiency, and leg muscle co-activation 

during level and uphill walking in young and older adults.

Procedures—Metabolic cost and leg muscle activation were measured in young (22.3±3.6 

years) and older adults (74.5±2.9 years) walking on a treadmill at six different slopes (0.0–7.5% 

grade) and a speed of 1.3 m·s−1. Across the range of slopes, ‘delta mechanical efficiency’ of the 

muscular system and antagonist muscle co-activation were quantified.

Main Findings—Across all slopes, older adults walked with a 13–17% greater metabolic cost, 

12% lower efficiency, and 25% more leg muscle co-activation than young adults. Among older 

adults, co-activation was weakly correlated to metabolic cost (r=.233) and not correlated to the 

lower delta efficiency.

Conclusion—Lower muscular efficiency and increased leg muscle co-activation contribute to 

the greater metabolic cost of uphill slope walking among older adults but are unrelated to one 

another.
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Introduction

Impaired mobility and reduced walking performance are closely associated with increased 

mortality among older adults [Studenski et al., 2011]. A subtle yet important characteristic 

of impaired walking performance is an increase in metabolic energy consumption. This 
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greater metabolic cost of walking likely increases muscle fatigue during walking and may 

contribute to less participation in walking exercise among older adults. During level and 

uphill walking, older adults consume ~7–20% more metabolic energy to walk a given 

distance than young adults [Hortobagyi et al., 2011, Martin et al., 1992]. Among several 

factors, the metabolic cost of performing mechanical work; i.e. muscular efficiency is a key 

determinant of the metabolic cost of walking [Cavagna and Kaneko, 1977, Donelan et al., 

2002]. Even though older adults perform a similar amount or even less external mechanical 

work during level and uphill walking than young adults [Franz et al., 2012, Mian et al., 

2006, Ortega and Farley, 2007], whether they are performing that mechanical work as 

efficiently as young adults is uncertain. One factor that may contribute to lower mechanical 

efficiency of the muscular system during walking in older adults is increased co-activation 

of antagonist leg muscles [Mian, Thom, 2006].

In a variety of movements including walking, older adults use more co-activation of 

antagonist muscle pairs than young adults [Franz and Kram, 2012, Hortobagyi, Finch, 2011, 

Mian, Thom, 2006, Peterson and Martin, 2010]. When walking on level ground and at a 

6.0% uphill slope, co-activation of antagonist leg muscles has been shown to be 30–50% 

greater in older adults and to have a low to moderate association to metabolic cost 

[Hortobagyi, Finch, 2011, Mian, Thom, 2006, Peterson and Martin, 2010]. Although these 

prior studies showed that metabolic cost and co-activation are greater in older walkers, they 

did not quantify the mechanical efficiency of the muscular system or its relation to co-

activation of antagonist muscle. {Hortobagyi, 2011 #7312} Thus, it remains unclear how 

age-related changes in antagonist leg muscle co-activation during walking may be related to 

the mechanical efficiency and changes in metabolic energy consumption of the muscular 

system across a range of uphill slopes.

The purpose of the present study was to determine if the greater metabolic cost of level and 

uphill walking observed in older adults is related to reduced mechanical efficiently as a 

result of using greater co-activation of antagonist leg muscles than young adults. We 

hypothesized that across a range of slopes, older adults increase metabolic energy 

consumption more than young adults and thus perform mechanical work less efficiently 

during walking. We also hypothesized that antagonist leg muscle co-activation in older 

adults would be related to greater metabolic cost and reduced mechanical efficiency of 

walking. To test these hypotheses, we quantified metabolic cost, ‘delta mechanical 

efficiency’ of the muscular system [Gaesser and Brooks, 1975] and antagonist leg muscle 

co-activation as young and older adults walked at a constant speed up progressively steeper 

slopes. To our knowledge this is the first study to investigate muscular efficiency of steady-

state level and uphill walking in older adults and its relation to leg muscle co-activation.

Methods

Participants

Thirteen healthy young adults (six male, seven female) and twelve healthy older adults (six 

male, six female) with no known orthopedic, neurological, or cardiovascular disease were 

recruited for this study. All subjects were physically active with no history falls in the year 

prior to participating in the study. Young and older subjects were similar in height, body 

Ortega and Farley Page 2

J Electromyogr Kinesiol. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



mass, body mass index (BMI), and lean tissue mass (Table 1). Despite older subjects having 

greater body fat and a lower resting metabolic rate than young subjects, no subject 

characteristic other than age had a statistically significant influence on the dependent 

variables. All subjects gave their written informed consent before participating in the study. 

The University of Colorado Institutional Review Board approved this protocol.

Protocol

Subjects participated in two testing sessions. In the first session, we measured each subject’s 

height, leg length, and body composition. Subjects were then familiarized to level and uphill 

treadmill walking (0–7.5% grade) at the moderate speed of 1.3 m·s−1 for a minimum of 30 

minutes [Wall and Charteris, 1981]. In the second session, each subject performed one 

resting trial and six walking trials in order for us to calculate delta efficiency and lower limb 

co-activation during walking across a range of slopes. In this session, we first measured 

resting metabolic rate as subjects stood quietly for seven minutes. Each subject then walked 

at 1.3 m·s−1 on a motorized treadmill (Model 18–60, Quinton Instruments, Seattle, WA, 

USA) at six different slopes (0.0, 1.5, 3.0, 4.5, 6.0, 7.5% grade) in randomized order as we 

collected metabolic, electromyography (EMG), and stride frequency data. The order of 

slopes was also counterbalanced across subjects.

For the walking trials, each subject performed one seven-minute trial per slope with a 3–5 

minute rest period between trials. During the last three minutes of each seven-minute trial, 

we collected the rates of oxygen consumption (V̇O2) and carbon dioxide production (V̇CO2) 

using indirect calorimetry, leg muscle activation using EMG, and stride frequency. Average 

stride frequency was calculated from the time required to take 30 strides and was determined 

during the last 2 minutes of each trial.

Metabolic Energy Consumption

We measured sub-maximal steady-state V̇O2 (mlO2· min−1) and V̇CO2 (mlCO2· min−1) 

using open-circuit indirect calorimetry (Physio-Dyne Instruments CO., Quogue, NY, USA) 

to calculate metabolic power consumption. We calculated average metabolic power per 

kilogram body mass (W·kg−1) [Brockway, 1987] using the average V̇O2 and V̇CO2 for the 

last two minutes of each trial when the V̇O2 indicated that metabolic steady-state had been 

achieved. For each walking trial, we calculated net metabolic power consumption (W·kg−1) 

by subtracting the standing metabolic rate from gross metabolic rate during walking.

Delta Efficiency

We determined delta efficiency for each subject from the increase in net mechanical power 

output and the increase in net metabolic power consumption across the range of uphill 

slopes [Gaesser and Brooks, 1975]. Net mechanical power output represents the minimum 

power required to lift the body during uphill walking at a given speed and was calculated 

from the slope and speed of the treadmill using a standard equation [Brooks et al., 1996]. 

Thus, the six slopes (0.0, 1.5, 3.0, 4.5, 6.0, 7.5% grade) corresponded to six net mechanical 

power levels including 0.0, 0.19, 0.38, 0.57, 0.76, and 0.95 W·kg−1. We calculated each 

subject’s delta efficiency from the inverse slope of the regression line representing the 

relationship of mechanical power output to net metabolic power consumption across the 
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range of slopes [Gaesser and Brooks, 1975]. Delta efficiency represents the mechanical 

power output achieved for each watt of metabolic power consumption expressed as a 

percent.

Electromyography (EMG)

To quantify the effects of age and uphill slope on muscle activity, we measured surface 

EMG signals (Noraxon, Scottsdale, AZ) using International Society for Electrophysiology 

and Kinesiology standard procedures [Merletti et al., 1999]. The skin over the lateral 

gastrocnemius (LG), soleus (SOL), tibialis anterior (TA), vastus medialis (VM), vastus 

lateralis (VL), biceps femoris (BF) muscles and lateral malleolus (ground electrode) of the 

right leg were shaved and abraded with electrode preparation gel prior to placing bipolar Ag/

AgCl surface electrodes (10 mm diameter discs by Noraxon USA, Inc., Scottsdale, AZ) over 

each muscle belly. Two electrodes were place at the center of each muscle in parallel with 

muscle fiber orientation and at an inter-electrode distance of 20 mm. The EMG signals were 

collected at a rate of 1,000 Hz and pre-amplified with a gain of 1,700 (input impedance 

>100 MΩ, common mode rejection ratio >110 dB at 60 Hz). Using standard methods 

[Criswell and Cram, 2011], we verified that electrode impedance was less than 5000 Ω and 

that the cross talk between muscles was negligible. After data collection, raw EMG data was 

band-pass filtered (6th order Butterworth) to retain frequencies between 10 and 500 Hz.

For each trial, we processed ten consecutive strides of EMG data in two stages using a 

custom Matlab program (MATLAB, R2012b, MathWorks, Inc., Natick, MA). First, a 

temporal analysis was performed to determine when muscles were active in the stride cycle 

and, second, an amplitude analysis was performed to quantify the magnitudes of muscle 

activation and antagonist muscle co-activation.

For the temporal analysis, the onset, offset and duration of each EMG burst were determined 

using the Teager-Kaiser Energy Operator (TKEO) method described in prior studies [Solnik 

et al., 2008]. We also used the temporal EMG data to determine the time of overlap between 

the EMG bursts of the VM and BF, VL and BF, TA and SOL, and between TA and LG, 

respectively, in order to quantify the co-activation of these antagonist muscle pairs. For the 

amplitude analysis, we full-wave rectified the filtered EMG signals and calculated the root 

mean square (40 ms moving window) EMG amplitude (EMGRMS) across the stride cycle. 

For all walking trials, we normalized EMGRMS of each muscle relative to its peak EMGRMS 

amplitude during the level walking condition [Yang and Winter, 1984].

For this study, we quantified co-activation of agonist-antagonist muscle pairs of the thigh 

and shank segments using a co-activation index (CI) [Falconer and Winter, 1985, Peterson 

and Martin, 2010, Winter, 1990]. Using the normalized EMG, we calculated the CI of each 

muscle pair as the area of overlap (magnitude × duration) between the agonist and 

antagonist EMG signals as described in detail by Falconer and Winter [1985] (Fig. 1).

To determine average co-activation levels across the shank and thigh segments, we averaged 

the co-activation indices of individual muscle pairs [Peterson and Martin, 2010]. 

Specifically, we calculated the co-activation of antagonist muscles across the shank (CIshank) 

as the average of the CI for the TA-SOL and TA-LG muscle pairs and the co-activation of 
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antagonist muscles across the thigh (CIthigh) as the average of the CI for the VM-BF and 

VL-BF muscle pairs.

Statistics

The overall effect of age and slope (repeated-measure) on net metabolic power, co-

activation, and stride frequency were tested using a two (age group) × six (treadmill slope) 

multivariate analysis of variance (MANOVA) with repeated-measures. For variables where 

main effects of age or age × slope interaction were observed, the effect of age at the 

different levels of slope was tested using Student’s t-tests with a Bonferroni correction. A 

Student’s t-test was also used to compare delta efficiency values between age groups. We 

used Pearson product-moment correlations to determine the strength of the relations between 

co-activation, metabolic power and delta efficiency. Statistical significance was defined as p 

< .05. All data are reported as mean ± SEM unless otherwise specified. All statistical 

analyses were performed using SPSS software (ver. 21.0, SPSS, Inc., Chicago, IL).

Results

Walking Energetics and Mechanical Efficiency

Across the range of slopes, older adults consumed metabolic energy 12% faster during 

walking than young adults (Fig. 2). For level walking, older adults had a 17% greater net 

metabolic power consumption (i.e. net metabolic cost) than young adults (p = .027). From 

level walking to the steepest slope, the absolute difference in net metabolic cost between 

young and older adults increased such that older adults consumed 0.39 W·kg−1 more 

metabolic energy than young adults when walking on the level slope (p = .019) and 0.76 

W·kg−1 more metabolic energy than young adults when walking on the steepest uphill slope 

(p = .010). Across all slopes including level, older adults walked with a faster stride 

frequency (0.95 ± 0.02 Hz) than young adults (0.88 ± 0.01 Hz) (p = .031). Stride frequency 

did not change with uphill slope in either age group (p = .465).

As reflected by the inverse slope of the mechanical power vs. metabolic power relation (Fig. 

2), older adults consistently performed mechanical work with a lower delta efficiency (29% 

± 1%) than young adults (33% ± 1%) (p = .006). Between level walking and the steepest 

uphill slope, the mechanical power output increased by 0.95 W·kg−1. For this increase in 

mechanical power output, metabolic power consumption increased 13.0% more in older 

adults than in young adults (p = .031) and is reflected by the lower delta efficiency of 

walking observed in older adults.

Muscle Co-activation in Relation to Metabolic Cost and Efficiency

Across the range of slopes, older adults co-activated antagonist muscles of the thigh 25% 

more than young adults (p = .002, Fig. 3A). CIthigh did not change with slope in either the 

young or older adults (p =.701 and p = .638, respectively). Although co-activation about the 

shank was similar between young and older adults (CIshank = 28.1%, p = .927), both age 

groups reduced CIshank by an average 17% from level to uphill walking (p < .0001; Fig. 3B).

Ortega and Farley Page 5

J Electromyogr Kinesiol. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The net metabolic cost of walking was not correlated to co-activation about the shank or 

thigh when collapsed across age groups (p = .405 and p = .170, respectively). Since 

metabolic cost and co-activation were greater in older adults, we conducted separate 

correlational analyses for each age group. In older adults, CIthigh was significantly correlated 

to the metabolic cost of walking across the range of slopes (p = .026), but the strength of this 

positive relation was low (r = .233). In young adults, there was no correlation between 

metabolic cost and CIthigh across the range of slopes (p = .405). Moreover, there was no 

correlation between CIshank and metabolic cost in young or older adults (p = .133, p = .250, 

respectively). For both young and older adults, delta efficiency values were not correlated to 

either CIthigh or CIshank (p > .05).

Discussion

The purpose of this study was to determine whether the greater metabolic cost of level and 

uphill walking observed in older adults is related to performing mechanical work less 

efficiently due to using greater leg muscle co-activation than young adults. Our findings 

support our primary hypothesis that older adults have a lower delta efficiency of performing 

mechanical work and use greater antagonist leg muscle co-activation than young adults 

during steady-state level and uphill walking. However, our results also show that antagonist 

leg muscle co-activation is only weakly correlated to the greater metabolic cost of walking 

in older adults and does not explain their lower delta efficiency. Considering the modest 

difference in delta efficiency and the low correlation between metabolic cost and co-

activation, these results suggest that the greater metabolic cost of uphill walking in older 

adults is likely the result several factors in addition to reduced mechanical efficiency and 

increase co-activation of lower limb muscles.

In our study, older adults consumed metabolic energy at a 9–17% faster rate than young 

adults across the range of slopes; a difference that is similar to that observed in prior studies 

[Hortobagyi, Finch, 2011, Martin, Rothstein, 1992, Mian, Thom, 2006, Peterson and Martin, 

2010]. Although this is the first study to systematically investigate age-related difference in 

metabolic cost across a range of uphill slopes, Hortobagyi et al. [Hortobagyi, Finch, 2011] 

showed that older adults walking on a 6% uphill slope at a speed of 0.98 m·s−1 have a 7% 

greater metabolic cost than young adults; a value qualitatively similar to the 9–13% 

observed across a wider range of uphill slopes (1.5–7.5% grade) in the present study. 

Despite the greater total metabolic cost at each slope and the lower delta mechanical 

efficiency across the slopes, net metabolic power increased linearly with slope in both our 

young and older subject (R2=0.99 and 0.98, respectively); a finding that is agreement with 

other studies of the energetic cost of slope walking {Margaria, 1938 #657; Minetti, 1993 

#241}.

Our study also shows that older adults co-activate antagonist muscle pairs of the thigh ~25% 

more than young adults across the range of slopes. Although using different methodologies, 

these results are consistent with past studies that show older adults use greater leg muscle 

co-activation compared to young adults during level, decline, and incline slope walking 

[Franz and Kram, 2012, Hortobagyi, Finch, 2011, Larsen et al., 2008, Mian, Thom, 2006, 

Peterson and Martin, 2010]. Most recently, Hortobagyi et al. [2011] shows that older adults 
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co-activate the antagonist thigh muscles nearly twice as much as young adults during both 

level and 6.0% uphill slope walking. In contrast, Franz and Kram [Franz and Kram, 2012] 

found that healthy older adults use greater lower leg muscle co-activation than young adults 

but use a similar high level of antagonist thigh muscle co-activation during level and uphill 

slope walking (0–9%). Two reasons why the results between the various studies may differ 

is the fact that different methods have been used to calculate co-activation and different 

antagonist muscle pairs were evaluated. Although older adults appear to co-activate a variety 

of antagonist leg muscles more than their younger counterpart, the cause for the greater 

antagonist co-activation remains unresolved. The increase in leg muscle co-activation with 

age may be a compensatory mechanism for reduced sensory perception that improves 

stability during gait by increasing joint stiffness [Hortobagyi and DeVita, 2000, Hortobágyi 

et al., 2009, Larsen, Puggaard, 2008].

Although our results are in agreement with prior research that show older adults walk with 

lower efficiency and use greater co-activation [Mian, Thom, 2006], we found no correlation 

between co-activation levels and delta efficiency values in older adults walking. While Mian 

et al. [2006] investigated the relation between metabolic cost, efficiency, and co-activation 

in young and older adults walking on level ground, the present study investigated these 

relations across a range of slopes including level walking. Despite this methodological 

difference, our results show a similarly low but significant correlation between metabolic 

cost and thigh co-activation and a similar 13–17% lower efficiency of performing 

mechanical work in older walkers. This study further builds upon the results of Mian et al. 

[2006] in that we found no relation between greater co-activation levels and lower delta 

efficiency values in older walkers.

Because delta efficiency is calculated as the ratio of change in mechanical power output to 

change metabolic power consumption across multiple slopes, we predicted that co-activation 

would increase with the greater mechanical power demands of the steeper slopes based on 

the hypothesis that increased co-activation is a primary determinant of reduced delta 

efficiency of walking in older adults. However, our results clearly show that older adults use 

a similar high level of thigh muscle co-activation during walking across the range of slopes 

and that their lower delta efficiency values were not correlated to changes in CIthigh (r = .

009). To our knowledge, this is the first study to show that the reduced walking efficiency in 

older adults is not related to increased co-activation. These results combined with our 

previous findings that show older adults perform a similar amount of work during walking 

[Ortega and Farley, 2007] suggest that the lower delta efficiency of walking in older adults 

may be more heavily influenced by factors other than co-activation such as reduced skeletal 

muscle efficiency [Amara et al., 2007]. Skeletal muscle efficiency (efficiency of converting 

O2 to muscular work) depends in part on mitochondrial coupling efficiency (energy 

conversion from oxygen uptake to ATP production). In human and rodent muscle, 

mitochondrial coupling efficiency is reduced by as much as 30–50% due to aging [Amara, 

Shankland, 2007, Marcinek et al., 2005]. The potential role of mitochondrial uncoupling in 

age-related decreases in walking efficiency is further supported by Conley et al. [Conley et 

al., 2007] who show that older adults with lower mitochondrial coupling efficiency also 

exhibited reduced cycling exercise efficiency compared to young adults. Interestingly, 

mitochondrial coupling efficiency may be improved with aerobic exercise [Conley, Jubrias, 
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2007]. Future studies should investigate whether aerobic exercise may improve walking 

efficiency and reduce metabolic cost by increasing mitochondrial efficiency.

While the greater metabolic cost of walking in older adults cannot be fully explained by 

their reduced efficiency, older adults may have a greater cost of generating force to support 

body weight during walking. In young adults, the metabolic cost of supporting body weight 

accounts for as much as 28% of the net metabolic cost of walking [Grabowski et al., 2005]. 

Stance limb geometry and the torque generated about the hip, knee, and ankle are key 

determinants of the cost of supporting body weight [Biewener et al., 2004]. Although the 

total torque required to support body weight appears to be similar for young and older 

adults, aging has been shown to cause a redistribution of torque generation from the ankle 

extensors to the hip extensors [DeVita and Hortobagyi, 2000]. This redistribution may 

increase the metabolic cost of supporting body weight as the hip extensors consume more 

metabolic energy than the ankle extensors to generate a given force due to their longer 

muscle fibers [Roberts, 2002]. Based on this evidence, we are currently investigating the 

relative cost of supporting body weight and its influence on the total metabolic cost of 

walking in young and older adults.

In conclusion, this study shows how aging affects the metabolic cost, muscular efficiency of 

performing mechanical work, and antagonist leg muscle co-activation during level and 

uphill walking. We find that metabolic energy consumption and co-activation of antagonist 

thigh muscles increase with age while muscular efficiency of performing mechanical work 

is reduced. Our results also show that increased antagonist leg muscle co-activation during 

level and uphill walking is weakly associated with a greater metabolic cost in older adult but 

does not explain their lower muscular efficiency. The lower muscular efficiency of walking 

in older adults is likely due to other factors such as mitochondrial uncoupling and a 

redistribution of power generation to the less efficient muscles of the hip. While reduced 

muscular efficiency and increase co-activation clearly contribute to the metabolic cost of 

walking, it remains unclear to what extent these factors account for the 10–20% greater cost 

of walking in older adults. Future studies need to determine how other physiological and 

mechanical factors such as increased aerobic fitness or the cost of generating force to 

support body weight may influence the metabolic cost of walking in older adults. 

Nonetheless, by providing a better understanding how muscle co-activation and muscle 

efficiency contribute to the greater metabolic cost of walking in older adults, the results of 

this study may help scientists and clinicians to further develop strategies aimed at 

neuromuscular rehabilitation and improving muscle efficiency as a means of improving 

mobility and independence among older adults [Dietz, 2009, Lanza and Nair, 2009, Miller, 

1995].
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Figure 1. 
Typical surface electromyography (EMG) recorded during one stride of level walking at 1.3 

m s−1 for (A) young and (B) older adults. Within each panel, traces represent normalized 

full-wave rectified, root mean square averaged (40 ms window) EMG profiles of vastus 

lateralis (solid line) and biceps femoris (hatched line) muscles. Co-activation index (CI) was 

quantified as the area of overlap between antagonist muscle pairs (shaded region) during 

each phase of the stride cycle.
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Figure 2. 
Net metabolic power consumption versus uphill slope (top x-axis) and mechanical power 

output required to lift the body up the hill (bottom x-axis) for young adults (open triangles) 

and older adults (filled circles) (mean ± SEM). Net metabolic power consumption was 

significantly greater for older adults than for young adults at each slope (p < .05). Lines are 

least squares regressions (r2 = .99 for young and r2 = .98 for older). “Delta efficiency” is 

calculated from the inverse of the slope of the regression line representing the relationship 

between metabolic power and mechanical power. Delta efficiency was significantly lower in 

older adults (29%) compared to young adults (33%) across the range of uphill slopes (p = .

006).
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Figure 3. 
(A) Thigh and (B) shank Co-activation Index (CI) versus slope (top x-axis) and mechanical 

power output required to lift the body up the hill (bottom x-axis) for young adults (open 

triangles) and older adults (filled circles) (mean ± SEM). Thigh CI was significantly greater 

across the range of uphill slopes in older adults compared to young adults (p = .002)
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Table 1

Participant characteristics with statistics for a comparison of young versus older adults.

Young (n=13) Old (n=12)

Age (years) 22.3 ± 3.7 74.7 ± 3.1

Height (m) 1.76 ± 0.10 1.69 ± 0.09

Leg length (m) 0.90 ± 0.07 0.89 ± 0.05

Body mass (kg) 65.9 ± 9.3 66.8 ± 14.3

Lean tissue mass (kg) 50.8 ± 11.5 45.5 ± 10.2

Body fat (% body mass) 20.1 ± 6.8 28.0 ± 4.5*

Body Mass Index (kg/m2) 21.2 ± 1.8 23.1 ± 2.9

Standing metabolic rate (W kg−1) 1.64 ± 0.28 1.39 ± 0.15*

Values are mean ± SD.

Asterisk (*) indicates a significant age difference (p<.05).

J Electromyogr Kinesiol. Author manuscript; available in PMC 2016 February 01.


