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year to be eligible for the study. Exclusion criteria included any conditions that may 

cause pain or discomfort during cycling such as rheumatoid arthritis, osteoarthritis, 

gout, swollen and painful joints, backache, and recent injury to lower limb muscles, 

bones, and/or joints. In addition, individuals with neurological conditions such as 

stroke, cerebral palsy, Parkinson’s disease, and any other condition that affects 

muscle tone and range of motion of the lower limb joints were excluded from the 

study. Participant characteristics are included in Table 1. On average, the two groups 

did not differ significantly on mass, height, and average duration of weekly cycling. 

The University Institutional Review Board approved the study design and procedures, 

and all participants gave written informed consent before participating in the study.  

Following data collection, one older participant was excluded from further analyses 

because metabolic data indicated he was not in steady state when cycling at 125 W. 

Thus, 12 older and 13 young participants were included in final data analyses.  

Data Collection  

Participants completed two testing sessions of approximately 1.5 hours each. 

The first session was used to fully accommodate participants to testing conditions, 

whereas data collection for the experimental conditions was completed in the second 

session. Participants were instructed not to perform any exhaustive lower body 

exercises 48 hours prior to both sessions. 

Session 1 

 Participants completed a questionnaire that summarized their general health 

status, cycling experience, other physical activity behaviors, and muscle, orthopedic, 
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and neurological health histories. This information was used to assess if a participant 

qualified for our study.  

 A Lode bicycle ergometer (Lode Excalibur Sport Ergometer, Groningen, 

Netherlands), which can control power output as cadence varies, was used for all 

cycling tests. A bicycle set-up procedure was performed to standardize the cycling 

position of participants because posture is known to affect energy cost (Nordeen-

Snyder, 1977), joint ranges of motion, and muscle excitation patterns (Sanderson & 

Amoroso, 2009). Seat height, which was defined as the distance from the top of the 

saddle to pedal surface along the line of the seat tube, was set at 100% of trochanteric 

height (Nordeen-Snyder, 1977). Handlebar height was matched to seat height.  Seat 

fore-aft position was set such that when the crank arms were horizontal, a plumb line 

dropped from the inferior pole of the patella of the more forward leg hung directly over 

the pedal axle (Silberman et al., 2005).  Finally, handlebar fore-aft position was 

modified to achieve a trunk angle of 20 to 30° (Ericson et al., 1986; Korff et al., 2014).   

 Participants first completed a 5-minute warm-up ride at low exercise intensity 

(50 W) using a self-selected cadence. This was followed by a determination of the 

participant’s preferred or self-selected cadences at 75 W and 125 W. For each power 

output, participants were instructed to pedal at a cadence they would find comfortable 

for an extended ride (more than 1 hour) while the cadence monitor remained covered. 

After two minutes of pedaling, participants were asked to confirm that the pedaling 

rate was comfortable, at which time the cadence was noted and recorded (Marsh & 

Martin, 1995).  
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 Participants then cycled for six minutes under each of four power output-

cadence combinations (75 W at 60 rpm, 75 W at 90 rpm, 125 W at 60 rpm, and 125 W 

at 90 rpm) in random order.  A rest interval of 3 to 5 minutes separated the conditions. 

These power outputs were selected based partly on conditions used by Sacchetti et 

al. (2010) for older competitive cyclists riding at moderate intensity. When riding at 

40% and 60% of maximal power output at 60 and 90 rpm, their older cyclists pedaled 

at power outputs of approximately 100W and 150W (Sacchetti et al., 2010). Since 

participants in our study were recreational and not competitive cyclists we chose 

moderately lower power outputs of 75 and 125 W. Cadences of 60 and 90 rpm were 

selected because these cadences closely approximate most economical and preferred 

cadences, respectively, reported for young adults (Leirdal & Ettema, 2009; Lepers et 

al., 2001; Marsh, Martin, & Foley, 2000; Marsh & Martin, 1993, 1995; Sarre & Lepers, 

2005; Umberger et al., 2006). Pilot testing of these power output-cadence conditions 

was conducted to ensure these conditions were challenging and yet achievable for 

recreationally active older adults. A standard stadiometer and balance scale were 

used to measure height and weight.  

 To complete session 1, participants practiced submaximal isometric 

contractions of ankle and knee extensors and flexors on a Biodex isokinetic 

dynamometer (Biodex Medical System, Inc., Shirley, NY). These submaximal 

isometric muscular efforts were part of the electromyography normalization 

procedures of the experiment. The isometric tests were randomly ordered and 

performed at fixed submaximal torques (25 Nm for the ankle and 50 Nm for the knee). 

These targets were based on results of maximal isokinetic strength testing of active 
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and sedentary older adults performed in our laboratory for a previous study and pilot 

testing. Participants exerted a submaximal isometric torque with their left leg to match 

a target joint torque displayed on the dynamometer's computer monitor. The isometric 

action was maintained for approximately 10-15 seconds. For each muscle group, 

participants practiced until they could quickly achieve and maintain the targeted 

torque. For exerting submaximal isometric efforts for ankle muscles the participants 

were seated with their hips and knees flexed. The left foot was secured to the 

dynamometer foot plate and the ankle joint aligned with the dynamometer axis. The 

seat was adjusted so that the participant’s shin was horizontal to the floor. Similarly, 

for the submaximal isometric efforts for knee flexor and extensor muscles, the 

participants were seated with their knee joint aligned to the dynamometer axis. The 

padded arm of the dynamometer was strapped to the participant's lower leg proximal 

to the ankle joint and the thigh was strapped to the dynamometer chair. The knee 

muscle submaximal isometric efforts were conducted with 60 degree knee flexion with 

respect to the horizontal.   

Session 2 

The participants returned to the lab within 3 to 7 days of session 1. The second 

session was used to capture lower extremity EMG, oxygen consumption (V̇O2), and 

carbon dioxide production (V̇CO2) data while the participant completed 6-minute rides 

under each of the four randomly ordered power output-cadence conditions. The 

session was concluded with submaximal isometric muscle testing completed on the 

Biodex dynamometer.  
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An eight-camera Vicon motion analysis system (Centennial, CO, USA) 

captured 3-D position data for 2 reflective markers placed on the lateral face of the left 

pedal. These marker positions were used during data analysis to define individual 

crank cycles. EMG data were detected and amplified with a Delsys wireless EMG 

system (Delsys Inc., Boston, MA, USA). V̇O2 and V̇CO2 were obtained using a MAX-II 

metabolic cart (Physiodyne Instrument Corporation, Quogue, NY). Prior to the arrival 

of each participant, the Lode ergometer configuration was adjusted to setup conditions 

determined for that participant in session 1. Gas analyzers and respiratory flow meters 

of the metabolic cart were calibrated with known standard gas concentrations (20.99% 

± 0.03% O2 and 5.03% ± 0.03% CO2) and a 3-liter calibration syringe.  

 Skin preparation and identification of EMG electrode placement sites over the 

vastus lateralis, biceps femoris, medial gastrocnemius, and tibialis anterior were 

performed according to standards derived from guidelines for surface EMG for non-

invasive assessment of muscles (SENIAM; Hermens et al. 2000). These muscles 

were selected owing to their proximity to the skin and because these muscles are 

important contributors to the cycling movement while also serving as antagonist pairs 

(Ericson, Nisell, Arborelius, & Ekholm, 1985; Jorge & Hull, 1986; Marsh & Martin, 

1995; Ryan & Gregor, 1992). Skin areas of approximately 3 cm x 5 cm for each 

muscle on the left lower extremity were prepared by shaving, gently abrading, and 

wiping with alcohol to reduce surface impedance and ensure good electrode contact 

and stable attachment. Differential surface EMG electrodes (DE-2.3; Delsys Inc, 

Boston, MA, USA) with parallel bar arrangement (contact area 10 ˣ 1 mm, 10 mm 

interelectrode distance) were aligned in parallel with muscle fibers (Winter, 2009). The 
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electrodes were secured to the leg with athletic wrap to minimize motion artifacts. The 

electrodes contain a built-in gain of 1000, a common mode rejection ratio > 80 

decibels at 60 Hz, and band pass filtering of 20-450 Hz. An additional amplification by 

a factor of 1.25 was also applied to the pre-amplified signals.  

  The participant sat quietly on the ergometer for 5-minutes as they inhaled and 

exhaled through a mouthpiece containing a one-way breathing valve connected to the 

metabolic cart. A nose clip was worn to prevent air leakage from the nose. Resting 

V̇O2 and V̇CO2 data were collected in the seated position for 30-second windows over 

6 minutes and were later averaged over the last 3 minutes of the 6-minute collection.  

 As practiced in session 1, participants completed a 5-minute warm-up ride at 50 

W, followed by six minute trials under each of the four randomly ordered power output-

cadence conditions (75 W at 60 rpm, 75 W at 90 rpm, 125 W at 60 rpm, and 125 W at 

90 rpm).  A rest interval of 3 to 5 minutes separated the conditions. EMG and pedal 

marker positions were sampled at 2000 Hz and 100 Hz, respectively.  Metabolic data 

were collected and averaged over 30-second windows throughout the trial and were 

later averaged over the last 3 minutes of each 6-minute collection.   

 To close session 2, participants moved to the Biodex dynamometer where they 

performed submaximal isometric contractions of ankle and knee extensors and flexors 

at fixed submaximal torques of 25 Nm for ankle plantarflexors and dorsiflexors and 50 

Nm for knee extensors and flexors using the same procedures practiced in session 1.  

EMG data were sampled at 2000 Hz during these submaximal isometric tests.  
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Data Analysis   

 Position data for the markers on the left pedal were digitally filtered at 4 Hz and 

were used to compute coordinates of a virtual marker representing the pedal axle. A 

crank cycle was defined as the period between sequential top dead center positions of 

the left crank arm (i.e., peak vertical position of the pedal axle virtual marker).  

Raw EMG data were corrected for DC bias before full-wave rectification. The 

resting EMG during the submaximal cycling conditions was identified as the minimum 

of the moving average of 50 samples (25 milliseconds (ms)) taken over the entire 

duration of a cycling condition. The full-wave rectified EMG data were corrected for 

resting EMG levels and then low pass filtered at 10 Hz to create a linear envelope. 

Instantaneous EMG for all muscles over a crank cycle during the four testing 

conditions were normalized to average EMG amplitudes recorded during submaximal 

isometric tests. Two antagonistic muscle pairs, one for the shank (medial 

gastrocnemius-tibialis anterior) and one for the thigh (vastus lateralis-biceps femoris) 

were identified. A criterion EMG level of 5% of peak EMG excitation observed during a 

given cycling condition was used to establish when the muscle was “on” or “off” during 

each crank cycle. Co-activation occurred when both muscles of the antagonist pair 

were “on.” The area of overlap between antagonist muscle pairs during co-activation 

was calculated in 1 frame (0.5 ms) increments over each pedal cycle.  A co-activation 

index (CI, %) (Winter, 2009) was defined for each pair as follows:  
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where  represents area of overlap between 

antagonistic muscle pairs, and 𝐸𝑀𝐺!"#$%&' and     𝐸𝑀𝐺!"#$%&"'(# represents total area 

of agonist and antagonist muscles, respectively. Co-activation indices were calculated 

for 30 crank cycles and then averaged for each experimental power output-cadence 

combination for each participant.  

The V̇O2 and V̇CO2 (ml·min-1) data collected during each of the 6-minute test 

conditions were averaged over the final 3 minutes. Each participant’s respiratory 

exchange ratio (RER) was monitored to ensure RER remained less than 1.0 (Kenney, 

Wilmore, & Costill, 2011) as an indicator that metabolism was primarily aerobic. In 

addition, assessment of V̇O2 during the last three minutes was conducted by 

examining the rate of change in these values (i.e., slope of V̇O2 response) from the 

values from minute three to minute six.  

Gross rate of energy cost (Gross Ė, J·s-1) was estimated using both V̇O2 and 

V̇CO2 as described by Adamczyk and colleagues (2006):  

𝐺𝑟𝑜𝑠𝑠  𝐸 = 16.48  𝑉𝑂!   + 4.48  𝑉𝐶𝑂!     

where oxygen consumption (V̇O2) and carbon dioxide production (V̇CO2) are in  ml·s-1.   

Gross resting rate of energy cost was computed from the V̇O2 and V̇CO2 (ml·min-1) 

averaged over the final 3 minutes of the 6-minute resting condition. Gross resting rate 

of energy cost was subtracted from gross rate of energy cost for each condition to 

determine the net rate of energy cost.  

Statistical analysis 

Independent variables included age, power output, and cadence. Primary 

dependent variables were net rate of energy cost of cycling and ankle and knee co-
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activation indices. Three 3-factor mixed model ANOVAs with repeated measure on 

power output and cadence were used to test the effects of age, power output, and 

cadence and their interactions on net rate of energy cost and thigh and shank co-

activation indices. Alpha level was set a 0.05. Eta square (η2) representing effect size 

was also computed. Small, medium, and large effect sizes correspond to η2 of 0.0099, 

0.0588, and 0.1379, respectively (Cohen, 1988). All statistical procedures were 

performed using SPSS (Version 19).  

Results 

 Gross aerobic demands and gross and net rate of energy cost values for our 

participants were consistent with those in the published literature when considering 

power output and cadence conditions (Chavarren & Calbet, 1999; Gaesser & Brooks, 

1975; Samozino et al., 2006). In our study, older adults’ net rate of energy cost was 

about 9% higher than that of young adults (p=0.002, η2=0.355, figure 1). Furthermore, 

when young and older adults pedaled at a higher power output (125 vs. 75 W), net 

rate of energy cost was higher for older compared to young adults (age х power 

interaction, p=0.002, η2=0.000). The net rate of energy cost for 125 W cycling was 

55% higher than that for 75 W cycling for older adults and 52% higher for young 

adults. Similarly when pedaling at the higher cadence (90 rpm vs. 60 rpm), older 

adults had a higher net rate of energy cost compared to young adults (age х cadence 

interaction, p=0.026, η2=0.000).  

 Ensemble averages of vastus lateralis, biceps femoris, tibialis anterior, and 

medial gastrocnemius EMG excitation profiles and periods of co-activation (shaded 

areas) of antagonist pairs for the 125 W-90 rpm condition are shown in figure 2.  The 
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shapes of the muscle EMG profiles are consistent with those reported previously 

(Baum & Li, 2003; Candotti et al., 2009; Jorge & Hull, 1986; Neptune, Kautz, & Hull, 

1997).   

 With respect to our second hypothesis, co-activation of thigh antagonist 

muscles was 57% higher for older participants compared to young adults (figure 3).  

While not statistically significant, this trend (p=0.061, η2=0.144) was consistent with 

our hypothesis and reflected a large effect size. When pedaling at a higher cadence, 

thigh co-activation index was higher in older compared to young adults (age х power 

interaction, p =0.041, η2=0.085). Post-hoc analysis revealed that thigh co-activation 

index for the older adults was 54% higher compared to young adults at 90 rpm. No 

significant differences were observed in thigh co-activation index for young and older 

adults at 60 rpm. In addition, a statistically significant power x cadence interaction was 

found (p=0.023, η2=0.040). When pedaling at 90 rpm, higher levels of thigh co-

activation were observed for 75W compared to 125 W cycling. No statistically 

significant differences between young and older participants were observed for shank 

co-activation indices.   

Discussion 

Results were generally in support of all four of our hypotheses.  Older adults 

had a significantly higher net rate of energy cost compared to young adults. There was 

a trend for older adults to have higher levels of co-activation of antagonists about the 

thigh compared to young adults. Net rate of energy cost for both older and young 

adults was higher for 125 W compared to 75 W. Finally, net rate of energy cost was 

significantly higher for the 90 rpm compared to the 60 rpm cadence.   



100 

 

 

Similar findings of higher metabolic cost and higher co-activation of antagonistic 

muscles during walking in older adults have been reported previously (Hortobágyi et 

al., 2011; Mian et al., 2006; Peterson & Martin, 2010). With respect to lower extremity 

antagonist co-activation during walking, a wide range of age-related differences have 

been reported in previously research, all showing older adults with higher levels of co-

activation (31-150% higher (Hortobágyi et al., 2011; Mian et al., 2006; Peterson & 

Martin, 2010). In our study older adults exhibited 9% higher metabolic cost of cycling 

and 50% higher co-activation of antagonistic muscles in the thigh.  

Several factors have been suggested as possible mechanisms underlying 

higher co-activation observed in older adults, such as reduced reciprocal inhibition 

observed with aging (Kido, Tanaka, & Stein, 2004), spread of motor command from 

agonist muscle’s cortical representation to neighboring areas associated with 

antagonistic muscles (Capaday, Devanne, Bertrand, & Lavoie, 1998), altered balance 

between intracortical facilitation and inhibition of antagonistic muscles (Mattay et al., 

2002), and reduced suppression of excitability of cortical areas controlling antagonistic 

muscle production by afferents in the agonist muscle (Bertolasi, Priori, Tinazzi, 

Bertasi, & Rothwell, 1998; Hortobágyi & Devita, 2006). For a detailed review on 

mechanisms responsible for increased age-associated co-activation of antagonistic 

muscle refer to Hortobágyi and DeVita (2006). 

Hortobágyi and DeVita (2006), whose research on lower extremity co-activation 

has primarily focused on walking and stair descent, suggested that higher co-

activation observed in older adults may represent a neural strategy “to stiffen their 

joints and stabilize motor output by reducing movement variability in an effort to 
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compensate for reduced muscle strength and increased joint laxity” (p. 29). Higher co-

activation in older adults has also been suggested to have negative or less desirable 

consequences.  The higher co-activation in older adults is associated with higher rate 

of energy cost during locomotion activities such as walking on a level surface (Mian et 

al., 2006; Peterson & Martin, 2010; Schmitz, Silder, Heiderscheit, Mahoney, & Thelen, 

2009), walking on an inclined surface (Hortobágyi et al., 2011) and stair negotiation 

(Hortobágyi & Devita, 2000). Co-activation is also suggested to be factor underlying 

age-related adaptations in walking. Schmitz and colleagues suggested that higher co-

activation observed about the shank and thigh muscles in older adults reflects a 

strategy of stiffening the limb during single support and likely contribute to reduced 

push-off power during walking. Macaluso and colleagues (2002), suggested that 

higher co-activation of antagonists may be a contributor to lower muscle torque 

generation in older adults.  

In summary, higher co-activation in older adults could be viewed as a 

compensatory strategy with a cost. High levels of antagonist co-activation increases 

joint stiffness and thereby may enhance stability for some movements, but while doing 

so, higher co-activation contributes to wasted effort and higher energy cost. Certainly, 

higher antagonist co-activation has often been suggested as a contributing factor to 

higher energy cost of locomotion in older adults (Hortobágyi et al., 2011; Mian et al., 

2006; Peterson & Martin, 2010) and a cause of decreased efficiency of movement 

(Winter, 2009). Our results suggest higher lower extremity antagonist co-activation 

contributes to the higher energy cost of cycling observed for older adults.  
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Co-activation of antagonist muscles is also found to be related to speed of 

movement of a motor task. In our study, higher levels of co-activation were observed 

for 90 rpm cycling compared to 60 rpm. Similar results have been reported for walking 

where co-activation was higher for faster walking speeds (Hortobágyi et al., 2009; 

Mian et al., 2006; Peterson & Martin, 2010; Schmitz et al., 2009). Hortobágyi and 

DeVita suggested higher co-activation observed for more rapid movements may 

contribute to higher joint stiffness to compensate for reduced muscle strength and 

increased joint laxity (Hortobágyi & Devita, 2006). 

 In addition to co-activation, other age-associated adaptations not addressed in 

the current study may also have contributed to higher energy cost of cycling in older 

adults. These adaptations may include lower muscle mass and strength (Lauretani et 

al., 2003; Malatesta et al., 2003; Martin et al., 1992), reduction in size, number, and 

discharge rates of motor units (Erim, Beg, Burke, & de Luca, 1999; Kallio et al., 2012), 

and reduction in number and size of muscles fibers, especially fast-twitch type-II fibers 

(Lexell, Taylor, & Sjöström, 1988; Nilwik et al., 2013). Declines in force and power 

generating ability of muscle due to these structural and functional changes in the 

muscle may lead older adults to recruit more units per muscle to accomplish a nominal 

locomotion task as young adults (Malatesta et al., 2003) and at that could potentially 

contribute to higher energy cost of locomotion.  

Results of our study for power output and cadence effects were similar to those 

reported previously. Hopker and colleagues (2013) reported that mean oxygen cost 

was higher in both young and older adults when pedaling at a higher power output 

(150 W vs. 100 W). Similarly for the cadence effect, our results are in agreement with 
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Sacchetti and colleagues (2010), who reported that gross efficiency was lower at 

higher cadences and this was more pronounced in older compared to young adults. In 

general, the differences in rate of energy cost between young and older adults are 

exaggerated at higher power outputs and/or higher cadences.  Our results are 

consistent with these observations from previous research. 

In conclusion, older adults had higher rates of energy cost and higher co-

activation levels of antagonistic muscles about the thigh than young adults. These 

findings indicate that higher levels of co-activation of antagonistic muscles may be a 

factor contributing to higher rate of net energy cost of cycling in older adults.  
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Table 1. Participant characteristics. 

 Old Young p value 

Sample size 12 13  

Age (years) 69.5±4.6 22.9±3.4  

Mass (kg) 81.4±8.4 75.6±9.7 0.125 

Height (cm) 177.0±5.3 178.6±6.2 0.491 

Average weekly cycling (min) 131.8±66.3 148.5±89.3 0.610 

Preferred cadence at 75W (rpm) 71.3±15.8 79.7±11.3 0.150 

Preferred cadence at 125W (rpm) 71.5±14.5 78.62±12.2 0.212 

Values are mean ± one standard deviation (SD). 
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Figure 1: Net rate of energy cost was higher for older adults compared to young adults 

(p=0.002). This was consistent across power and cadence conditions.  The 

differences between older and young participants were exaggerated at higher power 

outputs (age х power output interaction, p=0.002) and higher cadences (age х 

cadence interaction, p=0.026). Values are mean ± 1 SD. 
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Figure 2. Ensemble averages of vastus lateralis, biceps femoris, tibialis anterior, and 

gastrocnemius normalized excitation profiles (125 W-90 rpm) young and older adults. 

The area shaded in gray represent co-activation between the antagonistic pair of 

muscles. The vertical axis represents the magnitude of EMG excitation for a given 

muscle normalized to submaximal isometric torque conditions (50 Nm for knee 

extension and flexion, 25 Nm for ankle dorsi- and plantar flexion). Crank cycle goes 

from top dead center (0°) to the next top dead center (360°). 
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Figure 3: Older adults had higher thigh co-activation indices when pedaling at 90 

compared to 60 rpm (age х cadence interaction, p=0.041). Also at higher cadence, 

both young and older adults showed higher thigh co-activation at 75W compared to 

125 W power output (power output х cadence interaction, p=0.023). Age, power 

output, and cadence did not affect the magnitude of shank co-activation index. Shank 

co-activation indices were small, primarily because of substantial differences in levels 

of contribution made by the gastrocnemius and tibialis anterior to cycling. Data 

represent mean ± 1 SD.  
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CHAPTER 6  

SUMMARY 

Using lower extremity joint kinetics as indicators of motor patterns, results from 

our walking studies demonstrated that older adults use different lower limb motor 

patterns compared to young adults. Consistent with previous research (Cofré et al., 

2011; DeVita & Hortobágyi, 2000; Monaco et al., 2009; Silder et al., 2008), older 

adults relied less on ankle and more on hip musculature during walking compared to 

young adults. When task demands were increased such as walking at faster speeds 

and with longer step lengths, the demand on lower extremity muscles increased as 

shown by higher lower limb joint kinetics. However, contrary to our expectations 

differences between older and young adults in joint kinetics did not increase as task 

demands increased. In other words, age-related differences in joint kinetics were 

reasonably stable across multiple speeds and stride lengths.   

Physical activity status of participants also influenced lower extremity motor 

patterns. Data from our first walking study showed that sedentary adults, both older 

and young, had motor patterns reflecting greater reliance on more proximal 

musculature than active adults. Because older adults reflect distal-to-proximal 

redistribution of effort, it seems especially important for older adults to maintain 

physically active lifestyles. Although our investigation was cross-sectional in design, 

physical activity appears to have a protective effect on age-associated declines in 

locomotion abilities.   

During cycling older and young adults distributed effort across the ankle, knee, 

and hip similarly, except older adults showed slightly higher reliance on muscles about 
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the knee joint. Relative joint powers for the ankle, knee, and hip were approximately 

15%, 50-54%, and 31-35%, respectively.  As cycling intensity was increased such as 

when pedaling at higher power output, lower limb joint kinetics for both older and 

young adults responded accordingly showing higher joint powers at all three joints.  

Results from walking and cycling studies demonstrated that differences in 

motor patterns used by older and young adults were more apparent for walking than 

cycling. The absence of substantial age-related differences in cycling mechanics are 

likely related to its non-weight bearing characteristic, heavier reliance on hip and knee 

muscular effort, and the kinematically constrained nature of the cycling task.  

Limitations and directions for future research 

 The effects of age and physical activity status on walking and cycling 

mechanics were studied using cross-sectional research designs. In general, cross-

sectional research designs are less rigorous for examining causal relationships 

between variables than longitudinal research designs. Therefore, our studies need to 

be followed up with longitudinal studies to investigate the effects of age and PA status 

on age-related adaptations in locomotion patterns. 

 Since only older and young men served as participants in our cycling studies, 

our results cannot be generalized to women. Although both older and young men and 

women participated in the walking studies, we examined only the effect of age; we did 

not contrast results of male and female participants. Results of the Baltimore 

longitudinal study (Ko et al., 2011) showed that men and women use different walking 

motor patterns with advancing age.  Thus, the effect of sex on age-related adaptations 

in motor patterns needs to be explored further in our data set or future research. 
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Moreover, future research should address if older men and women utilize different 

lower extremity motor patterns during cycling. Understanding differences in lower 

extremity motor patterns used by older men and women can be helpful when 

designing interventions to improve locomotion in these individuals.  

 Lower extremity motor patterns for walking and cycling were analyzed only for 

the sagittal plane based on an assumption that the majority of the lower-extremity 

motion occurred in that plane during these tasks. This planar assumption is more valid 

for cycling than walking as cycling is a more constrained movement and most lower 

extremity motion occurs in the sagittal plane. Previous research (e.g., McGibbon & 

Krebs, 1999) has shown that modest differences between older and young 

participants exist in frontal plane walking mechanics. For example, older adults walk 

with a wider base of support and generate less hip power in the frontal plane than 

young adults. Differences in lower limb motor patterns in the frontal plane for older and 

young adults needs to be explored further.   

 Finally, data were collected unilaterally, assuming symmetry of movement 

between limbs. Much of the published research contrasting older and young adult 

walking kinematics and kinetics has assumed bilateral symmetry of movement. 

Several studies have investigated bilateral symmetry in healthy young individuals and 

found modest (3-29%) inter-limb asymmetries in walking (Seeley et al., 2008; Goble et 

al., 2003) and cycling (Bini et al., 2007; Smak et al., 1999). Future studies should 

explore more thoroughly age-related inter-limb asymmetries in lower-limb motor 

patterns.  
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Overview 

Aging is associated with declines in function of the neuromuscular system that 

manifest themselves as reductions in strength and power generating capacity of 

skeletal muscles. Such adaptations in lower extremity muscle function have been 

frequently suggested as factors underlying age-related adaptations in locomotion 

activities such as walking, running, cycling, and stair negotiation (Cofré et al., 2011; 

DeVita & Hortobágyi, 2000; Judge et al., 1996; Kerrigan et al., 2001; Korff et al., 2014; 

McGibbon et al., 2003a; McGibbon & Krebs, 1999; Silder et al., 2008; Winter et al., 

1990). During locomotion activities, joint moment and power generating demands 

placed on leg musculature depend upon factors that allow modulation of the intensity 

of the activity (e.g., walking speed, external power output during cycling). For 

example, higher walking speeds and longer step lengths require greater output (e.g., 

moments, power) from lower extremity musculature (Allet et al., 2011; Cofré et al., 

2011; Monaco et al., 2009; Silder et al., 2008; Umberger & Martin, 2007). When these 

mechanical demands approach the limits of moment and power generating capacity of 

weak lower limb muscles in older adults, motor patterns must be adapted to produce 

the desired movement. Several investigators have suggested these adaptations 

involve higher reliance on stronger proximal muscles to compensate for limitations or 

weakness of distal muscles during a task (Anderson & Madigan, 2014; Cofré et al., 

2011; DeVita & Hortobágyi, 2000; Monaco et al., 2009; Silder et al., 2008).  

 This review of literature focuses on three major areas of research: 1) factors 

underlying declines in lower extremity muscle moment and power generating capacity 

with advancing age; 2) differences older and young adults in walking motor patterns 
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and the effect of walking speed and step length on lower extremity motor patterns, 

and; 3) age-related adaptations in lower limb motor patterns of cycling and the effects 

of power output and cadence on these motor patterns. 

Age-associated declines in muscle strength, force, and power  
 
Research in the last few decades have consistently shown that a muscle’s force and 

power-generating capacity declines with age (Anderson & Madigan, 2014; Barber, 

Barrett, Gillett, Cresswell, & Lichtwark, 2013; Ostchega, Dillon, Lindle, Carroll, & 

Hurley, 2004; Samuel & Rowe, 2009; Silder et al., 2008; Skelton, Greig, Davies, & 

Young, 1994; Thom, Morse, Birch, & Narici, 2005; Trudelle-Jackson, Jackson, & 

Morrow, 2006; Winegard, Hicks, Sale, & Vandervoort, 1996). Sarcopenia, or a loss of 

skeletal muscle mass associated with aging, is frequently suggested to be a cause of 

age-related declines in muscle moment and power generating capacity (Baumgartner 

et al., 1998; Clark & Manini, 2010; Morley et al., 2011). Research from multiple 

perspectives has shown that declines in muscle function with age can be attributed to 

multiple structural and functional adaptations that occur in the neuromuscular system. 

With aging, the motor cortex shows atrophy (Salat et al., 2004) along with reduced 

cortical excitability (Oliviero et al., 2006) (i.e., reduced intracortical facilitation and 

increased intracortical inhibition (McGinley, Hoffman, Russ, Thomas, & Clark, 2010), 

reduced plasticity (Burke & Barnes, 2006), and neurochemical abnormalities, such as 

decline in brain dopamine levels (Kaasinen & Rinne, 2002). These structural and 

functional changes in the motor cortex may affect the strength of the supra-neural 

drive from the motor cortex to alpha motor neurons in the spinal cord (Rossini, 

Desiato, & Caramia, 1992). At the level of spinal cord an overall decline in spinal 
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excitability is observed. The number of active alpha motor neurons is reduced with 

aging along with denervation and reduction in size, number, and discharge rates of 

motor units (Erim et al., 1999; Kallio et al., 2012). The nerve signal conducted from 

anterior horn cells to the motor end plate on the muscle fibers is further affected by 

demyelination, axonal atrophy, and reduction in nerve conduction velocity of the alpha 

motor neurons (Verdú, Ceballos, Vilches, & Navarro, 2000). At the musculotendinous 

level, declines are observed in muscle mass (i.e., Sarcopenia) (Cruz-Jentoft et al., 

2010; Morley et al., 2011), muscle fascicle length, pennation angle, and tendon 

stiffness. In addition, progressive disorganization of excitation-contraction coupling 

unit (i.e., sarcomere) is also observed with aging (Boncompagni, D’Amelio, Fulle, 

Fanò, & Protasi, 2006).  

 Research has also shown that declines in lower limb muscle strength and 

power-generating capacity are associated with changes in locomotion characteristics, 

reduction in functional capacity, and risk of developing physical disabilities in older 

adults (Cofré et al., 2011; DeVita & Hortobágyi, 2000; Janssen et al., 2002; Janssen, 

2006; Judge et al., 1996; Kerrigan et al., 2001; Korff et al., 2014; McGibbon et al., 

2003a; McGibbon & Krebs, 1999; Novak & Brouwer, 2011; Silder et al., 2008; Winter 

et al., 1990). For the purpose of this literature review, only the relationship between 

adaptations in locomotion and decline in muscle function will be discussed further.  

 A large body of research has examined the relationship between age-

associated decline in muscle function and walking (Anderson & Madigan, 2014; Boyer, 

Andriacchi, & Beaupre, 2012; Boyer, Beaupre, & Andriacchi, 2008; Cofré et al., 2011; 

DeVita & Hortobágyi, 2000; Judge et al., 1996; Kerrigan et al., 1998; S. U. Ko, Ling, 
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Winters, & Ferrucci, 2009; Monaco et al., 2009; Riley et al., 2001; Savelberg et al., 

2007; Silder et al., 2008; Winter et al., 1990).  Walking has been has been studied 

substantially more than other locomotion tasks such as cycling (Korff et al., 2014) and 

stair negotiation (Novak & Brouwer, 2011; Reeves et al., 2008, 2009; Samuel, Rowe, 

Hood, & Nicol, 2011), primarily because walking is the predominant mode of 

locomotion for most adults. Researchers have consistently shown that declines in 

lower extremity muscle strength and power generating capacity that typically occur 

with aging are associated with numerous gait variables such as preferred walking 

speed (Bean et al., 2003; Buchner, Larson, Wagner, Koepsell, & de Lateur, 1996; 

Rantanen & Avela, 1997; Suzuki, Bean, & Fielding, 2001), maximum walking speed 

(S. Ko, Stenholm, Metter, & Ferrucci, 2012; Marsh et al., 2006; Ostchega et al., 2004; 

Suzuki et al., 2001), step length (Judge et al., 1996), and net joint moments and 

powers (Judge et al., 1996; LaRoche, Millett, & Kralian, 2011; McGibbon et al., 2003b; 

Silder et al., 2008).  Conversely, resistance training programs targeted at improving 

lower limb muscle strength and power lead to improvements in walking speed, step 

length, cadence, and net joint moments and powers (Hruda, Hicks, & McCartney, 

2003; Lord et al., 1996; McGibbon et al., 2003b; Persch, Ugrinowitsch, Pereira, & 

Rodacki, 2009). The evidence mentioned above shows that a direct relationship exists 

between lower extremity muscle strength and power and walking ability in older adults.  

Age-associated adaptations in walking motor patterns  
 
 Walking is the predominant mode of human locomotion as it is essential for 

most activities of daily living. Maintaining walking abilities in older adults is essential 

for them to live and function independently. Gait and balance abnormalities in 
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community-dwelling older individuals almost doubles their odds of falling (Tinetti, 

Speechley, & Ginter, 1988). Falls in older adults are a major public health concern 

since they lead to loss of independence and admission into a nursing facility, 

hospitalization, and even death (Tinetti & Williams, 1997). Thus, age-associated 

adaptations in walking have been investigated to identify and understand factors 

underlying these adaptations.    

Effect of walking speed on lower limb motor patterns  

 The average preferred walking speed for older adults is about 10% slower than 

that of young adults. The preferred walking speeds are about 1.2-1.3 m·s-1 for older 

adults and 1.3-1.4 m·s-1 for young adults (Cofré et al., 2011; Judge et al., 1996; 

Kerrigan et al., 1998; Martin et al., 1992; McGibbon et al., 2003b; McGibbon & Krebs, 

1999; Riley et al., 2001). When walking at preferred speeds, older adults use shorter 

steps and generate lower average and peak lower extremity net joint moments, 

powers, and work compared to young adults (Judge et al., 1996; Kerrigan et al., 1998; 

Riley et al., 2001; Winter et al., 1990).  

Although clinicians and researchers are interested in understanding age-related 

adaptations in walking at normal, self-selected speeds, there is ample evidence to 

suggest walking speed is a confounding variable that independently affects numerous 

other kinematic and kinetic gait variables. For example, as walking speed increases, 

step length, step rate, and duration of swing phase increase, and duration of double 

support phase decreases (Cofré et al., 2011; Kirtley & Whittle, 1985; Riley et al., 2001; 

Teixeira-Salmela, Nadeau, Milot, Gravel, & Requião, 2008). Other changes frequently 

associated with increases in walking speed include higher peak and average net joint 
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moments, powers, and work performed at the ankle, knee and hip joints (Anderson & 

Madigan, 2014; Cofré et al., 2011; Monaco et al., 2009; Savelberg et al., 2007; Silder 

et al., 2008; Teixeira-Salmela et al., 2008). The differences in kinematic and kinetic 

gait variables observed between young and older adults walking at preferred speeds 

may arise from differences in their preferred speeds rather than factors underlying 

adaptations in walking pattern with age. Therefore, to investigate the effect of normal 

aging on gait adaptations in walking, researchers should control walking speeds.  

Effect of step length on lower limb motor patterns  

 Three previous studies have demonstrated that manipulating step length at a 

fixed walking speed affects kinetic variables such as ground reaction forces (Martin & 

Marsh, 1992), and net joint moment impulses (Allet et al., 2011; Umberger & Martin, 

2007) and joint power (Umberger & Martin, 2007). Umberger and Martin (2007) 

reported that systematically increasing step length at a fixed walking speed resulted in 

higher average net joint moments and powers at the ankle and lower values at the hip 

and knee in young adults. Allet and colleagues (2011) also manipulated step length 

while controlling speed.  They reported higher net joint moment impulses at the ankle 

and knee for longer step lengths.  Moment impulses at the hip were not affected. 

Based on these results, Allet and colleagues (2011) suggested that differences 

between young and older adults in joint moment contributions may originate from step 

length and cadence differences normally observed between the two age groups. They 

implied step length at a given walking speed is also a confounding variable that affects 

redistribution of joint moments and powers. However, both Allet and colleagues and 

Umberger and Martin (Allet et al., 2011; Umberger & Martin, 2007) studied only young 
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adults and manipulated step length and cadence at a single walking speed. Thus, the 

effect of step length manipulation on joint impulses generated by older adults under 

multiple walking speeds is not known. In addition, the effect of step length on relative 

joint moments, impulses, power, and work has also not been examined.  

Age-associated adaptations in walking motor patterns at controlled speed 
 
 When walking at identical speeds, older adults typically take shorter steps at 

higher step rates compared to young adults (DeVita & Hortobágyi, 2000; Monaco et 

al., 2009; Savelberg et al., 2007). When walking at identical speeds, ankle and knee 

ranges of motion were lower (DeVita & Hortobágyi, 2000; Savelberg et al., 2007; 

Silder et al., 2008) while hip ranges of motion were higher for older adults compared to 

young adults (Anderson & Madigan, 2014; DeVita & Hortobágyi, 2000; Silder et al., 

2008).  

 Older adults display higher average and peak joint moment and power 

contributions at the hip and lower contributions at the ankle joint compared to young 

adults (Anderson & Madigan, 2014; Cofré et al., 2011; DeVita & Hortobágyi, 2000; 

Monaco et al., 2009; Savelberg et al., 2007; Silder et al., 2008). DeVita and 

Hortobagyi (2000) suggested age-related declines in plantarflexor muscle strength 

may be a factor underlying lower ankle contributions and higher hip contributions 

observed for older adults. They further suggested that this age-associated distal-to-

proximal shift in muscle function demonstrates a neuromuscular adaptation in motor 

pattern of walking. They referred to these adaptations as age-associated distal-to-

proximal redistribution of joint moments and powers. This redistribution of moments 

and powers were implied by DeVita and Hortobágyi (2000) based on relative 
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contributions (%) of ankle, knee, and hip net joint moments and powers towards total 

lower limb net joint moments and powers (i.e., sum of ankle, knee, and hip joint 

moments and powers). For example, relative ankle, knee, and hip joint powers were 

51%, 5%, and 44%, respectively, for older adults and 73%, 11%, and 16% for young 

adults. The concept of distal-to-proximal redistribution of joint moments and powers 

has gained popularity among researchers examining age-related adaptations in 

walking. The findings of DeVita and Hortobágyi (2000) have been confirmed in several 

subsequent studies (Anderson & Madigan, 2014; Cofré et al., 2011; Liu & Lockhart, 

2006; Monaco et al., 2009; Savelberg et al., 2007; Silder et al., 2008).  

Age-associated adaptations in walking motor patterns at controlled speed and step 

length 

 When walking at identical speeds and step lengths, older adults generated 

lower peak plantarflexor and higher peak hip extensor moment compared to young 

adults (Anderson & Madigan, 2014). Similarly, older adults’ plantarflexor concentric 

activity (represented by positive ankle joint work) was lower while hip flexor and 

extensor activity was higher compared to young adults (Silder et al., 2008). It must be 

noted that reduced ankle plantarflexor activity (implied from net joint ankle moment 

and positive ankle power) in older adults was observed only at higher walking speeds 

(~1.6 m·s-1; (Anderson & Madigan, 2014; Silder et al., 2008).  In summary, there is a 

need for further assessment of the potential relationship between walking speed, step 

length, and the distribution of effort across the ankle, knee, and hip during walking in 

young and older adults.  
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Age-associated adaptations in cycling motor patterns  
 
 The 2008 Physical Activity Guidelines for Americans recommend cycling as 

one of the modes of aerobic exercise to achieve a minimum of 150 minutes of 

moderate intensity or 75 minutes of vigorous intensity physical activity per week in 

both young and older adults (U.S. Department of Health and Human Services, 2008). 

These guidelines also mention cycling as a low risk commuting option to maintain a 

safe and active lifestyle. Furthermore cycling is used as a therapeutic intervention to 

help improve function in a number of clinical conditions usually observed in older 

adults such as osteoarthritis of the knee (Mangione et al., 1999), Parkinson’s disease 

(Alberts et al., 2011; Ridgel et al., 2012), stroke (M Katz-Leurer et al., 2006; Mayo et 

al., 2013), and multiple sclerosis (Cakit et al., 2010; Petruzzello & Motl, 2011). The 

majority of older adults who engage in cycling for recreation, commuting, exercise, or 

therapeutic purposes perform it at a submaximal intensity (Katz-Leurer et al., 2006; 

Mangione et al., 1999; Mayo et al., 2013; Petruzzello & Motl, 2011; Ridgel et al., 

2012). However, little to no research has addressed age-associated biomechanical 

adaptations for cycling, especially adaptations in the lower limb motor pattern.   

 Young and older adults often accomplish locomotion tasks (e.g., walking, stair 

negotiation, cycling) differently.  That is, their kinematic and kinetic profiles are 

modestly different and provide insight into adaptations that occur during aging. For this 

project, the term “motor pattern” is used to broadly represent the kinematic and kinetic 

profile of a person accomplishing a given task. One way of characterizing the motor 

pattern during locomotion tasks is by examining the distribution of total lower limb 

power, work, and/or moments about the lower limb joints (Barratt et al., 2011; 
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Beijersbergen et al., 2013; Bini, Rossato, et al., 2010; Cofré et al., 2011; DeVita & 

Hortobágyi, 2000; Elmer et al., 2011; Ericson et al., 1986; Hoshikawa et al., 2007; J. 

C. Martin & Brown, 2009; Monaco et al., 2009; Mornieux et al., 2007; Reeves et al., 

2008; Sanderson et al., 2008; Savelberg et al., 2007; Silder et al., 2008). Age-related 

adaptations in motor patterns have been studied previously for walking (Cofré et al., 

2011; DeVita & Hortobágyi, 2000; Monaco et al., 2009; Savelberg et al., 2007; Silder 

et al., 2008), stair negotiation (Novak & Brouwer, 2011; Reeves et al., 2008), and 

standing postural control (Amiridis et al., 2003; Rubenstein, 2006; Woollacott, 2000). 

In these activities, older adults have consistently shown a higher reliance on muscular 

contributions about the hip and less reliance on those about the ankle. As noted in the 

previous section, this has been characterized by some researchers as a distal-to-

proximal shift in control strategy (Cofré et al., 2011; DeVita & Hortobágyi, 2000; 

Monaco et al., 2009; Silder et al., 2008). 

 Quantifying relative joint powers, defined as the percentage of total power 

generated about a group of joints, is one method for characterizing motor patterns. For 

locomotion tasks, this type of assessment has usually been limited to the lower 

extremity with relative joint powers indicating the distribution of total power generated 

about the hip, knee, and ankle. For example, when walking over a range of speeds 

(1.0 to 1.5 m·s-1), the hip, knee, and ankle relative joint powers during the stance 

phase were 19%, 14%, and 67% for older adults and 13%, 14%, and 73% for young 

adults (Beijersbergen et al., 2013).  Many investigators (Anderson & Madigan, 2014; 

Cofré et al., 2011; DeVita & Hortobágyi, 2000; Monaco et al., 2009; Silder et al., 2008) 

have suggested an age-related decline in plantarflexor muscle strength is a 
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mechanism contributing to the lower relative ankle power and higher reliance on more 

proximal musculature in older adults.  

Effect of external power output and cadence on lower limb motor patterns 

 Age-related adaptations in motor patterns have been investigated in few 

locomotor tasks other than walking and stair negotiation. Thus, an unanswered 

question is whether distal-to-proximal redistribution in motor patterns extends to other 

tasks such as cycling. In submaximal cycling efforts, some researchers have shown 

that the greatest proportion of power generation occurs about the hip (~50%), followed 

by the knee (~35%), and then the ankle (~15%) (Elmer et al., 2011; Sanderson et al., 

2008). Others (Ericson et al., 1986; Ericson, 1988; Hoshikawa et al., 2007) have 

reported different distributions about the knee (~35%), hip (~35%), and ankle (~15%) 

during submaximal cycling. Changes in motor patterns for cycling have been 

examined as a function of external power output, (Elmer et al., 2011; Sanderson et al., 

2008), cadence (Sanderson et al., 2008), and crank arm length (Barratt et al., 2011), 

and due to the effect of fatigue (J. C. Martin & Brown, 2009).  For example, Sanderson 

et al. (2008) reported that young adults increased relative hip power from 48% to 51% 

and decreased relative knee power from 42% to 38% as cycling power output was 

increased from 150 to 250 W. Increasing cadence had the opposite effect on hip and 

knee contributions.  Relative hip power declined from 51% to 46% while relative knee 

power increased from 37% to 44% as cadence was increased from 60 to 100 rpm. 

Relative ankle power showed changes of about 1% during these power output and 

cadence manipulations, suggesting it was much less sensitive to power and cadence 

influences. These assessments under submaximal conditions were completed only on 



129 

 

 

young adults. Korff and colleagues (2014) examined joint power in both young and 

older adults, but did so under maximal cycling conditions. Motor patterns for maximal 

effort cycling were different than those for submaximal cycling (e.g., Sanderson et al., 

2008). Specifically, Korff and colleagues (2014) reported relative contributions for the 

hip, knee, and ankle of 36%, 52%, and 13%, respectively, for active older adults and 

31%, 55%, and 14% for young adults. Thus, both older and young adults showed a 

higher reliance on knee power and lower reliance on hip power during maximal 

cycling. Nevertheless, older adults displayed higher relative hip power than young 

cyclists for these maximal cycling efforts.   

 In summary, little to no research has addressed the effect of age on changes in 

motor patterns during submaximal, steady-state cycling. Further, the effects of 

external power output and cadence on relative joint contributions has not been 

explored thoroughly under submaximal conditions in young and older adults.  

Co-activation of antagonist muscles and energy cost of cycling 

 Higher aerobic demand or energy cost of locomotion is another commonly 

reported change associated with aging (Hortobágyi et al., 2011; Mian et al., 2006; 

Peterson & Martin, 2010). In addition, higher co-activation of antagonistic muscles has 

been suggested as a cause of inefficient movement (Winter, 2009) and a contributing 

factor to higher energy cost of locomotion in older adults (Hortobágyi et al., 2011; 

Peterson & Martin, 2010).  For example, when contrasting the responses of young and 

older adults during walking, Peterson and Martin (2010) reported a 23% higher rate of 

energy cost and a 47% higher total co-activation of antagonistic flexor and extensor 

muscles about the ankle and knee joints for the older participants. They concluded co-
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activation of antagonists helps explain the higher cost of walking typically observed in 

older adults.  

 With respect to cycling, nearly all research on aerobic capacity and energy cost 

has examined only young adults.  Numerous studies have studied the effects of 

external power output and cadence on aerobic demand or energy cost (Belli & Hintzy, 

2002; Bigland-Ritchie & Woods, 1974; Chavarren & Calbet, 1999; Foss & Hallén, 

2004; Gaesser & Brooks, 1975; Marsh & Martin, 1993; Samozino et al., 2006). Power 

output and cadence influences on lower extremity muscle contributions during 

submaximal cycling have also been studied in young adults by several investigators 

(Baum & Li, 2003; MacIntosh et al., 2000; Marsh & Martin, 1995).  The effects of 

external power output on energy cost and muscular effort in young adults are 

reasonably straightforward.  Both increase systematically as power output increases 

(Baum & Li, 2003; Bigland-Ritchie & Woods, 1974; Chavarren & Calbet, 1999; 

Gaesser & Brooks, 1975; Gregor et al., 1991; Sanderson et al., 2008). Energy cost of 

young adults was approximately 31% higher (Samozino et al., 2006) and lower 

extremity EMG was 53% higher (Bigland-Ritchie & Woods, 1974) for 125 W cycling 

compared to 75 W. Similarly, both aerobic demand (Belli & Hintzy, 2002; Chavarren & 

Calbet, 1999; Foss & Hallén, 2004; Gaesser & Brooks, 1975; Marsh & Martin, 1993, 

1995; Samozino et al., 2006) and lower extremity EMG (Baum & Li, 2003; MacIntosh 

et al., 2000; Marsh & Martin, 1995) increase as a function of cadence.  Aerobic 

demand was 15% higher (Belli & Hintzy, 2002; Chavarren & Calbet, 1999) and lower 

extremity EMG was 10% higher (Marsh & Martin, 1995) when young adults cycled at a 

cadence of 90 rpm compared to 60 rpm.  
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 Age-associated differences in energy cost of cycling as a function of power 

output and cadence has received limited attention. Bell and Ferguson (2009) 

compared aerobic demand between older and young adults but did so using relative 

intensity. Thus, on average young adults cycled at higher external power outputs than 

older adults. Hopker and colleagues (2013) also examined age-related differences in 

cycling cost, but did so using preferred cadences, which were different for old and 

young participants. There is a need to examine age effects when power output and 

cadence conditions are matched. The effect of age on lower extremity muscle 

contributions, including co-activation of antagonists, has not been investigated.   

 In summary, little to no research has addressed the effect of age on energy cost 

and co-activation of antagonistic muscles during cycling. Further, the effects of 

external power output and cadence on energy cost and co-activation of antagonistic 

muscles have not been explored thoroughly under submaximal conditions in young 

and older adults.  
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CHAPTER 2 EXTENDED RESULTS 

Table 1: Means (± 1SD) and ANOVA results for stride length (m) 
 

Group Old sedentary Old active Young 
sedentary Young active 

1.1 m·s-1 1.28±0.10 1.31±0.12 1.35±0.07 1.34±0.07 
1.3 m·s-1 1.38±0.10 1.40±0.14 1.45±0.07 1.46±0.08 
1.5 m·s-1 1.47±0.10 1.47±0.13 1.58±0.08 1.58±0.10 
1.7 m·s-1 1.56±0.11 1.57±0.13 1.67±0.08 1.68±0.10 

 

 
Mauchly's W p-value Violation Correction 

Mauchly's test of 
sphericity  0.378 <0.001 Violated 

Greenhouse-
Geisser 

 
  F value p value η2 

Age х PA status х Speed F1.80,55.72 =0.93 0.393 0.00 

Age х PA status  F1,31 =0.05 0.825 0.00 

Age х Speed F1.80,55.72 = 7.80 0.001 0.01 

PA status х Speed F1.80,55.72 = 0.40 0.649 0.00 

Age F1,31 =6.62 0.015 0.18 

PA status F1,31 =0.08 0.784 0.00 

Speed F1.80,55.72= 590.80 <0.001 0.94 
 
Test of within-subjects effects 

 
Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 
Computing  η2 

Sum of 
squares η2 

Age х PA status х 
Speed 0.003 0.00 

 
Age х PA status  0.002 0.00 

Age х Speed 0.023 0.01 
 

Age 0.243 0.18 
PA status х Speed 0.001 0.00 

 
PA status  0.003 0.00 

Speed 1.721 0.94 
 

Error 1.137 0.82 
Error 0.09 0.05 

 
   

Total 1.838 1.00 
 

Total 1.385 1.00 
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Table 2: Means (± 1SD) and ANOVA results for total work (J·kg-1) 
 

Group Old sedentary Old active Young 
sedentary Young active 

1.1 m·s-1 0.28±0.10 0.28±0.07 0.24±0.07 0.24±0.12 
1.3 m·s-1 0.31±0.12 0.33±0.08 0.30±0.09 0.28±0.11 
1.5 m·s-1 0.35±0.12 0.36±0.09 0.35±0.09 0.32±0.12 
1.7 m·s-1 0.40±0.14 0.40±0.12 0.39±0.10 0.37±0.12 

 

 
Mauchly's W p-value Violation Correction 

Mauchly's test of 
sphericity  0.209 0.00 Violated 

Greenhouse-
Geisser 

 
  F value p value η2 

Age х PA status х Speed F1.52,47.21 =1.08 0.332 0.00 

Age х PA status  F1,31 =0.13 0.725 0.00 

Age х Speed F1.52,47.21 = 3.15 0.065 0.01 

PA status х Speed F1.52,47.21 = 0.31 0.657 0.00 

Age F1,31 =0.59 0.447 0.02 

PA status F1,31 =0.04 0.842 0.00 

Speed F1.52,47.21= 256.96 <0.001 0.88 
 

Test of within-subjects effects 
 

Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 
Computing  η2 

Sum of 
squares η2 

Age х PA status х 
Speed 0.001 0.00 

 
Age х PA status  0.005 0.00 

Age х Speed 0.004 0.01 
 

Age 0.025 0.02 
PA status х Speed 0.000 0.00 

 
PA status  0.002 0.00 

Speed 0.317 0.88 
 

Error 1.314 0.98 
Error 0.038 0.11 

 
   

Total 0.360 1.00 
 

Total 1.346 1.00 
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Table 3: Means (± 1SD) and ANOVA results for ankle work (J·kg-1) 
 

Group Old sedentary Old active 
Young 

sedentary Young active 
1.1 m·s-1 0.14±0.03 0.17±0.06 0.15±0.03 0.17±0.07 
1.3 m·s-1 0.17±0.03 0.20±0.08 0.19±0.03 0.20±0.07 
1.5 m·s-1 0.19±0.03 0.22±0.07 0.22±0.03 0.23±0.08 
1.7 m·s-1 0.22±0.03 0.24±0.08 0.25±0.04 0.27±0.08 

 

 
Mauchly's W p-value Violation Correction 

Mauchly's test of 
sphericity  0.448 0.00 Violated 

Greenhouse-
Geisser 

 
  F value p value η2 

Age х PA status х Speed F1.94,59.99 =1.53 0.226 0.01 

Age х PA status  F1,31 =0.12 0.730 0.00 
Age х Speed F1.94,59.99 = 10.69 <0.001 0.03 
PA status х Speed F1.94,59.99 = 0.16 0.849 0.00 

Age F1,31 =0.84 0.365 0.03 
PA status F1,31 =1.32 0.26 0.04 
Speed F1.94,59.99= 243.96 <0.001 0.85 

 
Test of within-subjects effects 

 
Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 

Computing 
η2 

Sum of 
squares η2 

Age х PA 
status х Speed 0.001 0.01 

 

Age х PA 
status  0.002 0.00 

Age х Speed 0.006 0.03 
 

Age 0.011 0.03 
PA status х 
Speed 0.000 0.00 

 
PA status  0.017 0.04 

Speed 0.146 0.85 
 

Error 0.399 0.93 
Error 0.019 0.11 

 
   

Total 0.172 1.00 
 

Total 0.429 1.00 
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Table 4: Means (± 1SD) and ANOVA results for knee work (J·kg-1) 
 

 
Group Old sedentary Old active 

Young 
sedentary Young active 

1.1 m·s-1 0.01±0.01 0.01±0.01 0.01±0.01 0.01±0.01 
1.3 m·s-1 0.02±0.01 0.02±0.01 0.02±0.02 0.02±0.01 
1.5 m·s-1 0.03±0.01 0.02±0.01 0.03±0.03 0.03±0.01 
1.7 m·s-1 0.04±0.02 0.04±0.02 0.04±0.04 0.05±0.01 

 

 
Mauchly's W p-value Violation Correction 

Mauchly's test of 
sphericity  0.116 0.00 Violated 

Greenhouse-
Geisser 

 

  F value p value η2 

Age х PA status х Speed F1.37,42.30 =0.39 0.602 0.00 

Age х PA status  F1,31 =0.22 0.644 0.00 

Age х Speed F1.37,42.30 = 0.39 0.603 0.00 

PA status х Speed F1.37,42.30 = 0.30 0.658 0.00 

Age F1,31 =0.04 0.846 0.00 

PA status F1,31 =0.07 0.800 0.00 

Speed F1.37,42.30= 107.93 <0.001 0.78 
 

Test of within-subjects effects   Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 
Computing η2 

Sum of 
squares η2 

Age х PA status х 
Speed 0.000 0.00 

 
Age х PA status  0.000 0.000 

Age х Speed 0.000 0.00 
 

Age 0.000 0.000 

PA status х Speed 0.000 0.00 
 

PA status  0.000 0.000 

Speed 0.021 0.78 
 

Error 0.029 1.000 

Error 0.006 0.22 
   

  

Total 0.027 1.00   Total 0.029 1.000 
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Table 5: Means (± 1SD) and ANOVA results for hip work (J·kg-1) 
 

Group 
Old 

sedentary Old active 
Young 

sedentary 
Young 
active 

1.1 m·s-1 0.13±0.09 0.10±0.05 0.08±0.05 0.06±0.06 
1.3 m·s-1 0.13±0.10 0.11±0.04 0.10±0.05 0.06±0.06 
1.5 m·s-1 0.13±0.11 0.11±0.05 0.10±0.04 0.06±0.05 
1.7 m·s-1 0.14±0.12 0.12±0.06 0.10±0.04 0.05±0.05 

 

 
Mauchly's W p-value Violation Correction 

Mauchly's test of 
sphericity  0.228 <0.001 Violated 

Greenhouse-
Geisser 

 

  F value p value η2 

Age х PA status х Speed F1.60,49.51 =2.50 0.103 0.00 

Age х PA status  F1,31 =0.14 0.710 0.00 

Age х Speed F1.60,49.51= 1.59 0.217 0.04 

PA status х Speed F1.60,49.51= 0.11 0.853 0.00 

Age F1,31 =4.45 0.043 0.12 

PA status F1,31 =1.65 0.208 0.04 

Speed F1.60,49.51= 1.99 0.156 0.04 
 

Test of within-subjects effects   Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 
Computing η2 

Sum of 
squares η2 

Age х PA status х 
Speed 0.000 0.00 

 

Age х PA 
status  0.002 0.003 

Age х Speed 0.001 0.04 
 

Age 0.072 0.119 
PA status х Speed 0.000 0.00 

 
PA status  0.027 0.045 

Speed 0.001 0.04 
 

Error 0.504 0.833 
Error 0.022 0.92 

   
  

Total 0.024 1.00   Total 0.605 1.000 
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Table 6: Means (± 1SD) and ANOVA results for relative ankle work (%) 
 

Group Old sedentary Old active 
Young 

sedentary Young active 
1.1 m·s-1 52.89±11.50 60.77±12.95   64.08±12.56   71.96±13.27 
1.3 m·s-1 56.46±13.27 61.39±12.14 63.99±9.05   72.83±10.82 
1.5 m·s-1 57.77±12.77 61.10±12.50 64.76±7.46 74.01±6.28 
1.7 m·s-1 58.17±12.95 59.60±11.80 65.47±6.80 74.11±5.27 

 

 
Mauchly's W p-value Violation Correction 

Mauchly's test of 
sphericity  0.162 <0.001 Violated 

Greenhouse-
Geisser 

 
  F value p value η2 

Age х PA status х Speed F1.47,44.55 =0.96 0.364 0.03 

Age х PA status  F1,31 =0.382 0.541 0.01 
Age х Speed F1.47,44.55= 0.25 0.708 0.01 

PA status х Speed F1.47,44.55= 0.55 0.526 0.02 

Age F1,31 =9.062 0.005 0.21 

PA status F1,31 =3.576 0.068 0.08 
Speed F1.47,44.55= 1.30 0.274 0.04 

 
Test of within-subjects effects   Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 
Computing η2 

Sum of 
squares η2 

Age х PA status х 
Speed 65.015 0.03 

 

Age х PA 
status  158.521 0.009 

Age х Speed 16.726 0.01 
 

Age 3763.590 0.206 
PA status х Speed 36.890 0.02 

 
PA status  1485.084 0.081 

Speed 88.220 0.04 
 

Error 12874.390 0.704 
Error 2098.342 0.91 

   
  

Total 2305.193 1.00   Total 18281.585 1.000 
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Table 7: Means (± 1SD) and ANOVA results for relative knee work (%) 
 

Group Old sedentary Old active 
Young 

sedentary Young active 
1.1 m·s-1 4.94±3.77 2.52±2.30 3.07±3.56 6.44±6.98 
1.3 m·s-1 6.32±3.30 4.95±3.18 5.34±5.59 7.77±6.55 
1.5 m·s-1 9.92±5.95 6.80±3.49 7.74±6.43 10.54±6.31 
1.7 m·s-1 11.54±5.29 9.53±4.65 10.01±6.59 13.24±5.02 

 

 
Mauchly's W p-value Violation Correction 

Mauchly's test of 
sphericity  0.468 <0.001 Violated 

Greenhouse-
Geisser 

 
  F value p value η2 

Age х PA status х Speed F1.97,61.21 =0.63 0.532 0.00 

Age х PA status  F1,31 =2.43 0.130 0.07 
Age х Speed F1.97,61.21= 0.05 0.950 0.00 
PA status х Speed F1.97,61.21= 0.34 0.713 0.00 

Age F1,31 =0.33 0.570 0.01 
PA status F1,31 =0.05 0.828 0.00 
Speed F1.97,61.21= 97.32 <0.001 0.75 

 

Test of within-subjects effects   Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 
Computing η2 

Sum of 
squares η2 

Age х PA status х 
Speed 6.133 0.00 

 
Age х PA status  234.397 0.072 

Age х Speed 0.481 0.00 
 

Age 31.776 0.010 

PA status х Speed 3.249 0.00 
 

PA status  4.636 0.001 

Speed 941.822 0.75 
 

Error 2995.631 0.917 

Error 300.014 0.24 
   

  

Total 1251.699 1.00   Total 3266.440 1.000 
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Table 8: Means (± 1SD) and ANOVA results for relative hip work (%) 
 

Group Old sedentary Old active Young 
sedentary Young active 

1.1 m·s-1 42.17±13.58 36.71±13.90 32.85±13.46 21.60±14.54 
1.3 m·s-1 37.22±15.05 33.67±12.12 30.67±9.92 19.41±13.33 
1.5 m·s-1 32.32±16.27 32.10±11.33 27.50±7.89 15.45±9.64 
1.7 m·s-1 30.29±15.78 30.87±10.14 24.52±7.34 12.65±6.42 

 

 
Mauchly's W p-value Violation Correction 

Mauchly's test of 
sphericity  0.210 <0.001 Violated 

Greenhouse-
Geisser 

 
  F value p value η2 

Age х PA status х Speed F1.55,47.93 =1.06 0.338 0.02 

Age х PA status  F1,31 =1.47 0.234 0.03 

Age х Speed F1.55,47.93= 0.33 0.663 0.01 

PA status х Speed F1.55,47.93= 0.62 0.503 0.01 

Age F1,31 =8.47 0.007 0.19 

PA status F1,31 =3.13 0.087 0.07 

Speed F1.55,47.93= 24.11 <0.001 0.42 
 

Test of within-subjects effects   Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 
Computing η2 

Sum of 
squares η2 

Age х PA status х 
Speed 68.002 0.02 

 
Age х PA status  778.469 0.033 

Age х Speed 21.276 0.01 
 

Age 4486.936 0.192 

PA status х Speed 39.557 0.01 
 

PA status  1655.592 0.071 

Speed 1543.829 0.42 
 

Error 16413.496 0.703 

Error 1985.265 0.54 
   

  

Total 3657.929 1.00   Total 23334.493 1.000 
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CHAPTER 3 EXTENDED RESULTS 
 

Table 9: Means (± 1SD) and ANOVA results for stride length (m) 
 

    Older adult Young adult 

1.1 m·s-1 
PSL-10%LL 1.15±0.12 1.16±0.07 

PSL 1.34±0.12 1.33±0.08 

PSL+10%LL 1.53±0.13 1.51±0.09 

1.3 m·s-1 
PSL-10%LL 1.25±0.12 1.27±0.07 

PSL 1.43±0.13 1.45±0.07 
PSL+10%LL 1.62±0.14 1.63±0.07 

1.5 m·s-1 
PSL-10%LL 1.35±0.10 1.40±0.06 
PSL 1.53±0.11 1.57±0.07 
PSL+10%LL 1.72±0.12 1.75±0.09 

 
 

  Mauchly's W p-value Violation Correction 

Speed 
0.793 0.027 Violated 

Greenhouse-
Geisser 

SL 
0.381 <0.001 Violated 

Greenhouse-
Geisser 

Speed х SL 0.724 0.366 Not violated   
 
  F value p value η2 

Age х Speed х SL F4,128 =0.987 0.410 0.00 

Age х Speed  F1.66,53.02 =4.293 0.025 0.00 

Age х SL F1.24,39.53= 8.388 0.004 0.00 

Speed х SL F4,128= 0.391 0.787 0.00 

Age F1,32 =0.256 0.616 0.01 

Speed F1.66,53.02  =422.189 <0.001 0.26 

SL F1.24,39.53= 5369.632 <0.001 0.71 
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Test of within-subjects effects 
 

Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 
Computing η2 

Sum of 
squares η2 

Age х Speed х SL 0.001 0.00 
 

Age 0.022 0.01 
Age х Speed 0.025 0.00 

 
Error 2.716 0.99 

Age х SL 0.010 0.00 
    Speed х SL 0.000 0.00 
    Speed 2.424 0.26 
    SL 6.676 0.71 
    Error(Speed) 0.184 0.02 
    Error (SL) 0.040 0.00 
    Error (Speed х SL) 0.027 0.00 
    Total 9.387 1.00 
 

Total 2.738 1.000 
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Table 10: Means (± 1SD) and ANOVA results for total extensor impulse (Nm/kg) 
 

    Older adult Young adult 

1.1 m·s-1 
PSL-10%LL 0.63±0.13 0.59±0.11 
PSL 0.73±0.15 0.66±0.11 

PSL+10%LL 0.87±0.18 0.78±0.14 

1.3 m·s-1 
PSL-10%LL 0.61±0.12 0.57±0.09 
PSL 0.69±0.13 0.65±0.10 
PSL+10%LL 0.80±0.16 0.75±0.11 

1.5 m·s-1 
PSL-10%LL 0.57±0.10 0.55±0.08 
PSL 0.64±0.13 0.63±0.10 
PSL+10%LL 0.77±0.13 0.73±0.11 

 
  Mauchly's W p-value Violation Correction 

Speed 
0.611 <0.001 Violated 

Greenhouse-
Geisser 

SL 
0.536 <0.001 Violated 

Greenhouse-
Geisser 

Speed х SL 0.468 0.006 Violated 
Greenhouse-

Geisser 
 
  F value p value η2 

Age х Speed х SL F2.88,92.07 =1.092 0.359 0.00 

Age х Speed  F1.44,46.08 =3.854 0.041 0.01 

Age х SL F1.37,43.72= 1.525 0.229 0.00 

Speed х SL F2.88,92.07= 2.679 0.054 0.00 

Age F1,32 =1.268 0.269 0.04 

Speed F1.44,46.08  =34.567 <0.001 0.08 

SL F1.37,43.72= 273.128 <0.001 0.71 
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Test of within-subjects effects 
 

Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 
Computing η2 

Sum of 
squares η2 

Age х Speed х SL 0.004 0.00  Age 0.153 0.04 
Age х Speed 0.024 0.01  Error 3.852 0.96 
Age х SL 0.011 0.00  

 
  

Speed х SL 0.009 0.00  
 

  

Speed 0.212 0.08  
 

  
SL 1.996 0.71  

 
  

Error(Speed) 0.196 0.07  
 

  
Error (SL) 0.234 0.08  

 
  

Error (Speed х SL) 0.110 0.04  
 

  
Total 2.796 0.96  Total 4.005 1.000 
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Table 11: Means (± 1SD) and ANOVA results for ankle extensor impulse (Nm/kg) 
 

    Older adult Young adult 

1.1 m·s-1 
PSL-10%LL 0.43±0.10 0.44±0.06 
PSL 0.49±0.12 0.50±0.06 

PSL+10%LL 0.57±0.12 0.58±0.08 

1.3 m·s-1 
PSL-10%LL 0.40±0.09 0.41±0.05 
PSL 0.45±0.11 0.47±0.06 
PSL+10%LL 0.51±0.12 0.52±0.06 

1.5 m·s-1 
PSL-10%LL 0.36±0.07 0.38±0.05 
PSL 0.40±0.09 0.44±0.06 
PSL+10%LL 0.45±0.08 0.48±0.06 

 
  Mauchly's W p-value Violation Correction 

Speed 
0.539 <0.001 Violated 

Greenhouse-
Geisser 

SL 
0.893 0.174 Not violated   

Speed х SL 0.319 <0.001 Violated 
Greenhouse-

Geisser 
 
  F value p value η2 

Age х Speed х SL F2.77,88.69 =0.567 0.625 0.00 

Age х Speed  F1.37,43.81=2.229 0.135 0.01 

Age х SL F2,64= 0.473 0.606 0.00 

Speed х SL F2.77,88.69= 6.467 0.001 0.01 

Age F1,32 =0.506 0.482 0.02 

Speed F1.37,43.81  =98.831 <0.001 0.26 

SL F2,64= 326.233 <0.001 0.52 
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Test of within-subjects effects 
 

Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 
Computing η2 

Sum of 
squares η2 

Age х Speed х SL 0.001 0.00  Age 0.028 0.02 
Age х Speed 0.008 0.01  Error 1.777 0.98 
Age х SL 0.001 0.00  

 
  

Speed х SL 0.016 0.01  
 

  
Speed 0.351 0.26  

 
  

SL 0.703 0.52  
 

  
Error(Speed) 0.114 0.09  

 
  

Error (SL) 0.069 0.05  
 

  
Error (Speed х 
SL) 0.078 0.06  

 
  

Total 1.341 1.00  Total 1.805 1.000 
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Table 12: Means (± 1SD) and ANOVA results for knee extensor impulse (Nm/kg) 
 

    Older adult Young adult 

1.1 m·s-1 
PSL-10%LL 0.06±0.03 0.03±0.03 

PSL 0.08±0.04 0.03±0.03 

PSL+10%LL 0.10±0.05 0.05±0.05 

1.3 m·s-1 
PSL-10%LL 0.08±0.03 0.04±0.03 

PSL 0.08±0.03 0.05±0.04 
PSL+10%LL 0.12±0.05 0.07±0.05 

1.5 m·s-1 
PSL-10%LL 0.09±0.03 0.06±0.03 
PSL 0.11±0.03 0.07±0.04 
PSL+10%LL 0.15±0.05 0.10±0.05 

 
  Mauchly's W p-value Violation Correction 

Speed 
0.714 0.005 Violated 

Greenhouse-
Geisser 

SL 
0.402 <0.001 Violated 

Greenhouse-
Geisser 

Speed х SL 0.402 0.001 Violated 
Greenhouse-

Geisser 
 
  F value p value η2 

Age х Speed х SL F2.65,84.74 =0.934 0.419 0.00 

Age х Speed  F1.56,49.79=0.455 0.589 0.00 

Age х SL F1.25,40.04= 2.471 0.117 0.01 

Speed х SL F2.65,84.74= 7.229 <0.001 0.02 

Age F1,32 =11.470 0.002 0.26 

Speed F1.56,49.79  =101.908 <0.001 0.28 

SL F1.25,40.04= 58.200 <0.001 0.33 
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Test of within-subjects effects 
 

Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 
Computing η2 

Sum of 
squares η2 

Age х Speed х SL 0.001 0.00  Age 0.121 0.26 
Age х Speed 0.000 0.00  Error 0.336 0.74 
Age х SL 0.003 0.01  

 
  

Speed х SL 0.005 0.02  
 

  
Speed 0.069 0.28  

 
  

SL 0.081 0.33  
 

  
Error(Speed) 0.022 0.09  

 
  

Error (SL) 0.045 0.18  
 

  
Error (Speed х SL) 0.020 0.08  

 
  

Total 0.246 0.92  Total 0.457 1.000 
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Table 13: Means (± 1SD) and ANOVA results for hip extensor impulse (Nm/kg) 
 

    Older adult Young adult 

1.1 m·s-1 
PSL-10%LL 0.14±0.06 0.12±0.05 

PSL 0.16±0.07 0.13±0.06 

PSL+10%LL 0.20±0.09 0.16±0.07 

1.3 m·s-1 
PSL-10%LL 0.13±0.05 0.11±0.05 

PSL 0.15±0.06 0.13±0.06 
PSL+10%LL 0.17±0.07 0.15±0.07 

1.5 m·s-1 
PSL-10%LL 0.12±0.05 0.11±0.04 
PSL 0.14±0.05 0.12±0.05 
PSL+10%LL 0.17±0.06 0.14±0.05 

 
  Mauchly's W p-value Violation Correction 

Speed 
0.540 <0.001 Violated 

Greenhouse-
Geisser 

SL 
0.307 <0.001 Violated 

Greenhouse-
Geisser 

Speed х SL 0.341 <0.001 Violated 
Greenhouse-

Geisser 
 
  F value p value η2 

Age х Speed х SL F2.74,87.73 =1.223 0.305 0.01 

Age х Speed  F1.37,43.83=3.705 0.048 0.02 

Age х SL F1.18,37.79= 1.578 0.220 0.01 

Speed х SL F2.74,87.73= 1.457 0.234 0.01 

Age F1,32 =1.527 0.225 0.05 

Speed F1.37,43.83  =18.845 <0.001 0.09 

SL F1.18,37.79= 66.778 <0.001 0.45 
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   Test of within-subjects effects 
 

Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 
Computing η2 

Sum of 
squares η2 

Age х Speed х SL 0.001 0.01  Age 0.045 0.046 
Age х Speed 0.003 0.02  Error 0.933 0.954 
Age х SL 0.002 0.01  

 
  

Speed х SL 0.001 0.01  
 

  
Speed 0.017 0.09  

 
  

SL 0.088 0.45  
 

  
Error(Speed) 0.028 0.14  

 
  

Error (SL) 0.042 0.21  
 

  
Error (Speed х 
SL) 0.015 0.08  

 
  

Total 0.197 0.92  Total 0.978 1.000 
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Table 14: Means (± 1SD) and ANOVA results for ankle relative impulse (%) 
 

    Older adult Young adult 

1.1 m·s-1 
PSL-10%LL 67.72±7.79 75.28±5.19 

PSL 67.09±7.87 75.84±5.39 

PSL+10%LL 65.76±6.86 74.44±6.16 

1.3 m·s-1 
PSL-10%LL 65.66±6.81 72.37±4.50 

PSL 65.44±6.83 73.00±4.12 
PSL+10%LL 63.78±7.33 70.63±4.93 

1.5 m·s-1 
PSL-10%LL 62.67±6.72 69.87±4.28 
PSL 61.93±6.79 70.08±4.06 
PSL+10%LL 59.22±7.13 66.86±4.36 

 
  Mauchly's W p-value Violation Correction 

Speed 
0.679 0.002 Violated 

Greenhouse-
Geisser 

SL 
0.710 0.005 Violated 

Greenhouse-
Geisser 

Speed х SL 0.308 <0.001 Violated 
Greenhouse-

Geisser 
 
  F value p value η2 

Age х Speed х SL F2.77,88.67=0.201 0.882 0.00 

Age х Speed  F1.51,48.43=1.600 0.215 0.01 

Age х SL F1.55,49.62= 0.930 0.380 0.00 

Speed х SL F2.77,88.67= 3.311 0.027 0.01 

Age F1,32 =14.792 0.001 0.32 

Speed F1.51,48.43  =135.607 <0.001 0.53 

SL F1.55,49.62= 22.686 <0.001 0.09 
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Test of within-subjects effects 
 

Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 
Computing η2 

Sum of 
squares η2 

Age х Speed х SL 2.222 0.00  Age 4493.905 0.32 
Age х Speed 21.152 0.01  Error 9721.960 0.68 
Age х SL 12.600 0.00  

 
  

Speed х SL 36.582 0.01  
 

  

Speed 1792.586 0.53  
 

  
SL 307.245 0.09  

 
  

Error(Speed) 423.006 0.13  
 

  
Error (SL) 433.395 0.13  

 
  

Error (Speed х SL) 353.555 0.10  
 

  
Total 3382.343 0.90  Total 14215.865 1.000 
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Table 15: Means (± 1SD) and ANOVA results for knee relative impulse (%) 
 

    Older adult Young adult 

1.1 m·s-1 
PSL-10%LL   9.95±4.42 5.31±4.89 

PSL 10.59±5.25 4.89±4.16 

PSL+10%LL 12.03±5.88 6.17±5.24 

1.3 m·s-1 
PSL-10%LL 13.25±4.56 7.90±4.81 

PSL 12.31±4.57 7.82±5.57 
PSL+10%LL 14.78±5.17 9.58±6.13 

1.5 m·s-1 
PSL-10%LL 15.92±4.63 10.46±5.33 
PSL 16.74±4.51 10.81±5.28 
PSL+10%LL 19.14±5.81 13.84±6.11 

 
  Mauchly's W p-value Violation Correction 

Speed 
0.768 0.017 Violated 

Greenhouse-
Geisser 

SL 
0.756 0.013 Violated 

Greenhouse-
Geisser 

Speed х SL 0.612 0.094 Not violated   
 
  F value p value η2 

Age х Speed х SL F4,128=1.123 0.345 0.00 

Age х Speed  F1.62,51.94=0.438 0.606 0.00 

Age х SL F1.61,51.44= 0.103 0.861 0.00 

Speed х SL F4,128= 3.982 0.008 0.01 

Age F1,31 =10.438 0.003 0.25 

Speed F1.62,51.94  =219.066 <0.001 0.60 

SL F1.61,51.44= 25.128 <0.001 0.09 
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Test of within-subjects effects 
 

Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 
Computing η2 

Sum of 
squares η2 

Age х Speed х SL 11.503 0.00  Age 2164.970 0.246 
Age х Speed 4.089 0.00  Error 6637.511 0.754 
Age х SL 1.218 0.00  

 
  

Speed х SL 40.779 0.01  
 

  
Speed 2045.537 0.60  

 
  

SL 297.244 0.09  
 

  
Error(Speed) 298.801 0.09  

 
  

Error (SL) 378.535 0.11  
 

  
Error (Speed х 
SL) 327.691 0.10  

 
  

Total 3405.397 0.90  Total 8802.481 1.000 
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Table 16: Means (± 1SD) and ANOVA results for hip relative impulse (%) 
 

    Older adult Young adult 

1.1 m·s-1 
PSL-10%LL 22.32±7.76 19.41±5.44 

PSL 22.32±7.84 19.28±6.32 

PSL+10%LL 22.21±7.95 19.39±5.74 

1.3 m·s-1 
PSL-10%LL 21.08±6.78 19.73±5.01 
PSL 22.25±7.55 19.19±6.05 
PSL+10%LL 21.44±7.31 19.79±6.47 

1.5 m·s-1 
PSL-10%LL 21.41±7.11 19.68±4.92 
PSL 21.33±6.54 19.11±5.46 
PSL+10%LL 21.64±6.64 19.30±5.60 

 
  Mauchly's W p-value Violation Correction 

Speed 
0.802 0.033 Violated 

Greenhouse-
Geisser 

SL 
0.612 <0.001 Violated 

Greenhouse-
Geisser 

Speed х SL 0.731 0.391 Not violated   
 
  F value p value η2 

Age х Speed х SL F4,128=1.111 0.352 0.01 

Age х Speed  F1.67,53.44=1.397 0.255 0.01 

Age х SL F1.44,46.09= 0.902 0.383 0.01 

Speed х SL F4,128= 0.486 0.716 0.00 

Age F1,31 =1.150 0.291 0.03 

Speed F1.67,53.44  =0.944 0.381 0.01 

SL F1.44,46.09= 0.013 0.961 0.00 
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Test of within-subjects effects 
 

Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 
Computing η2 

Sum of 
squares η2 

Age х Speed х SL 8.276 0.01  Age 420.552 0.035 
Age х Speed 12.769 0.01  Error 11697.333 0.965 

Age х SL 7.885 0.01  
 

	
   	
  

Speed х SL 3.662 0.00  
 

	
   	
  

Speed 8.625 0.01  
 

	
   	
  

SL 0.118 0.00  
 

	
   	
  
Error(Speed) 292.422 0.34  

 
	
   	
  

Error (SL) 279.588 0.33  
 

	
   	
  
Error (Speed х 
SL) 238.433 0.28  

 
	
   	
  

Total 851.778 0.72  Total 12117.885 1.000 
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CHAPTER 4 EXTENDED RESULTS 

Table 17: Means (± 1SD) and ANOVA results for average ankle power (W) 
 

    Older adult Young adult 

75 W 60 rpm 8.80 ± 2.37 9.63 ± 3.86 

90 rpm 13.15 ± 3.97 13.52 ± 5.53 

125 W 60 rpm 11.56 ± 3.31 11.39 ± 4.64 

90 rpm 14.01 ± 3.55 15.60 ± 5.24 
 
  F value p value η2 
Age х Power output х 
Cadence F1,24=5.672 0.026 0.01 

Age х Power output F1,24=0.066 0.799 0.00 

Age х Cadence F1,24=0.221 0.642 0.00 

Power output х Cadence F1,24=2.887 0.102 0.00 

Age F1,24=0.204 0.656 0.01 

Power output F1,24=74.930 <0.001 0.11 

Cadence F1,24=29.626 <0.001 0.44 
 

Test of within-subjects effects 
 

Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 

Computing 
η2 

Sum of 
squares η2 

Age х Power output х 
Cadence 8.604 0.01 

 
Age 11.181 0.01 

Age х Power output 0.080 0.00 
 

Error 1318.165 0.99 

Age х Cadence 2.694 0.00 
    Power output х 

Cadence 4.104 0.00 
    Power output 90.583 0.11 
    Cadence 360.394 0.44 
    Error (Power output) 29.014 0.04 
    Error (Cadence) 291.955 0.36 
    Error (Power output х 

Cadence)  34.121 0.04 
    Total 821.549 1.00 
 

Total 13129.35 1.00 
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Table 18: Means (± 1SD) and ANOVA results for average knee power (W) 
 

    Older adult Young adult 

75 W 60 rpm 28.45 ± 4.40 25.62 ± 4.34 

90 rpm 45.66 ± 6.56 44.65 ± 6.49 

125 W 60 rpm 38.16 ± 5.53 33.62 ± 6.87 

90 rpm 56.43 ± 7.37 52.97 ± 6.24 
 
  F value p value η2 
Age х Power output х 
Cadence F1,24=0.170 0.684 0.00 

Age х Power output F1,24=3.005 0.096 0.00 

Age х Cadence F1,24=0.496 0.488 0.00 

Power output х Cadence F1,24=0.573 0.456 0.00 

Age F1,24=2.173 0.153 0.08 

Power output F1,24=235.061 <0.001 0.18 

Cadence F1,24=324.608 <0.001 0.73 
 

Test of within-subjects effects 
 

Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 

Computing 
η2 

Sum of 
squares η2 

Age х Power output х 
Cadence 0.908 0.00 

 
Age 228.157 0.08 

Age х Power output 28.122 0.00 
 

Error 2520.478 0.92 

Age х Cadence 13.536 0.00 
  

  
Power output х 
Cadence 3.067 0.00 

  
  

Power output 2200.088 0.18 
  

  

Cadence 8864.123 0.73 
  

  
Error (Power output) 224.631 0.02 

  
  

Error (Cadence) 655.372 0.05 
  

  
Error (Power output х 
Cadence)  128.440 0.01 

  
  

Total 12118.287 1.00 
 

Total 2748.64 1.00 
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Table 19: Means (± 1SD) and ANOVA results for average hip power (W) 
 

    Older adult Young adult 

75 W 60 rpm 17.58 ± 6.31 19.89 ± 6.53 

90 rpm 40.00 ± 7.59 42.11 ± 8.30 

125 W 60 rpm 23.83 ± 8.33 25.95 ± 6.78 

90 rpm 40.39 ± 9.34 42.90 ± 7.79 
 
  F value p value η2 
Age х Power output х 
Cadence F1,24=0.078 0.783 0.00 

Age х Power output F1,24=0.006 0.939 0.00 

Age х Cadence F1,24=0.001 0.972 0.00 

Power output х Cadence F1,24=28.234 <0.001 0.02 

Age F1,24=0.782 0.385 0.03 

Power output F1,24=25.298 <0.001 0.02 

Cadence F1,24=212.344 <0.001 0.83 
 

Test of within-subjects effects 
 

Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 

Computing 
η2 

Sum of 
squares η2 

Age х Power output х 
Cadence 0.552 0.00 

 
Age 133.341 0.03 

Age х Power output 0.070 0.00 
 

Error 4091.545 0.97 

Age х Cadence 0.059 0.00 
  

  
Power output х 
Cadence 200.772 0.02 

  
  

Power output 295.886 0.02 
  

  

Cadence 9927.102 0.83 
  

  
Error (Power output) 280.702 0.02 

  
  

Error (Cadence) 1122.000 0.09 
  

  
Error (Power output х 
Cadence)  170.665 0.01 

  
  

Total 11997.808 1.00 
 

Total 4224.89 1.00 
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Table 20: Means (± 1SD) and ANOVA results for relative ankle power (%) 
 

    Older adult Young adult 

75 W 60 rpm 16.20 ± 4.12 17.35 ± 5.28 

90 rpm 13.46 ± 3.90 13.44 ± 4.74 

125 W 60 rpm 15.79 ± 4.11 16.00 ± 5.69 

90 rpm 12.82 ± 3.54 13.92 ± 3.57 
 
  F value p value η2 
Age х Power output х 
Cadence F1,24=3.363 0.079 0.01 

Age х Power output F1,24=0.027 0.870 0.00 

Age х Cadence F1,24=0.007 0.935 0.00 

Power output х Cadence F1,24=2.019 0.168 0.01 

Age F1,24=0.167 0.686 0.01 

Power output F1,24=3.319 0.081 0.01 

Cadence F1,24=13.145 0.001 0.30 
 

Test of within-subjects effects 
 

Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 

Computing 
η2 

Sum of 
squares η2 

Age х Power output х 
Cadence 6.916 0.01  Age 9.650 0.01 

Age х Power output 0.049 0.00  Error 1384.214 0.99 

Age х Cadence 0.114 0.00  
 

  
Power output х 
Cadence 4.152 0.01  

 
  

Power output 6.000 0.01  
 

  

Cadence 222.739 0.30  
 

  
Error (Power output) 43.385 0.06  

 
  

Error (Cadence) 406.689 0.55  
 

  
Error (Power output х 
Cadence)  49.362 0.07  

 
  

Total 739.406 1.00  Total 1393.86 1.00 
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Table 21: Means (± 1SD) and ANOVA results for relative knee power (%) 
 

    Older adult Young adult 

75 W 60 rpm 52.10 ± 5.32 46.96 ± 5.42 

90 rpm 46.21 ± 1.99 44.65 ± 3.24 

125 W 60 rpm 52.07 ± 5.92 47.35 ± 7.25 

90 rpm 51.02 ± 3.42 47.73 ± 3.25 
 
  F value p value η2 
Age х Power output х 
Cadence F1,24=1.994 0.171 0.01 

Age х Power output F1,24=0.598 0.447 0.00 

Age х Cadence F1,24=1.613 0.216 0.03 

Power output х Cadence F1,24=24.501 <0.001 0.08 

Age F1,24=6.147 0.021 0.20 

Power output F1,24=23.548 <0.001 0.09 

Cadence F1,24=5.023 0.035 0.11 
 

Test of within-subjects effects 
 

Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 

Computing 
η2 

Sum of 
squares η2 

Age х Power output х 
Cadence 7.517 0.01  Age 351.146 0.20 

Age х Power output 2.805 0.00  Error 1370.929 0.80 

Age х Cadence 41.001 0.03  
 

  
Power output х 
Cadence 92.384 0.08  

 
  

Power output 110.540 0.09  
 

  

Cadence 127.695 0.11  
 

  
Error (Power output) 112.663 0.09  

 
  

Error (Cadence) 610.126 0.51  
 

  
Error (Power output х 
Cadence)  90.493 0.08  

 
  

Total 1195.224 1.00  Total 1722.08 1.00 
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Table 22: Means (± 1SD) and ANOVA results for relative hip power (%) 
 

    Older adult Young adult 

75 W 60 rpm 31.70 ± 8.86 35.69 ± 7.22 

90 rpm 40.34 ± 3.71 41.91 ± 3.93 

125 W 60 rpm 32.14 ± 9.51 36.65 ± 8.69 

90 rpm 36.16 ± 4.79 38.35 ± 3.34 
 
  F value p value η2 
Age х Power output х 
Cadence F1,24=0.002 0.964 0.00 

Age х Power output F1,24=0.360 0.554 0.00 

Age х Cadence F1,24=0.606 0.444 0.01 

Power output х Cadence F1,24=22.750 <0.001 0.05 

Age F1,24=2.269 0.145 0.08 

Power output F1,24=10.998 0.003 0.02 

Cadence F1,24=11.347 0.003 0.26 
 

Test of within-subjects effects 
 

Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 

Computing 
η2 

Sum of 
squares η2 

Age х Power output х 
Cadence 0.130 0.00  Age 224.097 0.08 

Age х Power output 2.132 0.00  Error 2581.410 0.92 

Age х Cadence 36.735 0.01  
 

  
Power output х 
Cadence 135.409 0.05  

 
  

Power output 65.175 0.02  
 

  

Cadence 687.578 0.26  
 

  
Error (Power output) 142.224 0.05  

 
  

Error (Cadence) 1454.246 0.55  
 

  
Error (Power output х 
Cadence)  142.849 0.05  

 
  

Total 2666.478 1.00  Total 2805.51 1.00 
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CHAPTER 5 EXTENDED RESULTS 
 

Table 23: Means (± 1SD) and ANOVA results for net rate of energy cost (J·s-1) 
 

    Older adult Young adult 

75 W 60 rpm 304.16 ± 15.90 294.30 ± 19.50 

90 rpm 409.87 ± 48.31 367.38 ± 31.30 

125 W 60 rpm 515.17 ± 31.55 475.61 ± 21.63 

90 rpm 594.45 ± 46.87 534.24 ± 25.27 
 
  F value p value η2 
Age х Power output х 
Cadence F1,23=1.757 0.198 0.00 

Age х Power output F1,23=12.471 0.002 0.00 

Age х Cadence F1,23=5.648 0.026 0.00 

Power output х Cadence F1,23=20.428 <0.001 0.00 

Age F1,23=12.632 0.002 0.35 

Power output F1,23=3069.380 <0.001 0.82 

Cadence F1,23=199.598 <0.001 0.15 
 

Test of within-subjects effects 
 

Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 

Computing 
η2 

Sum of 
squares η2 

Age х Power output х 
Cadence 224.134 0.00  Age 36099.142 0.35 

Age х Power output 3506.381 0.00  Error 2857.832 0.65 

Age х Cadence 4427.384 0.00  
 

  
Power output х 
Cadence 2606.538 0.00  

 
  

Power output 862971.554 0.82  
 

  

Cadence 156450.229 0.15  
 

  
Error (Power output) 6466.565 0.01  

 
  

Error (Cadence) 18028.031 0.02  
 

  
Error (Power output х 
Cadence)  2934.709 0.00  

 
  

Total 1057615.525 1.00  Total 38956.97 1.00 
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Table 24: Means (± 1SD) and ANOVA results for thigh co-activation index (%) 
 

    Older adult Young adult 

75 W 60 rpm 28.28 ± 12.70 18.57 ± 15.83 

90 rpm 34.06 ± 13.13 20.56 ± 14.91 

125 W 60 rpm 28.57 ± 13.43 21.38 ± 16.86 

90 rpm 32.27 ± 15.42 18.14 ± 15.04 
 
  F value p value η2 
Age х Power output х 
Cadence F1,23=1.104 0.304 0.01 

Age х Power output F1,23=0.260 0.615 0.00 

Age х Cadence F1,23=4.667 0.041 0.09 

Power output х Cadence F1,23=5.919 0.023 0.04 

Age F1,23=3.875 0.061 0.14 

Power output F1,23=0.91 0.766 0.00 

Cadence F1,23=2.746 0.111 0.05 
 

Test of within-subjects effects 
 

Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 

Computing 
η2 

Sum of 
squares η2 

Age х Power output х 
Cadence 15.614 0.01  Age 3093.998 0.14 

Age х Power output 5.613 0.00  Error 18364.430 0.86 

Age х Cadence 179.388 0.09  
 

  
Power output х 
Cadence 83.75 0.04  

 
  

Power output 1.968 0.00  
 

  

Cadence 105.574 0.05  
 

  
Error (Power output) 496.852 0.24  

 
  

Error (Cadence) 884.156 0.42  
 

  
Error (Power output х 
Cadence)  325.425 0.16  

 
  

Total 2097.569 1.00  Total 21458.43 1.00 
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Table 25: Means (± 1SD) and ANOVA results for shank co-activation index (%) 
 

    Older adult Young adult 

75 W 60 rpm 2.60 ± 2.84 1.00 ± 1.23 

90 rpm 3.09 ± 2.89 2.39 ± 1.73 

125 W 60 rpm 3.21 ± 2.18 2.16 ± 1.93 

90 rpm 1.73 ± 1.31 1.62 ± 1.18 
 
  F value p value η2 
Age х Power output х 
Cadence F1,23=0.002 0.964 0.00 

Age х Power output F1,23=1.443 0.242 0.01 

Age х Cadence F1,23=2.615 0.119 0.04 

Power output х Cadence F1,23=13.373 0.001 0.16 

Age F1,23=1.722 0.202 0.07 

Power output F1,23=0.151 0.701 0.00 

Cadence F1,23=0.018 0.894 0.00 
 

Test of within-subjects effects 
 

Test of between-subjects effects 

Computing  η2 
Sum of 
squares η2 

 

Computing 
η2 

Sum of 
squares η2 

Age х Power output х 
Cadence 0.004 0.00  Age 18.617 0.07 

Age х Power output 1.963 0.01  Error 10.813 0.93 

Age х Cadence 5.253 0.04  
 

  
Power output х 
Cadence 23.528 0.16  

 
  

Power output 0.206 0.00  
 

  

Cadence 0.037 0.00  
 

  
Error (Power output) 31.286 0.21  

 
  

Error (Cadence) 46.197 0.31  
 

  
Error (Power output х 
Cadence)  40.463 0.27  

 
  

Total 148.937 1.00  Total 29.43 1.00 
 
 


