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1.1 Muscle mechanics in aging 

1.1.1 The age-associated loss of muscle strength is less during active muscle lengthening 

Natural, healthy aging has profound effects on the ability to generate maximal muscle 

strength (i.e., torque) voluntarily1. The age-related muscle weakness, or dynapenia2, starts 

at about the age of 50 and is the result of structural changes in the neuromuscular system. 

Marked age-specific changes include reductions in muscle mass (i.e., sarcopenia)3, fiber 

specific tension4, and peripheral motor nerve conduction velocity5, motor unit 

reorganization6 and a reduction in tendon stiffness7 which, as the elastic component lying 

in-series to the muscle fascicles, shifts the fascicle operating length down the ascending 

limb of the length-tension curve, lowering the fascicle force generation capacity8. Active 

human skeletal muscles (i.e., the muscle-tendon units) generate torque under three 

mechanical conditions: When the internal muscle torque is exceeded by, matches or 

exceeds the external torque, muscles perform an eccentric (lengthening), isometric 

(remains at constant length) or concentric (shortening) contraction, respectively. Older age 

differently affects the generation of the three types of torque. By age 70, maximal voluntary 

concentric and isometric muscle torques decline by up to 40%9. However, also by age 70, 

the age-typical decline in maximal voluntary eccentric muscle torque is only ~20%. This 

muscle action-dependent rate of torque loss suggests a relative maintenance of maximal 

voluntary eccentric muscle strength in older adults. 

The age-related maintenance of eccentric strength appears to be a robust phenomenon. It 

was first reported in the knee extensor muscles of healthy older females three decades 

ago10, and later confirmed in healthy older males11,12, aging mice13, and upper-14 and other 

lower-extremity muscle groups15,16. Eccentric strength maintenance is also observed in 

middle-aged and older people with chronic conditions such as stroke17 and COPD18 and 

children with cerebral palsy19 when compared to age-matched controls, suggesting that 

chronic conditions may induce an inflated aging-effect on maximal voluntary muscle 

strength. 

Although the maintenance of eccentric strength is a robust finding, several of its aspects are 

still unclear. First, the potential underlying mechanisms of eccentric strength maintenance 

may originate from changes residing in active and passive muscular elements that affect 

muscle stiffness9. Specifically, the age-related slowing of cross-bridge cycling20 and 

increased muscle fiber stiffness21 might increase active muscle stiffness, whereas an age-

related accumulation of connective tissue22 could increase passive muscle stiffness. Second, 

eccentric strength maintenance may be accentuated in older females versus males9, 

perhaps due to a greater age-related slowing of cross-bridge cycles in females16. Third, 

whereas a large body of evidence exists on the maintenance of eccentric strength for the 
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knee extensors and ankle dorsiflexors, such evidence have remained inconclusive for the 

ankle plantarflexors15, a key locomotor muscle group affected by age23. Knowing the 

underlying mechanisms of eccentric strength maintenance and whether the maintenance 

magnitude differs by sex and muscle group would assist in designing interventions that 

could more specifically counteract such functional impairments. However, those studies 

would become more relevant if it became clear in the first place that eccentric strength 

maintenance has functional benefits for the execution of daily mobility tasks. 

1.2 Muscle mechanics during walking 

Walking is the most common form of human locomotion. Also, 60% of all falls occur during 

this type of gait24 and preferred walking speed independently predicts many adverse 

events, such as falls, hospitalization, and even mortality25. Moreover, walking is 

characterized by cycles of lengthening, isometric, and shortening muscle contractions, and 

during non-level walking (e.g., negotiating stairs or ramps) humans predominantly rely on 

lengthening or shortening (e.g., incline or decline walking, respectively) muscle function26,27. 

Thus, walking is an appropriate task to study the functional relevance of eccentric strength 

maintenance in healthy older adults. 

Walking is also a complex task that includes lower limb muscles performing up to ~90%28 of 

the body’s negative and positive joint work (i.e., eccentric and concentric contractions, 

respectively) during each stride, whereas upper body muscles behave more isometric in 

general. When performing negative or positive work (i.e., mechanical energy absorption or 

generation, respectively), the muscle decelerates or accelerates movement of the segment 

it is inserted on29. Hence, muscles act like dampers when actively absorbing energy and 

subsequently dissipating this energy as heat, whereas muscles act like motors when actively 

generating energy30. In addition, muscles act as springs when absorbed energy is partly re-

used during an immediate following phase of energy generation, also known as the stretch-

shortening cycle31,32. Mechanical energy absorption (i.e., eccentric function) is not only 

important in controlling joint angular movement and potentially enhancing energy 

generation32, it also decelerates and redirects the body’s center of mass (COM) trajectory 

during early stance to prevent limb collapse33. 

Through lower limb work, the body’s COM shows a cyclical exchange between kinetic and 

gravitational potential energy during each stride34. Such exchange includes the redirection 

of the COM during double support, in which the leading limb performs negative work to 

decelerate the COM’s downward and forward motion and the trailing limb performs 

positive work to accelerate the COM upwards and forwards34. Compared to level walking, 

leg muscles perform ~50% more work during non-level walking, biased towards positive 
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(incline) or negative (decline) work to raise or lower the COM at each step, respectively35. 

Across the three major leg joints, the knee extensor muscles perform most of the negative 

work (i.e., ~50% of the total) during level and decline walking, followed by the ankle 

plantarflexor muscles (level and ramp: 25%, stair: 45%)35. In addition, the ankle 

plantarflexors perform most of the positive work (i.e., ~55% of the total) during level and 

incline walking, followed by the hip flexors and extensors (level: 25%, ramp: 35%, stair: 

15%), and knee extensors (level and ramp: 15%, stair: 50%). 

1.3 Does lower limb eccentric muscle strength affect walking performance? 

Dynapenia lowers the muscle’s maximal torque generation capacity, which increases the 

muscle’s relative effort while executing a task such as walking. A higher relative effort would 

lead to fatigue and perturbed inter-joint coordination more quickly, unless the task demand 

is lowered by for example adopting a slower walking speed or redistributing the joint 

torques (discussed in section 1.3.2). This example illustrates the concept of relative effort36. 

Relative effort is the ratio between the peak joint torque generated during the functional 

task and the subject’s maximum available joint torque usually assessed using 

dynamometry37,38 or a demanding locomotor task39,40. This concept offers a means to better 

understand why dynapenia associates with slower walking41,42, why dynapenia is the 

primary risk factor for mobility disability43, and how eccentric strength maintenance might 

have positive functional implications on walking speed and the underlying joint mechanical 

outputs during walking. 

1.3.1 Does knee extensor eccentric strength affect walking speed? 

Older adults with low vs. high maximal voluntary knee extensor isometric and concentric 

strength typically perform walking tasks slower41,42, less easily44, and with more effort23,36. 

It is unclear, however, whether maximal voluntary knee extensor eccentric strength also 

affects walking speed. Determining this relationship could provide insights into whether 

there is specificity in the relationship between the type of muscle contraction strength and 

walking task performance (level, ascent, descent). For example, knee extensor eccentric vs. 

concentric strength may better predict decline walking speed because the task is biased 

towards eccentric muscle contractions. An understanding of this type of specificity is 

relevant because it could increase the accuracy of predicting disability for certain tasks 

when muscle strength is measured specific vs. non-specific to those tasks. 

1.3.2 Does knee extensor eccentric strength affect joint mechanics underlying walking? 

At preferred walking speeds, older compared with younger adults typically show lower joint 

mechanical outputs because they generally walk slower45. However, age-related differences 

in joint mechanics can also be observed at matched walking speeds, excluding the 
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confounding effects of walking speed on joint mechanics. One well-documented example is 

the redistribution of positive work, including lower ankle plantarflexor work and greater hip 

flexor and/or extensor work in older compared with younger adults46–48. The lower 

plantarflexor output may be because this muscle group operates near (i.e., ~85%23,38,40) its 

maximum torque capacity or underutilizes its maximum torque potential49. The underlying 

mechanism of decreased plantarflexor output is likely multifactorial and may include 

plantarflexor weakness50, lower plantarflexor activation51, increase in trunk lean52, lower 

ankle flexibility53, and altered Achilles tendon deformations with age49. It is generally 

assumed that the hip muscles compensate for the lower plantarflexor output. However, 

whether there is also an age-related redistribution of negative joint work during walking is 

unclear. Examining this distribution would not only enrich our current understanding of how 

healthy aging affects muscle function during walking, but may also help explain the age-

related redistribution of positive work. An age-related redistribution of negative joint work, 

if any, may be attenuated due to eccentric strength maintenance. 

An age-related maintenance of knee extensor negative work during walking seems 

functionally relevant, as it is generally assumed that this muscle group is the main 

decelerator of knee flexion during weight acceptance in order to prevent limb collapse. This 

assumption is qualitatively inferred from lower limb joint moments measured by inverse 

dynamics and muscle activation measured by surface electromyography54,55. However, the 

contribution of each joint moment to knee angular movement can be quantitatively 

examined using an induced acceleration analysis (IAA). This is because, unlike inverse 

dynamics, IAA can determine the effects of torque generation at one joint on adjacent joints 

and help understand the dynamics of inter-joint coupling56. Therefore, IAA could provide 

direct insights into the relative importance of eccentric knee extensor function on stabilizing 

the knee and whether this effect is affected by age. 

1.4 Thesis aim and outline 

The aim of this thesis is to determine the functional relevance of the age-related relative 

maintenance of maximal voluntary knee extensor eccentric strength to walking speed and 

underlying joint mechanics at prescribed walking speeds. All experiments were cross-

sectional in nature and conducted in younger (age 18-35) and older (age 65+) adults. 

Chapters 2 and 3 examine the effects of sex and muscle group on the maintenance of 

eccentric knee extensor and ankle plantarflexor strength. Chapter 2 also examines whether 

there is specificity between the type of maximal voluntary knee extensor strength 

(eccentric, concentric) and walking speed during level, ascending, and descending tasks. In 

the experiments described in chapters 3-5, walking speeds were controlled to eliminate the 
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confounding effects of walking speed on joint mechanics. Chapter 3 determines the effects 

of age, walking speed, and surface inclination on positive and negative joint work 

distributions, and whether maximal knee extensor eccentric strength correlates with knee 

extensor negative work during walking. Chapter 4 aims to discover the functional relevance 

of knee extensor eccentric function during walking by quantifying joint moments 

contributions to knee flexion deceleration using a joint-coupling perspective. Chapter 5 

examines neural-based mediating effects on the age-related reconfiguration of mechanical 

joint work observed in chapter 3. Specifically, we determined the relationship between joint 

work (positive and negative) and muscle activation during ramp ascent and descent. Lastly, 

chapter 6 presents an integrated discussion of the main findings from the earlier chapters 

and the broader impacts of our discoveries. The hypotheses behind this work are that i) age-

related differences in joint work during walking are attenuated during phases of eccentric 

force generation relative to phases of concentric force generation, and ii) maximal voluntary 

knee extensor eccentric torque correlates positively with level and decline walking speed, 

and with knee extensor negative work during decline walking in healthy older adults. 
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Abstract 

Old referenced to young adults show a relative maintenance of maximal eccentric (RELM) 

compared to concentric muscle torque: ~76% and ~59%, respectively. It is however 

unknown if RELM affords functional benefits in old adults. We examined if there is 

specificity between the two types of peak quadriceps torque (i.e., concentric, eccentric) and 

timed gait performance measured during level, ramp, and stair walking and if gait 

performance was higher in old adults with high vs. low RELM. We measured peak concentric 

and eccentric quadriceps torque at 60 and 120°/s and timed gait at habitual and safe-fast 

speeds in healthy young (age 22.7, n = 24) and old (age 70.0, n = 21) adults. Comparable to 

previous studies RELM was 21%, but instead of the anticipated specificity we found that 

concentric torque was higher associated with gait performance than eccentric torque, 

independently of walking direction and age (R2 = 0.16: eccentric vs. descending gaits; R2 = 

0.17: eccentric vs. ascending gaits; R2 = 0.45: concentric vs. descending gaits; R2 = 0.56: 

concentric vs. ascending gaits, n = 45, all p < .01). Furthermore, old adults (n = 10) with ~30% 

greater vs. normal levels of RELM (n = 11) ambulated at similar velocities measured on level 

and inclined surfaces. Normal and 30% above normal levels of RELM do not seem to 

increase or predict healthy old adults’ gait performance on level and inclined surfaces. 

Future work should examine if RELM is associated with a heightened performance in other 

measures of neuromuscular function such as gait biomechanics, muscle activation, rate and 

control of voluntary force development in old adults with high or low mobility. 



Chapter 2 

19 

Introduction 

There is overwhelming evidence that even healthily aging old adults exhibit muscular, 

neuronal, and cognitive dysfunctions1–7. One such impairment is a characteristic and clearly 

recognizable decrease in the ability to produce maximal voluntary leg muscle torque, 

starting as early as age 501,5,6. A multitude of factors contributes to the evolution of the age-

related weakness, dynapenia8, including a loss of muscle protein content or sarcopenia9,10, 

neuronal hypoexcitability11,12, and a reconfiguration of tendon structure that interferes with 

the transmission of muscle force to the bony levers13,14. Interestingly, the magnitude of the 

age-related decline in maximal voluntary quadriceps muscle torque is not uniform across 

the three main types of muscle contraction. While maximal voluntary quadriceps muscle 

torque can decline by 50% when the muscle actively shortens (i.e., concentric contraction) 

or produces tension at the same length (i.e., isometric contraction)1,5,6,15, the magnitude of 

decline when the quadriceps muscle actively lengthens (i.e., eccentric contraction) can be 

as small as 20%7,16–18.  

Despite differences in how previous studies determined the magnitude of eccentric torque 

maintenance (e.g., contraction velocity, normalization method), calculated as the relative 

maintenance of maximal eccentric (RELM) compared to maximal concentric muscle torque 

in the present study, RELM seems to be a robust phenomenon. That is, it is present not only 

in healthily aging old adults but also in aging adults with mobility disability and spasticity16,19. 

For example, paretic and non-paretic lower limb muscles showed respectively a 16 and 14% 

higher maintenance of relative maximal eccentric vs. relative concentric muscle torque in 

elderly stroke patients compared to healthy age-matched controls19. The underlying 

mechanisms of RELM in old muscles are still unclear although molecular and behavioral 

factors have been considered in the form of a slowed detachment rate of active cross 

bridges and high fiber stiffness16. For reasons that are poorly understood, there is a gender 

effect in RELM, as a few studies reported actually no age-related decline of maximal 

voluntary eccentric forces measured in females compared with the decline seen in males7,17. 

For example, old males were able to produce 80% of young males eccentric peak torque, 

while this amount was 110% in elderly females7.  

In line with the predictions of mobility disability models20,21, old adults with high vs. low 

levels of maximal voluntary leg torque ambulate faster, perform activities of daily living 

(ADL) more easily, and negotiate stairs and ramps with less effort22,23. The functional 

benefits of a well-maintained ability to generate maximal voluntary torque in old age 

materialize through the concept of relative effort, showing that old adults often execute 

ADLs near their maximal available abilities23. It is therefore a relevant but unexplored 

question how, if at all, RELM translates into functional benefits and whether such benefits 
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differ between genders. Firstly, we examined the effects of age and gender on peak 

concentric and eccentric quadriceps torque as well as on a set of ADL locomotor tasks (level, 

ascending, descending gaits). Secondly, we determined the relationship between peak 

torque and ADL locomotor tasks in young and old adults. Thirdly, we examined the effects 

of high vs. low RELM on ADL task performance. We performed these analyses across a 

spectrum of torques (eccentric, concentric) and tasks (level, ascending, descending gaits) 

that were similar or dissimilar with respect to the type of muscle contraction to provide 

evidence for the hypothesis that the relative maintenance of maximal quadriceps eccentric 

torque per se and not just maximal leg muscle torque in general affords functional benefits 

in old adults. 

Methods 

Study Design 

For this cross-sectional study, subjects reported to the laboratory one time for 

measurements consisting of: 1) maximal quadriceps strength and 2) gait performance, 

administered in a random order. Subjects were recruited from the surrounding 

communities and shopping malls through word of mouth, flyers, and newspaper 

advertisements. The Medical Ethical Committee at the University Medical Centre of 

Groningen approved the study protocol (nr.: METc 2015/144) and each subject signed a 

written informed consent before the start of the measurements, which were completed 

according to the declaration of Helsinki. 

Subject Characteristics 

Healthy young (n = 24) and healthy, community-dwelling old (n = 21) adults participated in 

the study. Inclusion criteria were: age 20-30 or age over 65, male or female gender, and in 

good health. Exclusion criteria were: joint replacement, amputation, neuromuscular 

impairments, a history of neurological conditions (stroke, Parkinson’s disease, dementia), 

pulmonary disease, pregnancy, diabetes with neuropathy in the legs, and body mass index 

over 30 kg·m-2. In addition, subjects were cognitively healthy, physically active, and did not 

have mobility disability, according to the Mini Mental State Examination (MMSE), Short 

Questionnaire to Assess Health-enhancing physical activity (SQUASH) and Short Physical 

Performance Battery (SPPB), respectively (Table 1). Body mass was measured to the nearest 

0.1 kg on a digital weight scale (Seca 803, Seca gmbh & Co., Hamburg, Germany) and height 

was measured to the nearest 0.5 cm using a stadiometer (Seca 213). 

Isokinetic Dynamometry 

Maximal voluntary concentric (CON) and eccentric (ECC) torque of the right quadriceps 

were measured using a KinCom isokinetic dynamometer (model AP125; Chattecx Inc., 
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Chattanooga, TN, USA), revealing acceptable test-retest reliability of quadriceps torque (ICC 

ranged from r = 0.74 to r = 0.92 (ECC 180°/s to CON 180°/s))7. The present study focused on 

the quadriceps because this muscle group generates and absorbs much of the power in 

locomotor ADL tasks24,25.  

The location of the dynamometer seat and power head was set individually for each subject. 

During testing, subjects sat with a hip angle of 85° with arms folded in front of the chest and 

two crossover upper-body belts, a lap belt, and a thigh strap minimized extraneous 

movements. The transverse axis of the joint was aligned with the rotational axis of the 

dynamometer’s head and the joint anatomical zero was set at a joint position corresponding 

to the leg fully extended. The mass of the lower leg was measured and the dynamometer’s 

software automatically computed torques corrected for leg mass. Range of motion (ROM) 

was set between 10° - 75° of maximal knee extension. Before testing, subjects performed 

familiarization trials for both types of dynamic contraction. Subjects were instructed to 

contract as hard and fast as possible and were verbally encouraged during the test. Two 

trials were performed at 60°/s and 120°/s for both CON and ECC conditions, with a 3-second 

pause between contractions and one minute of rest between conditions and speeds. The 

order of muscle contraction type and angular velocity was randomized between subjects. 

Gait Performance 

Gait performance was measured by recording the time needed to complete five 

standardized locomotion tasks, namely: level walking, stair ascent, stair descent, ramp 

ascent, and ramp descent. Time to completion was measured with a stopwatch for stair and  

Table 1. Subject characteristics 

Characteristics Young (11 F, 13 M) Old (10 F, 11 M) 

Age (years) 22.7 ± 2.1 70.0 ± 3.2 

Body weight (kg) 68.9 ± 8.0 73.4 ± 8.4 

Body height (m) 1.78 ± 0.07 1.74 ± 0.06 

BMI (kg·m-2) 21.9 ± 2.1 24.3 ± 2.3 

SPPB (score) 11.75 ± 0.53 11.29 ± 0.78 

MMSE (score) 29.25 ± 1.19 28.43 ± 1.36 

SQUASH: 
Total scorea 
Light (min/wk) 
Moderate (min/wk) 
Heavy (min/wk) 

 
8884 ± 3749 
1395 ± 855 
285 ± 228 
319 ± 279 

 
10906 ± 4876 
804 ± 667 
593 ± 575 
578 ± 473 

Values are mean ± SD. Total score is expressed in minutes per week × intensity of the activity.
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ramp negotiation, as it is not possible to instrument an entire natural stairwell and ramp 

with a 3D motion-capture system. Subjects performed each task at a habitual and at a safe-

fast speed twice. For the habitual conditions, subjects were instructed to walk “as if you 

walked to the supermarket”, and for the safe-fast speed conditions the instruction was to 

walk “as fast and safe as you can but do not run”. Subjects performed one familiarization 

trial for each task. There were 30 seconds of rest between trials and one minute of rest 

between tasks. 

For the level-walking task, subjects walked on a well-lighted, linoleum surfaced laboratory 

floor. The start and end of the 11-meters-long walkway was marked with a pylon. Subjects 

accelerated and decelerated over a distance of three meters before and after a middle five 

meters portion of the walkway where they reached a steady pace gait. During this task a hip 

marker was tracked at 100 Hz with an Optotrak motion-capture system to calculate gait 

speed. 

For the ramp tasks, subjects walked on a 20-m-long non-skid, paved, and semi-covered 

entryway to an indoor parking garage, inclined 13%. At about midway, walking time was 

measured with a stopwatch over a five-meter distance, preceded by three meters of 

acceleration and followed by three meters of deceleration.  

For the stair tasks, subjects walked up two flights of non-skid edged indoor stairs consisting 

of 22 steps in total. While negotiating the stairs, subjects had to take a U-shaped turn on a 

1.52 m (depth) by 2.57 m (width) landing after the eleventh step of the first flight. Each step 

had a rise of 0.18 m and a depth of 0.22 m. Subjects were instructed to adopt an alternating 

step-strategy without skipping any step and not to use handrails unless they felt they would 

lose balance. Time was measured with a stopwatch at the instant the subject’s foot came 

into contact with the surface of the first step and the ground after the last stair step. 

Data Analysis 

The highest peak torque value from both trials was obtained analyzing the text file exported 

from the dynamometer with a customized MATLAB script (MATLAB 14b, The MathWorks 

Inc., Natick, MA, 2000). The CON and ECC torque values of each individual subject were 

divided by the corresponding mean CON and ECC torque values of the young adults for each 

speed7, resulting in a measure of age-related muscle torque maintenance for each speed 

condition. Previously, the RELM magnitude was expressed as the difference between ECC 

and CON torque maintenance (in %)16. In addition, we normalized the RELM magnitude by 

CON torque maintenance (i.e., ((ECC - CON) / CON) * 100) to control for concentric strength 

levels. For example, an individual with 90% maximal ECC torque maintenance and 70% 

maximal CON torque maintenance has a RELM magnitude of 28.6% ((90 – 70) / 70) * 100 = 
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28.6%). Then, high and low RELM individuals in the old group were identified as having a 

respectively higher or lower RELM magnitude than the mean of the group. Habitual gait task 

performance was determined by computing the average of two trials and maximal 

performance was the fastest trial. Time to completion during the gait performance tasks 

was recorded at the closest 0.01 s. 

Statistical Analyses 

The main analysis was an age (young, old) by gender (male, female) by speed (ECC120, 

ECC60, CON60, CON120) analysis of variance (ANOVA) with repeated measures on speed, 

followed by a Tukey’s post hoc to determine the means that were different (p < 0.05). 

Independent t-tests were performed to test for significant differences between old and 

young adults on gait performance at habitual and maximal speed, adjusted for body height. 

An exploratory analysis was performed using simple linear regressions to determine (non-

)task-specific relationships between CON and ECC muscle torque (= predictors) and level, 

ascent, and descent locomotion performance (= outcomes). Therefore, average scores for 

CON (e.g., (CON120 + CON60) / 2) and ECC muscle torque and for ascent (e.g., (ramp ascent 

+ stair ascent) / 2) and descent locomotion were computed for every individual. To test for 

an age effect, a dummy variable of age (young, old) was used. To test for differences in 

slopes within a group, paired t-tests with a pooled standard error was used. Muscle torque 

was normalized for height and mass, gait performance only for height. Lastly, independent 

t-tests were performed to test for significant differences between high and low RELM 

individuals on gait performance at both speeds, adjusted for body height. Fifteen out of 22 

variables were normally distributed and an additional seven were too after log-

transformation. Statistical analysis was done on these log-transformed variables, but the 

‘Results’ present the non-transformed data. IBM SPSS statistics v20 was used for all 

statistical analyses. Statistical significance was set at p ≤ 0.05. 

Results 

Muscle Torque 

Table 2 shows the non-normalized peak isokinetic muscle torques produced by males and 

females separately and combined and the maintenance of muscle torque for the old 

compared to young adults (Figure 1). There was an age (young, old) effect (F(1,41) = 10.29, 

p = 0.003, r = 0.85), speed (4 speeds) effect (F(2.23,91.22) = 7.21, p = 0.001, r = 0.60), and 

age by speed interaction effect (F(2.23,91.22) = 6.75, p = 0.001, r = 0.58) on the isokinetic 

torque maintenance. There was also a significant main effect of gender (F(1,41) = 11.73, p 

= 0.001, r = 0.88), thus males were stronger than females. Tukey’s post hoc analysis revealed 

significant (p < .05) differences in old vs. young for CON and ECC maintenance and a higher 

ECC vs. CON muscle torque maintenance (i.e., RELM). For males and females combined,  
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Table 2. Peak quadriceps muscle torques in young and old adults 

Muscle 

contraction 

Velocity 

(˚/s) 
Group 

Young 

(11 F, 13 M) 

Old 

(10 F, 11 M) 

Maintenance (%) 

young old 

ECCc 

120 
M 
F 

All 

176 ± 34 
145 ± 31 
162 ± 35 

161 ± 32 
134 ± 29 
148 ± 33 

100 ± 19 
100 ± 22 
100 ± 22 

91 ± 18 
92 ± 20 
91 ± 21 

60 
M 
F 

All 

176 ± 33 
142 ± 39 
160 ± 39 

153 ± 28 
136 ± 34 
145 ± 31 

100 ± 19 
100 ± 28 
100 ± 24 

87 ± 16 
96 ± 24 
90 ± 19 

CONe 

60 
M 
F 

All 

142 ± 32 
102 ± 21 
124 ± 34 

98 ± 15 
86 ± 15 
92 ± 16 

100 ± 22 
100 ± 21 
100 ± 27 

69 ± 11 
84 ± 15 
75 ± 13 

120 
M 
F 

All 

115 ± 31 
93 ± 20 

105 ± 29 

84 ± 18 
72 ± 9 

78 ± 15 

100 ± 27 
100 ± 22 
100 ± 27 

73 ± 16 
78 ± 10 
75 ± 15 

Values are mean ± SD in Nm. Maintenance, percent of corresponding young mean value, expressing 

the relative maintenance of torque in old adults. 

 

 

 

Figure 1. Torque-velocity relationship of the 

quadriceps muscle with the data plotted as 

percentages of the mean of the young group (= 

100%). The asterisks indicate significant 

difference from the young group (p < 0.05). ϒ = 

significant difference between ECC and CON 

maintenance. Vertical bars denote SD. 

 

RELM was 20.6%. There was no age by gender by speed interaction (p = 0.25), thus RELM 

magnitude was similar in old males and females. There also were no age by gender (p = 

0.27) and gender by speed (p = 0.67) interactions.  

Gait Performance 

Table 3 shows the gait performance data. Genders combined, young vs. old adults 

performed faster at the maximal speed (all p < 0.01), resulting in moderate to strong effect 

sizes. Habitual gait performance was similar in the two age groups (p > 0.05). 

Muscle Torque vs. Gait Performance 

Table 4 shows overall (non-)task-specific relationships between averaged peak muscle 

torque variables (CON, ECC) and averaged gait scores based on the direction (ascent, 

descent, level) of locomotion. CON and ECC muscle torque predicted only maximal but not 

habitual functional performance significantly. CON was not a significantly better predictor 
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of level walking than ECC in ‘ ll’ (t =  . 7). However, C N predicted ascending gait 

performance significantly better than ECC in ‘ ll’ (t = 3.7 ). Furthermore, CON predicted 

descending gait performance better predictor than ECC in ‘ ll’ (t =  .7 ) and old (t =  . 7). 

Also, CON predicted ascending gait significantly better in old compared to young (t = 2.23). 

In ‘ ll’ (t =  . 9) and old (t =  .  ), C N was not a significantly better predictor of ascending 

compared to descending gait performance. 

Table 3. Gait performance in young and old adults 

Speed Task Direction Group 
Young 

(11 F, 13 M) 
Old 

(10 F, 11 M) 
p-

valuea 
Effect 
size ra 

Habitual 

Levelb Level 

M 

F 
All 

1.41 ± 0.13 
1.45 ± 0.16 
1.43 ± 0.14 

1.42 ± 0.23 
1.51 ± 0.14 
1.47 ± 0.19 

0.18 0.20 

Stair 

Ascent 

M 
F 

All 

12.04 ± 1.31 
11.41 ± 0.68 
11.75 ± 1.10 

11.69 ± 1.51 
10.86 ± 1.03 
11.30 ± 1.34 

0.60 0.08 

Descent 

M 
F 

All 

11.28 ± 1.25 
10.49 ± 1.16 
10.92 ± 1.25 

11.76 ± 1.66 
10.66 ± 0.68 
11.23 ± 1.38 

0.16 0.21 

Ramp 

Ascent 

M 
F 

All 

3.28 ± 0.45 
3.15 ± 0.26 
3.22 ± 0.37 

3.38 ± 0.48 
3.33 ± 0.30 
3.35 ± 0.39 

0.11 0.25 

Descent 

M 
F 

All 

3.04 ± 0.46 
2.99 ± 0.41 
3.01 ± 0.43 

3.26 ± 0.38 
3.14 ± 0.31 
3.20 ± 0.35 

0.054 0.29 

Maximal 

Level Level 

M 
F 

All 

2.25 ± 0.19 
2.17 ± 0.25 
2.22 ± 0.22 

1.96 ± 0.27 
1.93 ± 0.29 
1.95 ± 0.27 

<0.01* 0.44 

Stair 

Ascent 

M 
F 

All 

5.97 ± 0.52 
6.13 ± 0.54 
6.05 ± 0.52 

7.67 ± 0.75 
7.83 ± 1.09 
7.75 ± 0.91 

<0.01* 0.77 

Descent 

M 
F 

All 

6.23 ± 0.60 
6.13 ± 0.54 
6.19 ± 0.76 

8.01 ± 1.22 
8.13 ± 0.79 
8.07 ± 1.02 

<0.01* 0.77 

Ramp 

Ascent 

M 
F 

All 

2.10 ± 0.22 
2.12 ± 0.26 
2.11 ± 0.23 

2.42 ± 0.48 
2.42 ± 0.38 
2.42 ± 0.42 

<0.01* 0.46 

Descent 
M 
F 

All 

1.89 ± 0.18 
1.85 ± 0.27 
1.88 ± 0.22 

2.18 ± 0.29 
2.23 ± 0.37 
2.20 ± 0.32 

<0.01* 0.52 

Values are mean ± SD in m/s for level walking and in s for other variables. a Based on all young vs. old 

adult group. b Level walking. 

 



 

 

26 

Table 4. Coefficients of determination for the relationship between peak quadriceps torque and gait 

tasks 

Speed 
Ascending 
gait vs. 
CON 

Descending 
gait vs.  
ECC 

Ascending 
gait vs. 
ECC 

Descending 
gait vs.  
CON 

Level 
walking 
vs. CON 

Level 
walking 
vs. ECC 

Habitual 
Young (n = 24) 
Old (n = 21) 
All1 (n = 45) 

 
0.02 
0.12 
0.00 

 
0.15 
0.03 
0.00 

 
0.09 
0.00 
0.01 

 
0.02 
0.15 
0.04 

 
0.10 
0.11 
0.04 

 
0.15 
0.06 
0.02 

Maximal 
Young (n = 24) 
Old (n = 21) 
All1 (n = 45) 

 
0.31** 
0.39** 

0.56*** 

 
0.00 
0.20* 
0.16** 

 
0.03 
0.09 
0.17** 

 
0.08 
0.36** 
0.45*** 

 
0.10 
0.07 
0.22** 

 
0.02 
0.04 
0.09* 

CON and ECC, peak concentric and eccentric quadriceps muscle torques. Ascending and descending 

gaits comprise of respectively stair and ramp ascent and stair and ramp descent. 1Young and old 

adults. *p < .05, **p < .01, ***p < .001 

Functional Significance of RELM 

Table 5 shows quadriceps muscle torque and gait performance data of high and low RELM 

groups for males and females separately. For high vs. low RELM, the magnitude of RELM 

was significantly higher in males (44.6 ± 7.5% vs. 12.0 ± 11.0%, p < 0.001) and females (31.8 

± 25.7% vs. 1.4 ± 8.4%, p < 0.05). Thus, in a select group of males and females, respectively, 

with ~33% and ~30% greater levels of RELM, this difference beyond 30% of RELM produced 

no difference in level and non-level gait performances. In females, low vs. high RELM even 

performed significantly better on habitual stair ascent and maximal ramp ascent 

performance (both p = 0.04). 
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Table 5. Differences in quadriceps muscle torque and gait performance between high and low RELM 

sub-groups 

 
Peak 

torque 
RELM Group 

High RELM 
(5 F, 5 M) 

Low RELM 
(5 F, 6 M) 

p-value 
Effect 
size r 

 
CON  

M 
F 

84 ± 14 
79 ± 15 

96 ± 17 
80 ± 8 

0.25 
0.83 

0.38 
0.08 

ECC  
M 
F 

167 ± 27 
151 ± 35 

148 ± 30 
119 ± 17 

0.27 
0.11 

0.37 
0.54 

  Magnitude 
M 
F 

44.6 ± 7.5 
31.8 ± 25.7 

12.0 ± 11.0 
1.4 ± 8.4 

<0.001* 
0.04* 

0.88 
0.66 

Speed Task Direction      

Habitual 

Level Level 
M 

F 

1.46 ± 0.20 
1.48 ± 0.12 

1.38 ± 0.27 
1.55 ± 0.16 

0.99 
0.43 

0.00 
0.28 

Stair 

Ascent 
M 
F 

11.78 ± 1.62 
11.54 ± 0.68 

11.59 ± 1.55 
10.18 ± 0.88 

0.73 
0.04* 

0.12 
0.66 

Descent 
M 
F 

12.00 ± 1.88 
11.00 ± 0.45 

11.46 ± 1.50 
10.31 ± 0.74 

0.93 
0.15 

0.03 
0.50 

Ramp 

Ascent 
M 
F 

3.34 ± 0.48 
3.46 ± 0.37 

3.42 ± 0.53 
3.19 ± 0.10 

0.73 
0.16 

0.12 
0.54 

Descent 
M 
F 

3.26 ± 0.46 
3.28 ± 0.28 

3.26 ± 0.31 
2.99 ± 0.30 

0.84 
0.21 

0.07 
0.44 

Maximal 

Level Level 
M 
F 

1.99 ± 0.37 
1.84 ± 0.30 

1.92 ± 0.01 
2.03 ± 0.27 

0.70 
0.29 

0.13 
0.37 

Stair 

Ascent 
M 
F 

7.63 ± 0.78 
8.46 ± 1.20 

7.71 ± 0.80 
7.20 ± 0.50 

0.63 
0.06 

0.17 
0.61 

Descent 
M 
F 

8.00 ± 1.53 
8.38 ± 0.93 

8.03 ± 0.91 
7.88 ± 0.64 

0.96 
0.31 

0.02 
0.36 

Ramp 

Ascent 
M 
F 

2.47 ± 0.64 
2.65 ± 0.38 

2.37 ± 0.24 
2.19 ± 0.23 

0.81 
0.04* 

0.08 
0.65 

Descent 
M 
F 

2.17 ± 0.37 
2.40 ± 0.29 

2.18 ± 0.21 
2.05 ± 0.39 

0.56 
0.18 

0.20 
0.47 

Values are mean ± SD in m/s for level walking, in Nm for peak torque, in % for RELM magnitude, and 

in s for stair and ramp tasks. The asterisk indicates significance 

Discussion 

We observed a lack of specificity between the type of muscle contraction-generated peak 

torque of the quadriceps and the type of gait tasks dominated by either concentric or 

eccentric muscle contraction. We also found no evidence that RELM, which was similar in 

males and females, would afford functional benefits for healthy old adults’ gait 

performance. We discuss these findings with a perspective on how age affects the 

relationship between muscle strength and locomotion performance with an emphasis on 

eccentric quadriceps muscle function. 
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Our peak quadriceps data are in line with previous reports in that old compared with young 

adults generated overall 17.3% lower peak quadriceps torques during ECC and CON 

contraction1,5–7,15,18 (Figure 1, Table 2). Specifically, healthy old vs. young adults produced 

25% lower CON and 9.5% lower peak ECC quadriceps torque (both p < .05). Such reductions 

in maximal torque generation are in line with the evolution of age-related dynapenic 

weakness, most likely caused by a loss of muscle proteins9,10, neuronal hypoexcitability11,12, 

and an increase in tendon compliance impeding force transmission to the body levers13,14. 

Our data also agree with previously published data with respect to the ratio between 

eccentric and concentric peak torques. In the quadriceps, the 1.4 (young males and females) 

and 1.7 (old males and females) ratios are numerically identical with some previously 

published eccentric-to-concentric torque ratios1,7,15,18. The overall pattern of the peak 

torque and the ratio data provide a sound basis for the examination of RELM and whether 

or not there is specificity between the type of peak torque and the type of functional task 

with respect to the nature of muscle contraction and if age affects this specificity. 

Young compared with old adults ambulated 17.0% faster in the five functional tasks when 

tested at the safe-fast speed (p < .01) but not at the habitual speed (difference: 1.2%). Age-

related declines in habitual level walking speed are well documented22 but there are also 

studies reporting a lack of age effect on gait speed (e.g., 26). Most likely our old adults 

represent a highly healthy cohort suggested by the 1.47 m/s habitual level walking speed. 

Indeed, a previous review reported a 17% slower mean habitual level walking speed of 1.22 

m/s measured at baseline of 42 intervention studies in nearly 2,500 healthy old adults27 and 

other reviews also reported slower values, 1.1526 and 1.30 m/s28, as ‘standards’ for habitual 

level walking speed in healthy old adults. The 1.95 m/s fast walking speed is also 

substantially higher than the 1.44 m/s reported in 766 similarly healthy old adults27, 1.50 

m/s26, and slightly higher than 1.90 m/s28 of which the latter two speeds were reported as 

a ‘standard’. The use of a curved measurement path and a lack of lead-in as in the timed-

up-and-go and the SPPB tests produce slower gait speeds, but neither method was used in 

the present study. A comparison of our walking speeds measured on inclined surfaces with 

other studies is not possible because the measurements parameters vary widely across 

studies29–32. It seems desirable to compile normative data on stair and ramp gaits in old 

adults because such locomotion tasks, due to the high relative effort and joint torques24,30,33, 

may be even more sensitive to subtle and sub-clinical musculoskeletal dysfunctions and to 

predict more accurately future mobility disability than level walking in apparently healthily 

aging old adults.  

We observed a lack of specificity between the type of muscle contraction-generated peak 

torques of the quadriceps and the type of gait tasks dominated by either concentric or 



Chapter 2 

29 

eccentric muscle contraction. The expected specificity between muscle contraction type 

and functional performance in the locomotion tasks is conceptually well founded based on 

muscle mechanics16,34,35, muscle activation16,36,37, and metabolic cost16,36. Previous studies 

also implied but never explicitly examined such specificity7,16. Specificity is also expected 

because the positive and negative knee joint powers, as measured by inverse dynamics, are 

significantly higher during ascent and descent gaits relative to level walking24,29,33. 

Determining whether the associations between leg strength and gait performance are task-

specific is important because dynapenia is the primary risk factor for mobility disability8, 

implying that mobility disability could be more accurately predicted when peak leg muscle 

strength is measured in a manner that is specific vs. when it is not specific to a functional 

task. 

There is a moderate association between leg strength and habitual gait speed in healthy old 

adults (28, for a review see 22), but our data revealed weak or no association between these 

two variables (Table 4). Perhaps our very healthy old adults performed the gait tasks at the 

habitual speed at a low relative effort so that the joint torques generated and required in 

these gait tasks were much lower than the previously reported ~80% of the available 

maximum in stair ascent and descent, minimizing the dependence on peak quadriceps 

torques23. When subjects executed the gait tasks at the fast-safe speed, quadriceps peak 

torque correlated significantly with gait speed (Table 4) in all six conditions (bottom row, 

Table 4, R2 range 0.09 to 0.56, all p < 0.05). These associations were characterized by a lack 

of specificity between type of peak torque (ECC, CON) and type of gait (ascent, descent). 

The consistently higher task- and non-task-specific associations between gait performance 

and concentric but not eccentric peak quadriceps torque assign a putative role to concentric 

effort in these gait tasks. To illustrate, the association between ascending gait speed and 

concentric torque was 3.5 times stronger (R2 = 0.56) than the association between 

descending gait speed and eccentric torque (R2 = 0.16). Even for the non-specific 

comparison, the association between descending gait speed and concentric peak torque 

was 2.6 times stronger (R2 = 0.45) than the association between ascending gait speed and 

eccentric torque (R2 = 0.17) (Table 4). One interpretation is that low concentric peak 

 uadriceps tor ue can be a limiting factor in old adults’ fast gait performance on an incline. 

The much lower associations in the comparisons that involve eccentric vs. concentric 

quadriceps peak torque, in both young and old adults (Table 4), may also suggest less 

reliance on the quadriceps and perhaps shifting effort to ankle and hip muscles33,38 and the 

use of the trailing leg differently in ascent and descent gaits39. A movement coordination-

related factor, i.e. using a forefoot landing strategy, could also minimize the correlations 

between peak quadriceps eccentric torque and descending gait performance by subjects 

shifting the reliance from the knee extensors to the plantar flexors. A different neural 
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strategy to control balance during ascent and descent could also contribute to these lower 

associations. For example, muscle coactivity of the knee flexors and extensors is 2.0 and 

1.4-times greater in old vs. young adults during stair descent and ascent, respectively23. An 

increase of coactivity possibly serves as a functional mechanism to maintain limb and joint 

stiffness40, as old adults have less functional ‘reserve’ to compensate for sudden 

unexpected perturbations, especially during demanding and hazardous ADLs like stair and 

ramp negotiation. These speculations require confirmations. 

Over the past three decades numerous studies reported on the phenomenon of 

RELM7,15,16,19. There are striking examples for the age-related sparing of peak voluntary 

eccentric muscle torque, as in one study old adults actually produced numerically almost 

identical eccentric plantarflexion17 vis-a-vis the 30-50% lower peak isometric or concentric 

torques15. In the present study, the difference in peak concentric quadriceps torque 

between young and old adults was 25% whereas the difference in eccentric torque was 

9.5%, documenting RELM in the present sample qualitatively to about the same extent as 

reported previously7,15,16, based on the computation of RELM used previously16 (discussed 

extensively in our data analysis section). 

For the first time we examined whether or not RELM affords functional benefits when old 

adults walk on level and inclined surfaces. To amplify any potential effects of RELM, we 

created sub-groups of healthy old males and females with ~33% and ~30% greater levels of 

RELM relative to other sub-groups of the same age, accompanied by large effect sizes of r = 

0.88 and 0.66 (Table 5). Against the hypothesis, after careful examination of Table 5 (top 

portion; absolute torques and RELM), high RELM and higher eccentric muscle function in 

particular for the women did not translate into higher gait speed measured on level and 

inclined surfaces between these sub-groups of healthy old adults. In women, even the high 

vs. low RELM group performed significantly worse on habitual ascending stairs and fast 

ascending a ramp (both p = 0.04). The previously discussed lack of specificity between the 

type of peak quadriceps torque and type of gait task foreshadowed the absence of RELM 

effect on locomotor function but the near nil effect of RELM on performance in descending 

gaits (effect size range: 0.02 to 0.50) is rather unexpected (Table 5). Considering that 

improving eccentric leg muscle function by various forms of eccentric training resulted in 

improved gait speed41,42, balance41, and fall risk41,43, it is as reasonable to expect that high 

eccentric function as quantified in the present study especially through the high-RELM sub-

group, would provide an agreement with improved functional outcomes reported in 

interventions studies. 

One reason for a lack of RELM effect on gait function could be that even though the RELM 

subgroups differed in RELM itself, subjects in the sub-groups were similar in peak eccentric 
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and concentric quadriceps torque (top portion, Table 5). Perhaps larger sample sizes would 

have allowed us to detect the expected effects of RELM on gait function (Table 5). Even 

though quadriceps strength has been promoted as a key contributor to locomotion, the 

recent concept of biomechanical plasticity in old adults’ gait22,44 shifted attention to the 

observation of a preferential reduction in ankle plantarflexion function even in healthy old 

adults, an outcome we did not measure in the present study. 

In conclusion, the present study confirmed previous findings of RELM but found no evidence 

for specificity in the associations between the type of muscle contraction (ECC, CON) and 

the type of gait task (descent, ascent), and found also no evidence that normal and 30% 

above normal levels of RELM would increase or predict healthy old adults’ gait performance 

on level and inclined surfaces. Future work should examine if RELM is associated with a 

heightened performance in other measures of neuromuscular function such as gait 

biomechanics, muscle activation, rate and control of voluntary force development in old 

adults with high or low mobility. 
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Abstract 

Advanced age brings a distal-to-proximal redistribution of positive joint work during walking 

that is relevant to walking performance and economy. It is unclear whether negative joint 

work is similarly redistributed in old age. Negative work can affect positive work through 

elastic energy return in gait. We determined the effects of age, walking speed, and grade 

on positive and negative joint work in young and older adults. Bilateral ground reaction 

force and marker data were collected from healthy young (age 22.5 years, n=18) and older 

(age 76.0 years, n=22) adults walking on a split-belt instrumented treadmill at 1.1, 1.4, and 

1.7 m/s at each of three grades (0, 10, and -10%). Subjects also performed maximal 

voluntary eccentric, isometric, and concentric contractions for the knee extensors (120, 90, 

0°/s) and plantarflexors (90, 30, 0°/s). Compared to young adults, older adults exhibited a 

distal-to-proximal redistribution of positive leg joint work during level (p<0.001) and uphill 

(p<0.001) walking, with larger differences at faster walking speeds. However, the 

distribution of negative joint work was unaffected by age during level (p=0.150) and 

downhill (p=0.350) walking. Finally, the age-related loss of maximal voluntary knee extensor 

(p<0.001) and plantarflexor (p=0.001) strength was smaller during an eccentric contraction 

vs. concentric contraction for the knee extensors (p<0.001) but not for the plantarflexors 

(p=0.320). The distal-to-proximal redistribution of positive joint work during level and uphill 

walking is absent for negative joint work during level and downhill walking. Exercise 

prescription should focus on improving ankle muscle function while preserving knee muscle 

function in older adults trying to maintain their independence. 
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Introduction 

Advancing age is accompanied by neuromuscular impairments1–3, which likely contribute to 

the stereotypical kinematic and kinetic patterns in elderly gait. Kinematic changes include 

shorter4 and more variable steps5, altered posture6, and slower walking speeds7. In addition, 

even when walking at the same speed as young adults, older adults produce 16-30% less 

positive plantarflexor work and 22-82% more positive hip flexor and extensor work4,8. This 

age-related distal-to-proximal redistribution in positive leg joint work is a robust 

phenomenon, evident at various walking speeds8,9, surface inclines10, physical activity 

histories11, and in older adults of various physical capacities12. It is also functionally relevant; 

reduced plantarflexor work correlates with slower walking speeds13 and a reliance on 

positive work performed by the hip musculature can worsen walking economy14. Some 

evidence suggests that the plantarflexor muscles operate closer to their maximal capacity 

for power generation during walking than other leg muscles15,16. Accordingly, muscle 

weakness could be at least one factor to explain the disproportionate reduction in 

plantarflexor positive work in older age. 

Compared to our understanding of age-related effects on positive leg joint work, the 

mechanical behavior of lower-extremity joints with respect to negative work or energy 

absorption during walking is much less understood. Negative work performed by the leg 

muscles during walking serves in part to regulate vertical support, weight transfer during 

step-to-step transitions, and decelerate individual body segments17–19. As one functionally 

relevant consequence, inadequate eccentric muscle function can increase the risk of 

tripping and falling20,21. In addition, understanding the performance of negative leg joint 

work during walking may help us explain the age-related redistribution of positive work. 

Indeed, negative work or energy absorbed during walking can prescribe positive work 

requirements or even fuel positive work through elastic energy return22, thereby influencing 

concentric muscle function, also known as the stretch-shortening cycle. Furthermore, 

environmental challenges can increase the demand for negative leg joint work. For 

example, compared to level walking, total negative leg joint work is roughly three times 

greater during downhill walking and that increase is largely accommodated by the knee 

extensor muscles18. 

Compared to that for positive leg joint work, an age-related redistribution of negative leg 

joint work during walking might be attenuated for several reasons. First, eccentric knee 

extensor and plantarflexor function are relatively well maintained in older age. Indeed, 

older adults exhibit a relative maintenance of maximal voluntary eccentric strength (0-30% 

loss) compared to isometric (20-40% loss) and, in particular, concentric (30-50% loss) 

strength for both muscle groups23–26. Second, based on peak joint moments, the relative 



 

38 

demand on hip and knee extensors and ankle plantarflexors to perform negative work 

during level and downhill walking are lower than that on the plantarflexors to perform 

positive work during level and uphill walking18. These findings suggest that leg extensor 

muscles operate well below their maximal muscle capacity when performing negative work 

during walking. Functionally, this could minimize the consequences of age-related 

neuromuscular impairments and thus attenuate the need to redistribute negative leg joint 

work to more proximal leg muscles, for example during level and downhill walking. 

In this study, we hypothesized that an age-related distal-to-proximal redistribution of leg 

joint work would: (i) be evident for positive work during level and uphill walking but (ii) 

absent for negative work during level and downhill walking. To more comprehensively 

evaluate the prevalence and functional relevance of these potential age-related 

adaptations, we also tested those hypotheses across a wide range of walking speeds. 

Therefore, the aim was to determine the effects of age, walking speed, and grade on 

positive and negative joint work in young and older adults. 

Methods 

Study design 

This cross-sectional study consisted of two sessions (dynamometry testing, gait analysis) 

performed within 14 days for each subject. Subjects were recruited via word of mouth and 

flyers and screened through a telephone interview. Prior to any measurement, subjects 

provided written informed consent approved by the University of North Carolina 

Institutional Review Board (IRB#: 16-3217) and subjects were screened again using an 

extensive health questionnaire. 

Subject characteristics 

Healthy young (age: 18–35 years, n=18) and older (age: 65+ years, n=22) adults participated 

in this study (Table 1). Subjects were included if they met the age criterion, were able to 

walk without an assistive device, and could provide informed consent. Exclusion criteria 

were a current leg fracture or injury, taking medication that causes dizziness or mild 

cognitive impairment based on a Mini Mental State Examination (i.e., score below 24)27. 

Subjects were mobility independent based on their performance on the Short Physical 

Performance Battery (SPPB)28. 

Dynamometry testing session 

Prior to dynamometry testing, subjects warmed up their legs by walking for five minutes on 

a treadmill at 1.2 m/s. We then tested the subjects’ right leg maximum voluntary eccentric, 

isometric, and concentric plantarflexor and knee extensor moment (Biodex System 4 Pro), 

which we refer to as strength to distinguish from net moments during walking. 
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For plantarflexor testing, subjects were positioned in the dynamometer with the right leg in 

30° of knee flexion (KF), the shank parallel to the floor and the ankle joint aligned with the 

rotational axis of the dynamometer head. Straps around the foot and thigh limited 

movement to dorsal (DF) and plantarflexion (PF). The anatomical zero was set at a neutral 

ankle angle (i.e., 90° between the shank and footpad). Subjects performed eccentric and 

concentric testing at angular velocities of 30°/s and 90°/s across a range of motion set from 

20° PF to 15° DF. Subjects performed isometric testing at 7° DF to compensate for 7° of heel 

raise common to this test29 and thereby obtain muscle strength representative of those at 

a neutral ankle angle. In a post-hoc analysis, we actually observed 5.2 ± 2.0° of ankle rotation 

using marker position data on the foot and lower leg. 

During knee extensor testing, subjects’ right hip was flexed to 85° with the knee joint center 

aligned with the rotational axis of the dynamometer. Straps above the ankle joint and 

around the thigh, lap, and trunk limited movement to knee flexion (KF) and extension. 

Anatomical zero was set at full knee extension. Subjects performed eccentric and concentric 

testing at angular velocities of 90°/s and 120°/s across a range of motion set from 15° to 90° 

KF. Subjects performed isometric testing at 65° KF, an angle that typically allows the highest 

generation of isometric muscle strength30. 

After we performed a gravity correction for each posture, subjects performed several 

submaximal trials to become familiarized with the task and then performed two maximal 

exertions for each muscle group. Here, the contraction type and angular velocities were 

randomized. Subjects were verbally encouraged during testing, rested at least one minute 

between contractions and, for isokinetic testing, were instructed to generate as much force 

as quickly as possible. The selected ankle and knee joint angular velocities are similar to 

those used previously and have been shown to yield good (i.e., ICC 0.75-0.90) to excellent 

(ICC>0.90) reliability23,31. 

Table 1. Subject characteristics 

 Young (9 M, 9 F) Older (9 M, 13 F) 

Age, years 22.5 ± 4.1 76.0 ± 5.7 

Body height, m 1.78 ± 0.08 1.69 ± 0.09 

Body weight, kg 72.3 ± 12.5 69.5 ± 10.5 

BMI, kg/m2 22.8 ± 2.7 24.1 ± 2.8 

MMSE score 29.8 ± 0.5 29.5 ± 0.8 

SPPB score 11.9 ± 0.2 11.1 ± 0.9 

Values are mean ± SD.  
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Treadmill testing session 

Prior to testing, subjects walked on a level, instrumented split-belt treadmill for five minutes 

at 1.2 m/s (Bertec Corp., Columbus, OH, USA). Subjects then walked for 60 s at three speeds 

(1.1, 1.4, and 1.7 m/s) at each of three grades (-10%, 0%, and 10%) for a total of nine 

experimental conditions. The conditions lasted for 60 s to avoid fatigue during the 

measurements. Given practical considerations, within each treadmill grade (0%, 10%, -

10%), we fully randomized the walking speeds for each subject. We recorded treadmill 

ground reaction forces (at 960 Hz) and marker position data (at 120 Hz) from both legs – 

the latter using an 8-camera passive motion capture system (Vicon, Centennial, CO, USA). 

Subjects wore 36 markers over specific body/shoe landmarks: posterior superior iliac spines 

(plus two tracking markers), anterior superior iliac spines, greater trochanters, lateral thighs 

and shanks (four markers on each segment), lateral and medial femoral condyles, lateral 

and medial malleoli, calcanei and 1st and 5th metatarsal heads. All subjects wore a safety 

harness and rested as needed between conditions. 

Data analysis 

We analyzed dynamometer muscle strength data using a custom MATLAB script 

(Mathworks, Natick, MA, USA) that extracted the peak muscle strength measured from each 

condition and the muscle strengths were normalized for body height and weight. 

Raw ground reaction force and marker position data were imported to Visual3D for analysis 

(C-Motion, Inc., Germantown, MD, USA). In Visual3D, we applied a 4th-order low-pass 

Butterworth filter to the ground reaction force (cut-off: 45 Hz) and marker position data 

(cut-off: 6 Hz). These data, in combination with a rigid body model of the legs and a 20 N 

threshold in the vertical ground reaction force, were used to obtain step length, duty cycle, 

and sagittal plane hip, knee, and ankle joint angles, moments, and powers. In MATLAB, 

crossover walking cycles were removed and at least 15 walking cycles per condition per 

subject were averaged, excluding those within the first and last five seconds of every 

condition. Joint moments and powers were normalized to body height and weight and all 

outcomes were averaged bilaterally. 

We estimated hip, knee, and ankle joint work by integrating the respective joint power 

curves with respect to time. We report total positive joint work as the sum of hip extensor 

work during early stance32, hip flexor work during late stance, knee extensor work during 

mid-stance and plantarflexor work during late stance. We report total negative joint work 

as the sum of hip flexor work during mid-stance, knee extensor work during early and late 

stance, and plantarflexor work during mid-stance. Finally, we computed relative 

contributions from the hip, knee, and ankle joints to total positive and negative joint work 

as a percentage. 
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Statistical analysis 

First, a mixed three-way factorial ANOVA with between-factor age (young, older) and 

within-factors joint (hip, knee, ankle) and speed (1.1, 1.4, 1.7 m/s) was performed on the 

relative joint contributions (%) to total positive leg joint work during 1) level walking and 2) 

uphill walking. The same statistical test was also performed on the relative joint 

contributions (%) to total negative leg joint work during 3) level walking and 4) downhill 

walking.  

Second, a mixed two-way factorial ANOVA with between-factor age (young, older) and 

within-factor joint angular velocity (eccentric fast, eccentric slow, isometric, concentric 

slow, concentric fast) was performed on the maximal voluntary muscle strengths of 1) the 

knee extensors and 2) plantarflexors. N=2 young adults were excluded from this analysis as 

their peak muscle strengths were consistently (i.e., for 6 out of 8 dynamometry conditions) 

lower than the older group average, which we deemed to be unrepresentative of their age 

group. A Greenhouse-Geissner correction was applied when the assumption of sphericity 

was violated. Tukey’s post hoc comparisons were performed for those outcome measures 

having a significant main effect or interaction. Statistical significance was set at α = 0.05. 

We used IBM SPSS for all statistical testing. 

Results 

Older adults took shorter steps than young, an effect that was largest, 7.5%, during uphill 

walking at 1.7 m/s and smallest, 4.0%, during downhill walking at 1.7 m/s (see Table, 

Supplemental Digital Content (SDC) 1, which presents spatiotemporal and kinematic 

measures across walking grades and speeds). Figures 1, 2, and 3 report leg joint angles, 

moments, and powers during walking, respectively (see Table, SDC 3, which presents the 

corresponding averaged standard deviation around the group mean time-series). Here, we 

note that older subjects generally adopted a more flexed position at their hip and decreased 

peak ankle plantarflexion than young subjects. 

Positive leg joint work 

During level walking across the three walking speeds, the largest relative contribution to 

total positive leg joint work came from the plantarflexors (young: 60.8±4.7%, older: 

53.1±7.3%), followed by the hip flexors/extensors (young: 31.9±5.2%, older: 38.4±7.0%), 

and finally by the knee extensors (young: 7.3±3.2%, older: 8.5±4.9%) (joint: F1.66,63.09=498.4, 

p<0.001, ƞ𝑝
2=0.93) (Fig. 4). An age×joint interaction effect (F1.66,63.09=10.47, p<0.001, 

ƞ𝑝
2=0.21) for this relative contribution showed that older adults exhibited smaller 

differences between their plantarflexors and hip flexors/extensors than young adults. 

Significant joint×speed (F2.09,79.66=30.53, p<0.001, ƞ𝑝
2=0.45) and age×joint×speed 
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(F2.09,79.66=5.27, p<0.010, ƞ𝑝
2=0.12) interaction effects showed that the difference in this 

relative contribution between the plantarflexors and hip flexors/extensors became smaller 

with increasing walking speed, an effect that was larger for older than young adults. 

 

Figure 1. Group average hip, knee, and ankle joint angles during level, uphill, and downhill walking at 

slow, moderate, and fast walking speed in young (dashed lines) and older adults (solid lines). Positive 

values represent joint flexion. Vertical lines represent toe-off for the corresponding walking condition 

and age group. 

Figure 2. Group average hip, knee, and ankle joint moments during level, uphill, and downhill walking 

at slow, moderate, and fast walking speed in young (dashed lines) and older adults (solid lines). 

Positive values represent extensor moments. Vertical lines represent toe-off for the corresponding 

walking condition and age group. 
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During uphill walking across the three walking speeds, the largest relative contribution to 

total positive leg joint work in young adults came from the plantarflexors (50.4±6.5%), 

followed by the hip flexors/extensors (40.2±5.8%), and finally by the knee extensors 

(9.5±4.7%). In contrast, in older subjects, this relative contribution was largest for the hip 

flexors/extensors (45.5±6.3%), followed by the plantarflexors (43.2±5.9%) and finally by the 

knee extensors (11.3±4.9%) (joint: F1.84,69.98=317.7, p<0.001, ƞ𝑝
2=0.89). An age×joint 

interaction effect (F1.84,76=8.38, p=0.001, ƞ𝑝
2=0.18) for this relative contribution showed that 

older adults exhibited smaller differences between their plantarflexors and hip 

flexors/extensors than young adults. The largest relative contribution shifted from the 

plantarflexors to the hip flexors/extensors with increasing walking speed (joint×speed: 

F2.76,105.0=66.94, p<0.001, ƞ𝑝
2=0.64). In addition, an age×joint×speed interaction  

(F2.77,150.08=9.72, p<0.001, ƞ𝑝
2=0.20) indicated that the difference in this relative contribution 

between the plantarflexors and hip flexors/extensors increased more in older adults as 

walking speed increased from slow to moderate, but more in young adults from moderate 

to fast speed.  

 

Figure 3. Group average hip, knee, and ankle joint powers during level, uphill, and downhill walking 

at slow, moderate, and fast walking speed in young (dashed lines) and older adults (solid lines). 

Positive values represent power generation. Vertical lines represent toe-off for the corresponding 

walking condition and age group. 
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finally by the hip flexors (young: 28.8±10.4%, older: 22.8±10.2%) (joint: F2,76=12.01, p<0.001, 

ƞ𝑝
2=0.24) (Fig. 4). The differences in this relative contribution between muscle groups were 

comparable between older and young adults (age×joint: F2,76=1.93, p=0.150, ƞ𝑝
2=0.18). The 

distribution of negative work was also walking speed dependent (joint×speed: 

F1.63,62.04=167.2, p<0.001, ƞ𝑝
2=0.82), with a larger relative contribution from the knee 

extensors and a smaller relative contribution from the plantarflexors with increasing speed. 

However, those speed effects were unaffected by age (age×joint×speed: F1.63,62.04=.58, 

p=0.520, ƞ𝑝
2=0.02). 

During downhill walking across the three walking speeds, the largest relative contribution 

to the total negative leg joint work came from the knee extensors (young: 53.5±7.6%, older: 

52.3±7.7%), followed by the plantarflexors (young: 23.6±3.3%, older: 26.5±5.0%), and finally 

by the hip flexors (young: 22.9±7.2%, older: 21.2±8.2%) (joint: F1.48,56.3=165.7, p<0.001, 

ƞ𝑝
2=0.81). The differences in this relative contribution between muscle groups were 

comparable between older and young adults (age×joint: F1.48,56.32=0.90, p=0.380, ƞ𝑝
2=0.02), 

as were the effects of increasing gait speed (age×joint×speed: F3.11,118.3=1.33, p=0.260, 

ƞ𝑝
2=0.03). However, a joint×speed interaction effect (F3.11,118.3=158.5, p<0.001, ƞ𝑝

2=0.81) 

revealed a larger relative contribution from the knee extensors and a smaller relative 

contribution from the plantarflexors with increasing walking speed.  

Maximal voluntary strength 

Maximal voluntary knee extensor strength was lower in older compared to young adults 

(age: F1,36=28.42, p<0.001, ƞ𝑝
2=0.44), but the magnitude of strength loss differed by type of 

muscle action (age×velocity: F2.42,87.04=15.13, p<0.001, ƞ𝑝
2=0.30) (Table 2). Specifically, post 

hoc analyses revealed a smaller (p<0.050) difference for eccentric versus concentric muscle 

actions between young and older adults. Also maximal voluntary plantarflexor strength was 

lower in older compared to young adults (age: F1,36=13.44, p=0.001, ƞ𝑝
2=0.27), independent 

of muscle action (age×velocity: F2.76,99.42=1.17, p=0.320, ƞ𝑝
2=0.03). 

Table 2. Peak knee extensor and plantarflexor strengths (Nm/kg/m) in healthy young and older adults 

KEa,b ECC 120°/s ECC 90°/s ISO CON 90°/s CON 120°/s 

Y (n=16) 1.12 ± 0.25 1.14 ± 0.22 1.12 ± 0.13 0.87 ± 0.18 0.76 ± 0.14 
O (n=22) 0.95 ± 0.19 1.01 ± 0.21 0.80 ± 0.17 0.51 ± 0.15 0.46 ± 0.15 
O % maint. 85 ± 17 88 ± 19 72 ± 15 59 ± 17 61 ± 19 

APFa ECC 90°/s ECC 30°/s ISO CON 30°/s CON 90°/s 

Y (n=16) 0.82 ± 0.15 0.92 ± 0.20 0.75 ± 0.18 0.62 ± 0.19 0.40 ± 0.10 
O (n=22) 0.66 ± 0.13 0.72 ± 0.16 0.56 ± 0.14 0.43 ± 0.15 0.29 ± 0.14 
O % maint. 80 ± 17 78 ± 18 75 ± 19 69 ± 25 72 ± 34 

Values are mean ± SD. ECC, eccentric; ISO, isometric; CON, concentric; Y, young; O, older;, O % maint., 

strength maintenance in older relative to young adults in percent. aPeak muscle strength greater in 

young vs. older adults (p < 0.05), bMuscle strength loss with aging lower during ECC vs. CON. 
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Discussion 

We examined the effects of age, walking speed, and grade on the distribution of positive 

and negative leg joint work across the hip, knee, and ankle during walking in young and 

older adults. Positive leg joint work was redistributed from muscles spanning the ankle to 

muscles spanning the hip in older versus young adults during level and uphill walking, with 

larger effects at faster walking speeds. Conversely and as hypothesized, we observed no 

age-effects on the distribution of negative leg joint work during level and downhill walking. 

The results are especially interesting in the context of muscle strength; we observed a 

relative maintenance of maximal voluntary eccentric compared to concentric muscle 

strength in older age for the knee extensors but not for the plantarflexors. The findings 

imply that the age-related redistribution of positive work during walking is likely 

independent of negative work. We interpret our findings to suggest that exercise 

prescription for older adults should aim to improve ankle while preserving knee muscle 

function. 

The age-related redistribution of positive mechanical work from the ankle to the hip during 

level and uphill walking agrees with previous literature and has been extensively discussed 

elsewhere4,33. Also consistent with prior reports, this redistribution became more 

prominent at faster walking speeds8,9. Indeed, here, the relative contribution from the hip 

muscles even overcame that from the plantarflexors in older subjects during moderate and 

fast uphill walking. Together, these two findings reflect the potential of more challenging 

walking conditions to amplify hallmark biomechanical differences in elderly gait. This 

redistribution of positive work is particularly important because lower ankle positive work 

correlates with slower walking speeds13 and a greater reliance on hip positive work can 

reduce walking economy14. That redistribution is also most likely not explained by shorter 

steps in older adults; others have observed this phenomenon even in the absence of age-

related changes in step length10,15. We also note here that the relative contribution from 

the knee extensors to total positive joint work was relatively negligible during level (~8%) 

and uphill walking (~10%). This finding agrees with previous level walking studies4,8. 

Compared to level walking, Franz and Kram (2014) observed a substantial increase in the 

contribution from knee extensor muscles during uphill walking in older adults. Although this 

differs from our findings, their subjects walked on a steeper, ~16%, ramp and knee extensor 

work may increase disproportionately with a greater mechanical demand to raise the body’s 

center of mass. 

As the product of joint moment and angular displacement, the age-related reduction in 

positive ankle joint work during walking arises from a smaller ankle moment and/or range 

of motion. Consistent with prior work4,10, we observed 13% and 15% smaller peak ankle 



Chapter 3 

47 

moments in older versus young adults during level and uphill walking, respectively. 

Furthermore, while young adults increased their peak ankle moment by 27% from slow level 

walking to fast uphill walking, older adults only increased this value by 6%. This difference 

points to a function-limiting impairment in elderly gait. Indeed, we also observed 25% and 

30% losses in maximal voluntary isometric and concentric plantarflexor strength generation 

in older adults (Table 2). These findings suggest that older subjects may have been less 

capable than young subjects of increasing their peak ankle moment when faced with 

increasing task demands. One explanation for this could be that the plantarflexor muscles 

operate closer to their maximal capacity than other leg muscles during walking15,16. 

However, and in spite of subtle reductions in ankle range of motion for older subjects during 

level (2° less in older) and uphill (1° less in older) walking, older adults increased positive 

ankle joint work by 77% from slow level to fast uphill walking (versus 104% for young). 

Accordingly, older subjects appear to meet the ankle positive work demands of walking 

faster or uphill more by increasing the ankle angular displacement (i.e., plantarflexion) 

during push-off than by increasing the peak ankle moment. Also in these conditions, older 

adults start to push-off slightly earlier, at the expense of the preceding energy absorption 

phase. 

To our knowledge, the present study is the first to show that advanced age is not associated 

with a redistribution of negative leg joint work during level and downhill walking. As a cyclic 

functional pair of concentric force generation, eccentric muscle function could help to 

elucidate the mechanisms underlying the age-related redistribution of positive work. In 

vitro tests have shown that active muscle lengthening (i.e., eccentric action) prior to 

shortening (i.e., concentric action) enhances muscle force production and efficiency during 

that shortening, largely through return of stored elastic energy34. Ultrasound 

measurements of plantarflexor muscle-tendon behavior during walking suggest that this 

enhancement via stretch-shortening cycles also occurs in vivo22. We would thus interpret 

our findings to suggest that the well-documented age-related distal-to-proximal 

redistribution of positive leg joint work is independent of preceding eccentric leg muscle 

function. Perhaps age adversely affects coupling between eccentric and concentric muscle 

function in the stretch-shortening cycle. The time duration of and ankle angular velocity at 

which the plantarflexors performed negative work was similar between young and old 

adults across level and uphill walking conditions (see Table, SDC 2, for this comparison). 

However, the age-related reduction in tendon stiffness 3 might be one potential structural 

change that could affect such coupling. Ultrasound measurements during walking or 

musculoskeletal simulations could provide more definitive insights to these causal links at 

the individual muscle level. 
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When walking faster and downhill, the control of energy absorption during knee flexion 

during early to midstance becomes increasingly important in order to effectively decelerate 

the body’s center of mass with each step8,18. Our findings are consistent with this increased 

mechanical demand. Total negative leg joint work increased by 134% (young) and 135% 

(older) from slow (1.1 m/s) level to fast (1.7 m/s) downhill walking, accompanied by similar 

increases in knee extensor’s contribution from 26% to 58% in young and 29% to 57% in 

older. Eccentric plantarflexor function also assists knee flexion control by decelerating 

forward rotation of the shank over the stance foot. This specific eccentric action seems 

more important for controlling downward motion of the center of mass than forward 

motion; negative ankle joint work increased from level to downhill walking but decreased 

with faster walking speed. Lastly, eccentric hip flexor function resists hip extension and 

ultimately assists leg swing through the storage of elastic energy35. The relative eccentric 

contribution from muscles spanning the hip remained relatively constant across 

experimental conditions, although the absolute value mirrored increases in total negative 

leg joint work. Collectively, our findings underscore the functional importance of preserving 

adequate knee extensor function in older adults to meet the demands for negative leg joint 

work, especially when the task or environment requires increasing speed or walking 

downhill. 

In partial agreement with previous studies, we observed a relative maintenance of maximal 

voluntary eccentric versus concentric muscle function for the knee extensors23,26 but not 

the plantarflexors24. Porter et al. (1997) also observed relative eccentric strength 

maintenance for the plantarflexors24, but their sample included females only and older 

females tend to show a greater eccentric strength maintenance than older males23,25. The 

relative maintenance of eccentric muscle strength is a robust finding, observed in older 

mice, healthy and clinical older adult populations, and in both upper and lower-extremity 

muscles (for a reviewe, see 25). However, perhaps because eccentric muscle actions have 

been anecdotally linked to muscle damage and injury, their potential functional benefits are 

relatively understudied. Notably, older patients can improve their walking speed36,37, fall 

risk36, and balance36 after eccentric muscle training. However, we previously26 observed 

relatively weak associations between self-selected speed during downhill walking or stair 

decent and eccentric knee extensor strength in healthy older adults. As we elaborate below, 

our walking data provide important functional context for associations between type of 

muscle action and walking condition, with implications for the prescription of targeted, 

muscle-specific exercise interventions for older adults. 

We posit that age had no significant effect on the relative distribution of negative joint work 

during level and downhill walking because the knee extensors operate well below their 
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maximal available capacity – a stark contrast with the plantarflexors during level and uphill 

walking. Like other authors, we find that the knee extensors are inherently stronger than 

the plantarflexors, independent of age (Table 2). We also add that older adults had a 

relatively high maintenance of maximal voluntary eccentric strength for the knee extensors, 

which only decreased on average by ~13%. This maintenance is functionally meaningful; an 

exploratory post-hoc analysis revealed that maximal eccentric knee extensor strength was 

significantly and positively correlated with the amount of energy absorbed by those muscles 

in the early stance phase of downhill walking in older adults (𝑟𝑠=0.52, p=0.014; see Figure, 

SDC 4, which shows data supporting this correlation). Finally, young and older adults 

respectively increased their peak knee extensor moment by 242% and 170% from slow level 

to fast downhill walking. Even at its maximum value, peak knee extensor moments in older 

adults were 17% smaller than their peak ankle moment during uphill walking. Taken 

together, these findings suggest that the knee extensors operated well below their maximal 

capacity during level and downhill walking in both age groups, and perhaps no age-related 

redistribution in negative joint work was needed. Indeed, others have observed that the 

knee extensors of older adults operate at only ~30% of their maximum capacity during 

habitual level walking16. However, we acknowledge that those values should be interpreted 

with some caution. Using dynamometry data as a reference for walking can lead to 

physiologically implausible estimates of the extent to which muscular capacity is utilized. 

This is best evidenced by the plantarflexors, for which relative effort in walking often 

exceeds 100%15.  

This study had several limitations. First, we selected prominent and functionally meaningful 

phases during the stance phase of walking in which significant total positive and negative 

leg joint work are known to be performed. Indeed, selecting these phases, a common 

practice in the literature, accounts for more than 70% of the total positive and negative joint 

work performed during level walking8. Second, we only computed joint work in the sagittal 

plane. Although ~84% of total leg joint work is performed in the sagittal plane during level 

walking32, it is unclear whether this contribution changes during uphill and downhill walking. 

Third, conventional inverse dynamics does not specifically account for coactivation between 

agonist and antagonist muscles, energy transferred via biarticular muscles, nor for stored 

elastic energy return. Those factors could influence our interpretations and thus our 

recommendations for exercise prescription. Fourth, we qualitatively evaluated right leg 

dynamometry outcome measures against gait kinetics averaged across both legs. However, 

prior literature supports the assumption of bilateral similarity of knee38 and ankle39 muscle 

function in healthy young and older adults. Fifth, the different distribution of males and 

females between our young and older adult groups may have affected our strength 

measurement results, as females have larger age-related knee extensor muscle deficits40. 
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Finally, our results provide only indirect evidence that age adversely affects the coupling 

between negative and positive joint work in older adults. Future research should focus on 

discovering age-related neuromuscular changes, e.g., reduced tendon stiffness, that could 

contribute to decoupling negative and positive joint work during walking. 

To conclude, we observed that the distal-to-proximal redistribution of positive leg joint 

work during level and uphill walking, a hallmark feature of elderly gait, is absent for negative 

leg joint work during level and downhill walking. Positive joint work may be redistributed 

away from the plantarflexors in older age because they operate nearer to their maximal 

capacity than other leg muscles, requiring compensatory increases at muscles spanning the 

hip. In contrast, the distribution of negative joint work may be unaffected by age because 

older adults better maintain their eccentric knee extensor strength compared to young, and 

because the knee extensors operate well below their maximum capacity. Based on the 

present findings, we suggest that the age-related redistribution of positive work during 

walking is not due to a redistribution of negative work. We also suggest that exercise 

prescription should focus on improving function of muscles spanning the ankle while 

preserving function of muscles spanning the knee in older adults trying to maintain their 

independence in the community. 
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Supplemental Digital Content 1 

Table. Stride characteristics 

 1.1 m/s 1.4 m/s 1.7 m/s 

Uphill, 10% Y O Y O Y O 

Hip ROM, ° 47.7±4.1 50.9±6.1 52.4±5.2 55.0±5.9 56.0±4.8 56.2±6.0 
Knee ROM, ° 56.5±4.6 57.3±4.1 58.3±4.2 58.8±4.4 59.6±4.0 59.8±5.2 
Ankle ROM, ° 31.1±4.1 29.7±5.0 33.2±3.5 30.8±4.5 33.2±4.3 31.3±5.1 
Step length, m 0.64±0.05 0.59±0.06 0.73±0.04 0.68±0.05 0.80±0.04 0.74±0.05 
Cadance, 
steps/min 104±8 112±11 116±8 123±10 129±7 139±9 
Stride time, s 1.16±0.08 1.08±0.09 1.04±0.06 0.98±0.07 0.94±0.05 0.87±0.08 
Stance phase, % 63.0±1.6 64.2±1.9 61.4±1.0 62.9±2.6 60.5±1.1 61.5±1.9 
Swing phase, % 37.0±0.9 36.1±1.3 38.6±1.0 37.5±1.5 39.6±1.1 38.8±1.7 

Level, 0% Y O Y O Y O 

Hip ROM, ° 37.6±3.3 39.1±4.8 41.4±4.2 43.9±4.9 45.2±4.1 47.6±5.6 
Knee ROM, ° 65.6±4.2 61.4±3.9 65.6±3.4 62.5±3.8 64.0±3.1 61.9±4.4 
Ankle ROM, ° 27.1±3.8 25.5±5.3 29.8±3.2 28.0±4.9 29.4±3.0 27.6±4.3 
Step length, m 0.62±0.04 0.59±0.05 0.71±0.04 0.69±0.04 0.80±0.04 0.75±0.06 
Cadance, 
steps/min 108±7 113±10 118±7 123±8 128±6 136±12 
Stride time, s 1.12±0.06 1.07±0.09 1.02±0.06 0.98±0.07 0.94±0.04 0.90±0.12 
Stance phase, % 62.9±1.0 63.0±1.7 61.1±0.8 62.0±2.4 60.0±1.7 59.8±3.1 
Swing phase, % 37.1±1.0 37.0±1.7 38.9±0.8 38.4±1.6 40.2±0.9 40.3±3.1 

Downhill, -10% Y O Y O Y O 

Hip ROM, ° 29.6±3.8 32.5±5.6 33.8±3.9 37.2±5.7 37.7±4.7 39.7±5.9 
Knee ROM, ° 68.1±5.0 65.9±5.4 69.8±4.3 67.6±5.0 68.9±3.9 66.8±5.3 
Ankle ROM, ° 24.6±2.6 25.0±3.4 25.2±2.8 24.4±3.7 24.1±3.1 23.7±3.5 
Step length, m 0.58±0.04 0.55±0.05 0.67±0.04 0.66±0.05 0.76±0.05 0.73±0.07 
Cadance, 
steps/min 115±8 120±10 125±8 128±10 135±9 142±13 
Stride time, s 1.06±0.07 1.01±0.09 0.97±0.06 0.95±0.10 0.88±0.07 0.85±0.09 
Stance phase, % 61.9±1.1 62.8±3.0 60.9±0.9 61.4±2.4 60.4±2.1 59.5±1.7 
Swing phase, % 38.5±0.9 37.7±1.8 39.0±0.9 39.4±2.6 40.6±1.2 41.1±1.9 

Values are mean ± SD. Y, young adults; O, older adults; ROM, range of motion. 
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Supplemental Digital Content 2 

Table. Average standard deviations around the group averaged time-series data as presented in 

Figures 1 (joint angles), 2 (joint moments), and 3 (joint powers) of the manuscript  

 1.1 m/s 1.4 m/s 1.7 m/s 

Uphill, 10% Y O Y O Y O 

Angle, ° Hip 5.89 5.04 6.49 5.37 6.54 6.09 
 Knee 4.76 5.40 4.96 5.68 4.57 6.05 
 Ankle 3.15 3.49 3.41 3.51 3.98 3.79 
Moment, 
Nm/kg/m 

Hip 0.05 0.06 0.06 0.07 0.06 0.07 

Knee 0.06 0.05 0.06 0.06 0.06 0.06 
 Ankle* 0.09 0.08 0.09 0.09 0.08 0.12 
Power, 
W/kg/m 

Hip 0.09 0.10 0.12 0.16 0.16 0.20 

Knee 0.10 0.11 0.14 0.15 0.17 0.19 
 Ankle* 0.18 0.16 0.26 0.22 0.30 0.36 

Level, 0% Y O Y O Y O 

Angle, ° Hip 5.91 5.04 6.20 5.10 6.06 6.43 
 Knee 3.81 4.20 4.14 4.30 4.05 4.81 
 Ankle 2.59 2.85 2.86 2.87 2.96 3.40 
Moment, 
Nm/kg/m 

Hip 0.05 0.06 0.06 0.06 0.07 0.07 

Knee 0.05 0.05 0.05 0.05 0.05 0.06 
 Ankle* 0.07 0.07 0.07 0.07 0.07 0.10 
Power, 
W/kg/m 

Hip 0.08 0.09 0.11 0.12 0.14 0.17 

Knee 0.09 0.10 0.12 0.14 0.14 0.19 
 Ankle* 0.14 0.16 0.20 0.20 0.25 0.29 

Downhill, -10% Y O Y O Y O 

Angle, ° Hip 6.83 5.75 6.80 5.66 6.89 6.67 
 Knee 4.65 4.74 4.55 4.81 4.70 5.22 
 Ankle 3.23 3.28 3.58 3.33 3.90 3.75 
Moment, 
Nm/kg/m 

Hip 0.05 0.06 0.06 0.07 0.07 0.07 

Knee 0.05 0.05 0.05 0.06 0.06 0.07 
 Ankle* 0.07 0.07 0.07 0.07 0.08 0.09 
Power, 
W/kg/m 

Hip 0.08 0.10 0.11 0.12 0.15 0.17 

Knee 0.14 0.15 0.17 0.19 0.21 0.25 
 Ankle* 0.15 0.15 0.19 0.21 0.24 0.28 

Values are in SD. Y, young adults; O, older adults. * Values represent the stance phase only (i.e. non-

zero values) 
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Supplemental Digital Content 3 

Table. Time duration (ms) of and angular velocity (°/s) at which the plantarflexors performed negative 
work prior to push-off 

Age 
group 

 Level walking Uphill walking 

Variable 1.1 m/s 1.4 m/s 1.7 m/s 1.1 m/s 1.4 m/s 

Y 
Time 47.7±3.4 38.7±7.9 32.3±7.6 44.3±8.7 36.7±9.2 

Velocity 47.0±7.4 49.0±7.1 47.5±9.5 39.7±7.8 41.4±9.3 

O 
Time 45.7±4.7 39.2±4.9 29.6±8.9 40.3±13.0 33.4±8.9 

Velocity 46.2±7.2 48.8±6.5 54.5±9.1 35.8±10.0 45.8±8.0 

Values are mean ± SD. Y, young adults; O, older adults. Time duration (age: F1,38=0.493, p=0.487) and 
angular velocity (age: F1,38=1.426, p=0.240) across the five walking conditions were comparable 
between age groups. Note. The fast (i.e., 1.7 m/s) uphill walking condition is not included in the table 
as the amount of negative work is negligible in both age groups. 

Supplemental Digital Content 4 

 

Figure. Relationship between maximal voluntary eccentric knee extensor strength and the energy 

absorbed by that muscle group in the early stance phase of downhill walking in older adults. 
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Abstract 

A joint moment also causes motion at other joints of the body. This joint coupling-

perspective allows more insight into two age-related phenomena during gait. First, whether 

increased hip kinetic output compensates for decreased ankle kinetic output during positive 

joint work. Second, whether preserved joint kinetic patterns during negative joint work in 

older age have any functional implication. Therefore, we examined how age and surface 

inclination affect joint moment strategies to accelerate and/or decelerate individual leg 

joints during walking. Healthy young (age: 22.5±4.1 years, n=18) and older (age: 76.0±5.7 

years, n=22) adults walked at 1.4 m/s on a split-belt instrumented treadmill at three grades 

(0%, 10%, -10%). Lower-extremity moment-induced angular accelerations were calculated 

for the hip (0% and 10%) and knee (0% and -10%) joints. During level and uphill walking, 

both age groups showed comparable ankle moment-induced ipsilateral (p=0.774) and 

contralateral (p=0.047) hip accelerations, although older adults generated lower ankle 

moments in late stance. However, ankle moment-induced contralateral hip accelerations 

were smaller (p=0.001) in an older adult subgroup (n=13) who showed larger hip extension 

moments in early stance than young adults. During level and downhill walking, leg joint 

moment-induced knee accelerations were unaffected by age (all p>0.05). These findings 

suggest that during level and uphill walking increased hip flexor mechanical output in older 

adults does not arise from reduced ankle moments, contrary to increased hip extensor 

mechanical output. Additionally, results during level and downhill walking imply that 

preserved eccentric knee extensor function is important in maintaining knee stabilization in 

older age.
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Introduction 

Joint motion results from the net moment generated by muscles spanning a joint as well as 

from net moments at more distal and proximal joints. This mechanism is the result of the 

dynamic coupling between segments. Zajac and Gordon (1989) determined inter-segmental 

coupling by induced acceleration analysis (IAA) and showed that moments arising from the 

uni-articular soleus muscle accelerate both ankle and knee into extension1. IAA provides 

insights into inter-joint moment effects on motion at any joint, which cannot be revealed 

or quantified using conventional inverse dynamics analysis, thus enriching our current 

understanding of inter-joint moment coordination during movement2–5. 

When walking at similar speeds, older compared with young adults show decreased ankle 

joint kinetics (i.e., moment, power, work) and increased hip joint kinetics during concentric 

muscle function6–9. These age-related differences, which are magnified by walking speed 

and surface incline7,10,11, are most likely mediated by leg strength and other factors caused 

by various age-associated biological changes (see 12). The age-related compensation by the 

hip musculature during gait, referred to as an ankle-hip tradeoff, is further supported by 

simulation studies13,14, clinical studies15,16, and studies where participants deliberately walk 

with altered ankle power outputs17,18. This age-related hip compensation is expected given 

that, during gait, plantarflexion occurs at the same time as ipsilateral hip flexion and 

contralateral hip extension. These actions also share common functions, i.e., ipsilateral 

plantarflexion and hip flexion both occur during late stance, and both contribute to body 

propulsion and leg swing19,20. In addition, plantarflexion and contralateral hip extension 

both occur during double-support and both contribute to propulsion5,21. However, little 

empirical data conclusively demonstrate that the hip moments compensate for the lower 

ankle joint moments. IAA, unlike inverse dynamics, can be used to understand the direct, 

instantaneous effects of the ankle and hip moments on hip motion and whether these 

effects are age-related. We hypothesize that during level walking the ankle moments in 

older adults would induce lower hip joint angular accelerations than in young adults. We 

also hypothesize that this age effect would become larger during uphill walking. 

In contrast to concentric function, joint kinetics during eccentric muscle function are largely 

unaffected by advancing age, even during downhill walking10. However, its functional 

significance is unclear. Knee flexion deceleration is attributed to eccentric knee extensor 

function, based on its amount of energy absorbed22–24, and likely helps decelerate the 

downward moving center of mass21. Another inference from inverse dynamics results is that 

hip and ankle moments assist in knee flexion control25, while these moments also remain 

unchanged in older adults during downhill walking10. Currently it is unclear to what extent 

the knee moment, and also proximal and distal moments, contribute to knee flexion 
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deceleration. IAA allows us to quantify how age and surface inclination affect the inter-joint 

moment strategy for knee flexion control. Increasing our understanding of how young and 

older adults control knee flexion under different biomechanical demands during walking is 

functionally relevant because gait tasks become more hazardous with increasing 

descent26,27. We hypothesize that the effects of individual joint moments on knee flexion 

deceleration during weight acceptance in both level and downhill walking is unaffected by 

age. The purpose of this study was to examine how age and surface inclination affect joint 

moment strategies to accelerate and/or decelerate individual leg joints during walking. 

Methods 

Participants 

Prospective participants were screened using a telephone interview. Inclusion criteria were: 

aged 18-35 (young) or 65+ (older) years; able to walk without an assistive aid; no current 

lower-extremity injury; not taking medication that causes dizziness; no score below 24 on 

the Mini-Mental State Examination, which would indicate mild cognitive impairment28. 

Participants provided written informed consent. The study was approved by the University 

of North Carolina Institutional Review Board (#16-3217). N=18 young and n=22 older adults 

participated; all were mobility independent (Short Physical Performance Battery score ≥ 9)29 

(Table 1). 

Instrumentation and treadmill walking protocol 

Participants first walked for five minutes at 1.2 m/s on a split-belt instrumented treadmill 

(Bertec Corp., Columbus, OH, USA) to warm up their muscles and become familiar with 

equipment and safety harness. Participants then walked for one minute at 1.4 m/s at each 

grade in a fixed order (i.e. 0%, 10%, -10%) without reporting difficulty, with rest provided 

between conditions as needed to avoid fatigue. This speed was selected as it was similar to 

the subjects’ preferred over-ground walking speed (young: 1.44±0.18 m/s, older: 1.34±0.22  

Table 1. Participant characteristics 

 
 Young (8 M, 9 F) Older (9 M, 13 F) 

Age, years 22.5 ± 4.1 76.0 ± 5.7 

Body height, m 1.78 ± 0.08 1.69 ± 0.09 

Body weight, kg 72.3 ± 12.5 69.5 ± 10.5 

BMI, kg/m2 22.8 ± 2.7 24.1 ± 2.8 

MMSE score 29.8 ± 0.5 29.5 ± 0.8 

SPPB score 11.9 ± 0.2 11.1 ± 0.9 

Values are mean ± SD. MMSE: Mini-Mental State Examination, SPPB: Short Physical Performance 

Battery 
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m/s) as part of a larger protocol10. Continuously during each condition, bilateral ground 

reaction forces (GRFs) were collected at 960 Hz and an 8-camera passive motion capture 

system recorded marker positions at 120 Hz (Vicon, Centennial, CO, USA). Participants wore 

36 reflective markers attached to lower-extremity landmarks (for details see 10). 

Inverse kinematics and dynamics analyses 

Raw GRF and marker position data from each trial were imported into a movement analysis 

software (Visual3D, C-Motion, Inc., Germantown, MD, USA) and low-pass filtered (4th-order 

Butterworth) with cutoff frequencies of 45 Hz and 6 Hz, respectively. Using marker position 

data and participant’s body mass and height, the lower-extremities were modelled as seven 

rigid segments (pelvis: cylinder shaped; thighs, shanks, and feet: cone shaped). Outcome 

variables were step length, duty cycle (for details see 10), and sagittal plane hip, knee, and 

ankle joint angles and net moments using inverse kinematics and dynamics. 

Induced acceleration analysis 

Segment positions, joint angles, and net joint moments were used as inputs for IAA 

performed using Visual3D. Equation 11 was solved to estimate the instantaneous effect of 

individual net joint moments or gravity on joint angular accelerations and GRFs: 

�̈� = 𝑀−1𝑇 +𝑀−1𝐺 (1) 

Where matrix �̈� contains generalized joint accelerations, inverse inertia matrix 𝑀−1 includes 

segmental positions and its inertial properties, and matrices 𝑇 and 𝐺 include all net joint 

moments and gravitational terms, respectively. Coriolis and centripetal terms were set to 

zero and not included in Eq. 1. 

A seven-segment model (see segments above) was used with three rotational degrees-of-

freedom (DOFs) at the hip, one rotational DOF (flexion/extension) at the knee, and two 

rotational DOFs (flexion/extension, inversion/eversion) at the ankle. Segment masses and 

its inertial properties were based on subject’s body weight and height, regression 

equations30, and segment shape31. During stance, the foot was constrained to the floor 

during foot-flat (‘fixed-foot’), but able to rotate around the foot’s medio-lateral axis passing 

through the center of pressure before and after foot-flat (‘free-foot’). This prevented foot 

translation into and over the floor. During leg swing, foot movement was unconstrained2. 

Each net joint moment or gravity was separately entered into the model frame-by-frame 

across each gait cycle. All the remaining moments and gravity were set to zero, to estimate 

specific independent effects on the outcome variables: induced GRFs, hip, and knee angular 

accelerations1. Within each walking condition for each participant, induced accelerations 

were extracted and averaged from five gait cycles, all identified after the 10th second of the 

trial to ensure stable movement patterns. 
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Outcome variable 

A custom MATLAB-script was used for further analysis (Mathworks, Natick, MA, USA). 

Following the hypotheses, induced hip angular accelerations (level, uphill) were extracted 

during specific intervals (Figure 4) corresponding to joint work phases identified 

previously10. In addition, induced knee angular accelerations (level, downhill) were 

extracted during one interval, defined between the onset of heel strike and the end of 

energy absorption at the knee during weight acceptance. The induced joint angular 

accelerations and net joint moments were then integrated within these intervals to obtain 

joint angular velocity changes and joint angular impulses, then normalized to stride time 

since this was 4.0% shorter in older compared to young adults across walking slopes10, and 

used in the statistical analysis. Joint moment-induced joint angular velocities were obtained 

as these relate to power production (i.e., moment*angular velocity). 

To estimate the model’s accuracy, the sum of all the moment and gravity-induced vertical 

and horizontal GRFs was compared to the experimental GRFs for each participant and 

walking condition by calculating the coefficient of multiple correlation (CMC)32 and average 

root mean square-difference (RMS) (see Supplementary Table S1). CMC assesses the 

similarity of two GRF time-series obtained using IAA and force plates respectively, within 

each gait cycle, taking into account the difference in offset, correlation, and gain. CMC-

scores≥0.90 were considered representative and included in our analysis. The model’s 

sensitivity to the type of foot-floor constraint (fixed-foot vs. free-foot) and knee angle 

change was estimated using as outputs the ankle moment-induced peak hip acceleration 

during level and uphill walking, and knee-moment-induced peak knee acceleration during 

level and downhill walking, for n=5 participants. 

Statistical analysis 

One young participant was excluded from the analyses, because of a CMC-score of 0.86 for 

one of the GRF-components during level walking (see also Figure 1). Seventeen out of 22 

variables had normal distributions and equal variances, and so did five after log-

transformation, according to the Shapiro-Wilks test and Levene’s test, respectively. Two-

way mixed factorial ANOVAs were performed (between-participant factor age: young, 

older; within-participant factor slope (0%, ±10%) on gait kinematics and kinetics, and on 

joint moment-induced hip (separately for early and late stance) and knee angular velocity 

changes. Effect sizes of r=0.1, r=0.3, and r=0.5 represent small, moderate, and large effects, 

respectively33. A Holm-Bonferroni correction, which has greater power (1-β) than a simple 

Bonferroni correction, was performed to account for the number of mixed ANOVAs (i.e., 

m=8) to test the hypotheses34.  
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Figure 1. Comparison of five waveforms (one per gait cycle) between experimental and induced GRF-

components during level walking for one representative participant. RMS differences between the 

experimental and induced GRF-components during stance across participants were about 10% (for 

full reporting, see Supplementary Table 1) and deemed acceptable. 

 

The correction works as follows: all p-values are sorted first, from the lowest to highest p-

value. Second, if the first (lowest) p-value is greater than p*=alpha/m, the procedure is 

stopped and the first and all consecutive p-values are non-significant. Otherwise, the p-

value is significant and the second p-value is compared to p*=alpha/(m-1), et cetera. Alpha 

was 0.05. IBM SPSS (SPSS Inc., Chicago, IL, USA) was used for the analyses. Detailed 

statistical results are reported only for the most relevant outcomes. 

Results 

The model was generally more sensitive to the modeled foot-floor contact than altered 

knee angle (see Figure 2 caption), as visualized for one representative subject. 

Age-related changes in gait kinematics and kinetics 

On average across conditions, older compared with young adults took 3.7% shorter steps, 

and adopted 5.0° greater stance phase hip flexion and 4.4° lower peak plantarflexion during 

late stance (Figure 3) (all p<0.05).  

0   0  00

  00

0

 00

 
 P
  
 
  
( 
)

Le  leg

      0.99

0   0  00

 ait cycle ( )

0

 00

 00

 00

 
er
t.
  
 
  
( 
)

      0.9 

0   0  00

  00

0

 00

 ight leg

      0.99

0   0  00

 ait cycle ( )

0

 00

 00

 00
      0.9 

experimental
induced



 

64 

 

Figure 2. Model sensitivity analysis-outcomes shown for one representative subject. Per knee flexion 

angle-change (n=5 subjects), ankle moment-induced peak hip extension acceleration decreased by 

7.8±0.2% (uphill, A) and 6.6±0.8% (level, B), and knee moment-induced peak knee extension 

acceleration decreased by 2.6±1.4% (level, C) and 2.6±0.7% (downhill, D). Between modeled foot-floor 

contacts (10 vs. 11 DOFs, i.e. fixed- vs. free-foot, nz=5 subjects), ankle moment-induced peak hip 

extension acceleration were 18.2±21.7% (uphill, E) and 11.7±11.6% (level, F) different, and knee 

moment-induced peak knee extension acceleration were 6.3±10.6% (level, G) and 2.6±10.5% 

(downhill, H) different. 

 

During level walking, older adults produced an 8.5% lower plantarflexion impulse and 

performed 13.9% less positive plantarflexion work in late stance than young adults; these 

differences were magnified during uphill walking (+16.6% and +19.1%, respectively) (all 

p<0.05). Across level and uphill walking, older adults performed more (p<0.05) positive hip 

extension (+19.0%) and flexion (+15.8%) work than young adults but both groups produced 

comparable (p>0.05) hip extension and flexion (0% and -2.5% difference, respectively) 

impulses. Therefore, a subgroup of older adults (n=13) was identified including those with 

18.6±13.9% greater (𝐹1,28=4.57, p=0.041, r=0.37) hip extension impulses than the young 

adults’ average across level and uphill walking. This subgroup produced a  3.8  lower 

plantarflexion impulse, performed 19.1% less positive plantarflexion work, more positive 

hip extension (+42.8%) and flexion (+15.0%) work (all p<0.05), but comparable hip flexion 

impulse (-3.7%) than young adults. Across level and downhill walking, both age groups 

showed comparable hip, knee, and ankle angular impulses (all p>0.05).  
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Figure 3. Joint angles and net joint moments during walking in young (dashed lines) and older (solid 

lines) adults 

 

Age-effects on induced hip angular accelerations in level and uphill walking 

No significant age or age*slope-interaction effects were observed between the young 

(n=17) and older adults (n=22) across conditions (Figure 4, Table 2). Specifically, as the hip 

was extended during early stance, both groups showed comparable induced hip extensions 

by the ipsilateral hip moment (age: 𝐹1,37=3.28, p=0.078, r=0.29) and contralateral ankle 

moment (age: 𝐹1,37=4.22, p=0.047>p*, r=0.32). 

Both moment-induced effects increased from level to uphill walking, i.e., 16.5% and 52% 

respectively, in a comparable manner between groups (age×slope, hip: p>0.05; ankle: 

p=0.035>p*). As the hip flexed during late stance, both groups showed comparable induced 

hip flexion induced by the ipsilateral hip flexion moment (age: 𝐹1,37=5.38, p=0.026>p*, 

r=0.36), and hip extension induced by the ipsilateral ankle (age: 𝐹1,37=0.08, p=0.774, r=0.05) 

and knee extension moments (age: 𝐹1,37=7.33, p=0.010>0.008* (α/6), r=0.41). These 

moment-induced effects increased by 96% (ankle) and 7.2% (hip) or decreased by 128% 

(knee) from level to uphill walking, all in a comparable manner between groups (age×slope, 

ankle & hip: both p>0.05; age×slope, knee: p=0.043>p*). 
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Figure 4. Induced hip and knee angular accelerations across the gait cycle in young and older adults. 

Vertical dashed lines reflect toe-off during level walking and the colored, vertical lines reflect the start 

(‘s’) and end (‘e’) of the analyzed interval consistent with the direction (e.g. uphill) of walking for young 

adults only, for clarity. 

 

Age-related differences were observed between the young (n=17) and older adult subgroup 

(n=13) (Table 2). That is, across conditions, a 34% greater and 27% lower hip extension 

induced by the ipsilateral hip moment (age: 𝐹1,28=11.53, p=0.002<0.007* (α/7), r=0.54) and 

contralateral ankle moment (age: 𝐹1,28=16.91, p=0.001<0.006* (α/8), r=0.61) for the older 

subgroup, respectively. Both hip- and ankle moment-induced effects increased from level 

to uphill walking,  24% and 59% respectively, comparably across age groups (age×slope: 

both p>0.05). 

Age-effects on induced knee angular accelerations in level and downhill walking 

No significant age or age*slope-interaction effects were observed between the young 

(n=17) and older adults (n=22) across conditions (Figure 4, Table 2). As the knee flexed 

during the weight acceptance phase, knee extension induced by the ipsilateral hip moment 

(age: 𝐹1,37=0.68, p=0.414, r=0.13) and knee moment (age: 𝐹1,37=0.29, p=0.594, r=0.08), and 

knee flexion induced by the ankle moment (age: 𝐹1,37=0.09, p=0.768, r=0.05) were 

comparable between groups. These moment-induced effects increased by 756% (knee) and 

69% (ankle) or decreased by 69% (hip) similarly between groups (age×slope, all p>0.05). 
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Table 2. Induced joint angular velocity changes due to net joint moments 

Induced 
velocity 
changes 
due to 

Group 

Hip,  
early stance 

Hip,  
late stance 

Knee,  
weight acceptance 

Level Uphill Level Uphill Level Downhill 

Hip 
moment 

Y -8.4±1.7 -9.2±3.0# 12.1±2.4 12.6±2.0 14.3±3.3 8.4±3.4# 

O -9.6±3.0 -11.0±3.6 13.5±3.3 15.0±3.1 15.4±4.8 9.2±3.2 

Subgr -10.5±3.4 -13.0±2.6ψ     

Knee 
moment 

Y   -3.7±1.4 -0.9±1.5# 2.8±5.3 14.5±4.1# 

O   -4.7±2.1 -2.7±1.8 3.1±7.1 19.3±6.6 

Ankle 
moment 

Y -2.7±0.7 -4.2±1.0# -6.0±5.0 -12.7±7.0# -8.0±5.9 -11.4±4.6# 

O -2.5±0.8 -3.4±1.0 -6.3±3.8 -11.5±4.7 -6.8±6.5 -13.6±6.6 

Subgr -2.0±0.5 -3.0±0.6ψ     

Values are presented in mean±SD, radians/s. Negative (positive) values: flexion (extension) velocity 

change (i.e., acceleration). Y = young adults, O = older adults, Subgr = Subgroup of older adults showing 

the age-related redistribution of joint moments. ψ age effect (Y vs. Subgr): p < p* (explained in 

statistical analysis-section), #slope effect (level vs. non-level walking): p < 0.001 

Discussion 

We used IAA to reveal how age and surface inclination affect joint coupling mechanisms to 

accelerate and/or decelerate lower-extremity joints during walking. Unexpectedly, the 

accelerating effect of ankle moment in late stance on ipsilateral and contralateral hip 

motion was comparable between age groups across level and uphill walking. These effects 

also increased comparably between age groups from level to uphill walking, despite the 

lower ankle moment in older vs. young adults during level walking being even more 

pronounced during uphill walking. As hypothesized, the inter-joint moment effects on knee 

flexion during weight acceptance across level and downhill walking were unaffected by age.  

The observed age-related decrease in ankle angular impulse and redistribution of positive 

leg joint work during level and uphill walking agrees with previous literature6–9,11. However, 

we and others11 did not observe the age-related increased hip extensor impulse using a 

treadmill, as opposed to the over-ground walking studies cited above. Others suggested 

that the lower hip extension impulse during treadmill vs. over-ground walking in young 

adults35 is more pronounced in older adults36. However, further research should explore 

whether treadmill walking truly attenuates the age-difference in hip extensor impulse.  

The IAA results suggest that the hip musculature itself contributes to increases in hip 

mechanical output in older adults, during walking. Across our entire cohort, the hip 

moments appeared not to compensate for lower ankle moments in older adults, as young 

and older adults showed comparable ankle-to-hip effects across level and uphill walking. 

This can be partially explained by the observed age-related differences in hip and ankle 
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angles, given that joint kinematics are the only other independent input to IAA, alongside 

the joint moments. However, because older adults did not walk with a larger hip extension 

moment, which characterizes elderly gait, it is not possible to draw definitive cause-and-

effect conclusions from these findings alone. Indeed, the older adult subgroup that showed 

an age-related increase in hip extensor impulse had lower ankle moment- and greater hip 

moment-induced hip accelerations compared to young adults, at least during the early 

stance phase. Nevertheless, the lower ankle-to-hip effect in the older adult subgroup 

accounted only partially for their increased hip-to-hip effect, suggesting that the 

contribution of the ankle moment to hip extension is small. We hypothesize that an ankle-

hip tradeoff is more applicable to power generation. This is supported by a recent study 

observation that older adults can redistribute positive power between the hip and ankle 

joint during walking by altering their ankle angular velocity more than their ankle moment17. 

In the present study, the ankle moment surprisingly induced almost no ipsilateral hip flexion 

acceleration during late stance. This may suggest that the plantarflexors as a whole 

contribute less to leg swing initiation than suggested by others20. 

The hip musculature itself may contribute to age-related increases in hip mechanical output 

through postural differences. In spite of comparable hip moments, older compared with 

young adults showed larger contributions from the ipsilateral hip moment to hip 

accelerations during early (r=0.29) and late stance (r=0.36). This reflects the mediating 

effect of posture on function. Indeed, older compared with young adults averaged 5° 

greater peak hip flexion during stance. Although not measured in the present study, this 

may imply that older adults walked with greater trunk flexion, typical of elderly gait37,38. 

Greater trunk flexion requires increased and prolonged hip extensor mechanical output to 

stabilize the trunk39,40. Trunk flexion may also shift the body’s center of mass forward, 

thereby increasing the demand for hip flexor power generation to initiate leg swing more 

vigorously. However, future studies should confirm whether decreasing trunk forward lean 

during gait also lowers hip joint kinetics in older compared to young adults. 

We previously determined that lower-extremity joint kinetics during eccentric muscle 

function are similar between young and older adults even during downhill walking10. The 

present results show that the inter-joint moment mechanism used to stabilize the knee 

during weight acceptance is preserved in older age, with the knee moment as the largest 

contributor to knee stabilization during downhill walking. These results imply that 

preserved eccentric knee extensor function plays an important role in maintaining knee 

stabilization in older age. The large contribution by the knee moment was partly 

foreshadowed by large increases (young: 329%, old: 330%) in knee extensor impulse from 

level to downhill walking, also observed by others24,27. However, the current analysis also 
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took the effects of the hip and ankle moment on knee motion into account. Surprisingly, 

the hip extensor moment contributed more to knee flexion deceleration than the knee 

moment during level walking, reflecting a more important role of the hip in stabilizing the 

knee in gait than previously inferred25. This role is supported by other research observations 

showing that higher hip extension moments during stiff versus soft landings caused less 

knee flexion in the former task41. Generally, our IAA findings at the knee agree well with the 

qualitative inferences from inverse dynamics results. 

IAA has received some critique in that it is particularly sensitive to modeling decisions, such 

as the number of DOFs42 and complexity of foot-floor interaction43, and results are difficult 

to validate44. Furthermore, IAA results represent instantaneous, isolated effects and do not 

account for past behavior effects. The present sensitivity analyses showed larger changes 

in induced joint angular accelerations when the number of DOFs changed compared to 

when knee angle is altered. However, the present modeled foot-floor interaction yields 

comparable results to more complex models, at least in the sagittal plane43. Additionally, 

results of the few experimental studies that performed functional electrical stimulation are 

in line with IAA results45,46. The present results are limited to fit healthy elderly, because 

pathological gait can show compensatory inter-joint moment effects to control joint 

motion3,47. Lastly, a potential for condition ordering effects cannot be fully excluded. 

In conclusion, the increased hip flexor mechanical output in older adults during level and 

uphill walking does not arise from reduced ankle moments, contrary to the hip extensors’ 

increased mechanical output. Finally, IAA revealed comparable inter-joint moment effects 

on knee flexion deceleration during walking between young and older adults, including a 

more important role of the hip moment than previously inferred from inverse dynamics 

results. The well-preserved knee-to-knee contribution in older age imply that preserved 

eccentric knee extensor function is important in maintaining knee stabilization. 
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Supplemental Digital Content 1 

Table. Average absolute and relative (in parentheses) root mean square-differences between 
experimental and induced ground reaction force-components (GRF) during stance in gait. 

GRF-components Downhill, -10% Level, 0% Uphill, +10% 

Left, vertical 55 ± 20 (10 ± 3) 57 ± 17 (10 ± 3) 44 ± 20 (8 ± 3) 

Left, AP 16 ± 5 18 ± 5 18 ± 13 

Right, vertical 62 ± 22 (11 ± 3) 61 ± 24 (11 ± 4) 53 ± 24 (9 ± 4) 

Right, AP 21 ± 7 17 ± 7 16 ± 6 

Values are mean ± SD. Absolute differences are in Newton and relative values (between parentheses) 

in %. AP (anterior-posterior). For the AP GRF, absolute differences are not accompanied by their 

relative difference, i.e., mean absolute difference/average actual GRF *100%, because this GRF 

component crosses the zero value multiple times which artificially inflates that outcome. 
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Abstract 

Older compared with younger adults walk with different configurations of mechanical joint 

work and greater muscle activation but it is unclear if age, walking speed, and slope would 

each affect the relationship between muscle activation and net joint work. We hypothesized 

that a unit increase in positive but not negative net joint work requires greater muscle 

activation in older compared with younger adults. Healthy younger (age: 22.1 yrs, n=19) and 

older adults (age: 69.8 yrs, n=16) ascended and descended a 7° ramp at slow (~1.20 m/s) 

and moderate (~1.50 m/s) walking speeds while lower-extremity marker positions, 

electromyography, and ground reaction force data were collected. Compared to younger 

adults, older adults took 11% (incline) and 8% (decline) shorter strides, and performed 21% 

less positive ankle plantarflexor work (incline) and 19% less negative knee extensor work 

(decline) (all p<.05). However, age did not affect (all p>.05) the regression coefficients 

between the muscle activation integral and positive hip extensor or ankle plantarflexor 

work during ascent, nor between that and negative knee extensor or ankle dorsiflexor work 

during descent. With increased walking speed, muscle activation tended to increase in 

younger but changed little in older adults during both ascent (10±12% vs. -1.0±10%; p=.005, 

r=.47) and descent (3.6±10.2% vs. -2.6±7.7%; p=.016, r=.42). Age does not affect the 

relationship between muscle activation and net joint work during incline and decline 

walking at freely-chosen step lengths. The electromechanical cost of joint work production 

does not underlie the age-related reconfiguration of joint work during walking. 
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Introduction 

Healthy aging is accompanied by adjustments in walking mechanics. A functionally relevant 

adaptation is the 16-30% lower ankle plantarflexor work coupled with 22-82% greater hip 

extensor and/or flexor work1,2. Reduced plantarflexor work is relevant because it correlates 

with slower walking speed3, which predicts mobility disability and falls4. In contrast, the 

distribution of negative work is independent of age during level and decline walking5, 

possibly due to the age-related relative maintenance of maximal voluntary eccentric muscle 

strength6. 

This reconfiguration of joint mechanical work may be due to reductions in muscle mass7 

and changes in muscle activation. For example, compared to younger adults, older adults 

tend to show a smaller increase in plantarflexor activation during push-off with increasing 

walking speed8 and inclination9, and a larger increase in hip extensor activation with speed 

but not incline. In addition, age seems not to affect knee extensor activation, the primary 

energy absorbers10, nor ankle dorsiflexor activation during level and decline walking9. 

To our knowledge, the relationship between muscle activation and mechanical joint work 

during walking has not been examined but could provide insights into the neural-based 

mediating effects on the age-related joint work redistribution. That is, the increased agonist 

muscle activation and antagonist co-activation in older vs. younger adults during 

walking11,12 may lead to greater muscle activation per unit increase in net joint work, i.e. 

electromechanical cost13. Greater antagonist co-activation is thought to increase joint 

stability through increased joint stiffness14, but would also require greater agonist activation 

to produce a certain amount of net joint work. The emerging picture supporting an age-

related increase in electromechanical cost is that the difference in plantarflexor activation 

is less pronounced than the difference in plantarflexor positive work2,8,9,15. The potential 

age effect on electromechanical cost is relevant to determine as it could reinforce the age-

related reconfiguration of joint work in order to specifically keep the plantarflexors from 

operating at or near their maximum torque capacity during walking16–18. Also, muscle 

activation in turn positively correlates with age-related increases in metabolic cost during 

level19 and incline20 walking. 

Higher electromechanical costs in older compared with younger adults may be evident only 

for positive joint work during incline walking and not for negative joint work during decline 

walking. We make this conjecture because descending involves predominantly lengthening 

muscle contractions that partially rely on passive forces generated by series elastic 

structures21, requiring less muscle activation per unit muscle force than shortening muscle 
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contractions predominant while ascending22,23. Also, decline walking selectively increases 

muscular demand only on the knee extensors and ankle dorsiflexors5,9. 

In this study, we examined the effects of age and walking speed on the relationship between 

muscle activation and mechanical joint work during incline and decline walking. We 

hypothesized that a unit increase in positive but not negative net joint work requires greater 

muscle activation in older compared with younger adults. We further hypothesized that, 

compared to younger adults, older adults would exhibit a larger increase in leg muscle 

activation with faster walking speed during incline but not decline walking. 

Methods 

Participants 

In this cross-sectional study, participants were recruited via word of mouth and flyers 

distributed at shopping centers and attended one, 2-hour laboratory session. Inclusion 

criteria were: 18-30 or 65+ years of age and ability to negotiate stairs independently. 

Exclusion criteria were: any lower-extremity neuromuscular impairment, a history of 

neurological conditions (dementia, Parkinson’s disease, stroke), severe diabetes, asthma, 

chronic bronchitis, or pregnancy. Before measurements, participants provided written 

informed consent. The local medical ethics committee at the University Medical Center 

Groningen, the Netherlands, approved the study (METc no. 2018/622). Younger (n=19) and 

older adults (n=16) participated in the study (Table 1) who were cognitively healthy (Mini 

Mental State Examination score≥24, 24) and mobility independent (Short Physical 

Performance Battery score≥9, 25). 

Table 1. Subject characteristics 

 Younger (10M, 9F) Older (8M, 8F) 

Age, years 22.1 (2.6) 69.8 (4.6) 

Body height, m 1.78 (0.09) 1.72 (0.07) 

Body weight, kg 72.5 (10.1) 73.8 (13.1) 

BMI, kg/m2 22.7 (2.2) 24.9 (3.1) 

MMSE score 29.8 (0.4) 28.6 (1.3) 

SPPB score 11.9 (0.5) 11.2 (0.8) 

Values are in mean (SD). MMSE: Mini-Mental State Examination, SPPB: Short Physical Performance 
Battery. 
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Experimental conditions 

Participants ascended and descended a custom-built ramp at two different speeds. Midway 

embedded in the ramp (6.0x1.3m, 7°, 2-m-long landing surrounded by a railing), was a 

0.6x0.4m Bertec force platform (Bertec, Columbus, OH, USA) that was mounted on a solid 

aluminum frame affixed to the floor. The order of walking speed was block randomized and 

participants were able to rest between blocks. A minimum of five successful trials per 

walking condition were collected. A trial was successful when the participant fully stepped 

on the force platform with the right (incline) or left (decline) foot, because of camera 

positioning, and when walking speed was within ±5% in the slow (1.20 m/s) and the 

moderate (1.50 m/s) condition. Participants received verbal feedback on walking speed 

based on the times measured by a timing system (Minitimer HL 440, TAG Heuer, 

Switzerland) positioned 0.5m before and after the force platform. 

Data collection 

During walking, right (incline) and left (decline) leg marker position data were collected, 

respectively, at 100 Hz using three Optotrak, active motion-capture units (Northern Digital 

Inc., Waterloo, Ontario, Canada). The markers were applied on the following anatomical 

landmarks: anterior and posterior superior iliac spines (plus three tracking markers), lateral 

thighs (three tracking markers), lateral shanks (three tracking markers), calcanei, and on top 

of each foot (three tracking markers). Virtual markers were defined for the following 

landmarks: greater trochanters, medial and lateral femoral epicondyles, medial and lateral 

malleoli, and first and fifth metatarsal heads. Ground reaction force (GRF) and moment data 

in 3D were collected at 1kHz. 

Surface electromyography (EMG) data were collected at 2kHz using wireless, pre-amplified 

(909x) parallel-bar sensors (Trigno, Delsys Inc., Natick, MA, USA). These sensors were affixed 

bilaterally to the following muscles according to SENIAM conventions26: gluteus maximus 

(GluMax), semitendinosus (ST), biceps femoris long head (BF), rectus femoris (RF), vastus 

medialis (VM), gastrocnemius medialis (GaMed), soleus (SOL), and tibialis anterior (TA). 

Prior to sensor placement, the skin was shaved, abraded with soft sandpaper, and cleaned 

with alcohol pads. Signal quality for each muscle was visually checked by having participants 

perform a 3-s long isometric contraction against manual resistance. EMG, force platform, 

and marker position data were synchronized using an external trigger signal. 

Data analyses 

Raw marker position and GRF data were imported into Visual3D (C-Motion Inc., Rockville, 

Maryland, USA) and low-pass (cut-offs: 6 and 45Hz, respectively) filtered (4th-order, 

Butterworth). Marker position data and body height and body mass-based regression 
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equations were used to build a four-segment (pelvis, thigh, shank, foot) rigid-body model. 

This model and GRF data, with a threshold of 20N to detect gait events, were used to 

perform inverse kinematics and dynamics. These analyses produced spatiotemporal 

measures and lower-extremity joint angles, net joint moments and powers. The data were 

exported to a custom MATLAB script (Mathworks, Natick, MA, USA) that integrated the 

body mass normalized joint power-curves over time to obtain the largest energy generation 

and absorption segments during stance5. That is, for incline walking, during 0-50% and 50-

100% of stance for positive hip extensor work and positive ankle plantarflexor work, 

respectively. For decline walking this was during 0-30% and 0-20% of stance for negative 

knee extensor work and negative ankle dorsiflexor work, respectively. 

Raw muscle activity signals were band-pass filtered (20-450Hz) by the Delsys hardware and 

exported to a custom MATLAB script. After visual inspection of these signals, GluMax data 

for two participants and VM data for one participant were excluded because of movement 

artifacts. Further signal processing consisted of offset removal, rectification, and smoothing 

by calculating the root mean square using a 40ms window27. The signals were then time-

normalized (0-100%) with respect to stance time in order to compute average muscle 

activity-curves. The area under these curves was then calculated and multiplied by the 

average de-normalized stance time to obtain absolute muscle activation integrals 

(amplitude*duration). The average hamstrings activity (ST, BF) and GluMax activity were 

pooled to represent hip extensor activity. Pooled VM and RF activity represented knee 

extensor activity, pooled SOL and GaMed activity represented ankle plantarflexor activity, 

and TA activity represented ankle dorsiflexor activity. The EMG integral was chosen for the 

EMG analyses rather than the average amplitude (e.g., 28) because the integral incorporates 

the natural changes in stance time during walking that occur with age, slope, and speed5. 

The conclusions based on both methodologies were comparable but the average 

amplitude-based outcomes were also reported (see Supplementary Table and Figure S1) to 

allow for better comparison with previous literature. 

To examine the relationship between joint work and muscle group activation, the relevant 

joint work segments as previously defined determined the windowing of the EMG analysis. 

For the analysis of total muscle activation across the whole stance phase, the activation of 

each muscle group was referenced to its activation during a specific walking condition (see 

Statistical analyses) for each participant. These relative muscle group activations were 

averaged to obtain total muscle activation for each walking condition. Lastly, the relative 

muscle activation curves were used to determine co-activation indices (CI) from agonist-

antagonist muscle pairs at the thigh (RF-ST, RF-BF, VM-ST, VM-BF) and shank (TA-SOL, TA-

GaMed), using the following equation29: 
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𝐶𝐼(𝐸𝑀𝐺1, 𝐸𝑀𝐺2) = 2 ∗
∫min(𝐸𝑀𝐺1,𝐸𝑀𝐺2)

∫min(𝐸𝑀𝐺1,𝐸𝑀𝐺2)+∫max(𝐸𝑀𝐺1,𝐸𝑀𝐺2)
∗ 100 (1) 

in which min and max are the minimum and maximum muscle activity curve at each 

sampled value of the stance phase. Muscle pairs at the thigh and shank were averaged to 

obtain thigh and shank co-activation, respectively. Averaged thigh and shank co-activation 

represented total co-activation. 

Statistical analyses 

Linear regressions were performed for each muscle group between the relative change in 

muscle activation (predictor) and absolute change in joint work (outcome) from slow to 

moderate speed. These regressions were performed in younger and older adults separately 

and combined. A dummy-predictor variable ‘age’ (younger, older) was added to the age-

combined data to test for age effects. The regressions met the assumptions of 

homoscedasticity, independent errors, normal residual distribution, and linearity. 

Differences in total muscle activation between younger and older adults were determined 

using four independent t-tests rather than an ANOVA because muscle activation needed to 

be normalized to one of the walking conditions. Specifically, we examined the effect of age 

on the difference in activation between slopes (reference: incline walking) and between 

speeds within each slope (reference: slow walking speed), and on the difference between 

these latter two outcomes. Effect sizes of r=0.1, r=0.3, and r=0.5 represent small, moderate, 

and large effects, respectively30. Three-way mixed ANOVAs (between-participant factor 

age; within-participant factors slope and speed) were performed on thigh, shank, and total 

co-activation. The assumptions of normality and equal variances for this and the previous t-

test analyses were met according to the Shapiro-Wilk test and Levene’s test, respectively. 

For all analyses, alpha was set at 5% and IBM SPSS Statistics 26 (SPSS Inc., Chicago, IL, USA) 

used. 

Results 

Walking kinematics and kinetics 

Table 2 shows that although younger and older adults walked at similar speeds, older adults 

took 11% (p<0.001) and 8% (p=0.001) shorter strides during incline and decline walking, 

respectively. Figure 1 shows age-related lower-extremity joint powers for both slopes and  

walking speeds. Across incline conditions, older vs. younger adults generated 21% less 

(p<0.001) plantarflexor work and comparable (p=0.981) hip extensor work (Table 2). Across 

decline conditions, older vs. younger adults generated 19% less (p=0.022) knee extensor 

work and comparable (p=0.157) dorsiflexor work. With faster speed, age did not affect (all  
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Table 2. Spatiotemporal measures and net joint work during incline and decline walking 

 Decline Incline 

 slow moderate slow moderate 

Speed, m/sa     

younger 1.18 (0.03) 1.49 (0.03) 1.19 (0.04) 1.49 (0.05) 

older 1.15 (0.04) 1.47 (0.04) 1.16 (0.06) 1.46 (0.05) 

Stride length, m    
younger 1.40 (0.11) 1.62 (0.09) 1.54 (0.10) 1.74 (0.07) 

older 1.31 (0.08) 1.48 (0.10) 1.39 (0.11) 1.54 (0.13) 
Stance time, s    

younger 0.74 (0.05) 0.66 (0.04) 0.80 (0.05) 0.71 (0.03) 

older 0.72 (0.05) 0.62 (0.06) 0.76 (0.08) 0.65 (0.06) 

Stance phase, %    

younger 62.5 (1.5) 60.3 (1.5) 62.7 (1.2) 61.0 (1.0) 

older 63.2 (2.0) 60.7 (2.1) 63.8 (1.5) 62.1 (1.6) 
 

Joint work, J/kg    

Hip extensors    

younger   0.09 (0.05) 0.22 (0.08) 

older   0.09 (0.05) 0.22 (0.07) 

Ankle plantarflexors    

younger   0.53 (0.09) 0.61 (0.09) 

older   0.41 (0.08) 0.49 (0.09) 

Knee extensors    

younger -0.22 (0.06) -0.36 (0.09)   

older -0.18 (0.07) -0.29 (0.08)   

Ankle dorsiflexors    

younger -0.04 (0.01) -0.05 (0.02)   

older -0.03 (0.02) -0.04 (0.02)   

Values are in mean (SD). aWalking speed when also taking into account the participants’ vertical 

displacement during incline and decline walking. 

p>0.05) the increases in positive hip extensor and ankle plantarflexor work, nor the 

increases in negative knee extensor and ankle dorsiflexor work. 

Relationship between muscle activation and net joint work 

During incline walking, hip extensor muscle activation predicted (all p<.05) 41% (R2, in 

younger), 33% (older), and 30% (combined) of the variance in positive hip extensor joint 

work (Figure 2). Ankle plantarflexor muscle activation predicted (all p<.05) 48% (younger), 

39% (older), and 44% (combined) of the variance in positive ankle plantarflexor joint work. 

Age did not affect the regression coefficient at the hip [t(32)=0.68, p=.500] nor the ankle 

[t(34)=-0.52, p=.605]. 
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Figure 1. Group average joint powers during 

incline and decline walking in young (black lines) 

and old adults (grey lines).  
 

During decline walking, knee extensor muscle activation predicted 20% (p=.051, younger), 

5% (p=.444, older), and 20% (p=.008, combined) of the variance in negative knee extensor 

joint work (Figure 2). Ankle dorsiflexor muscle activation predicted (all p<.05) 23% 

(younger), 19% (older), and 22% (combined) of the variance in negative ankle dorsiflexor 

work. Age did not affect the regression coefficient at the knee [t(33)=0.19, p=.848] nor the 

ankle [t(34)=-0.72, p=.479]. 

Total muscle activation 

Table 3 shows age-related muscle activations for slopes and walking speeds. Across speeds, 

participants descended the slope with 37±10% less muscle activation than when ascending. 

This slope effect was unaffected by age [t(31)=0.95, p=.350, r=.17]. With increased speed, 

muscle activation tended to increase in younger but changed little in older adults during 

both incline (10±12% vs. -1.0±10%; [t(31)=2.99, p=.005, r=.47]) and decline (3.6±10.2% vs. -

2.6±7.7%; [t(31)=2.56, p=.016, r=.42]) walking. No incline×speed×age interaction was 

observed [t(31)=1.36, p=.183, r=.24]. 
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Figure 2. Regressions of muscle group activation on net joint work at moderate decline (A,C) and 

incline (B,D) walking speed. Plot A and C show knee extensor and ankle dorsiflexor data, respectively. 

Plot B and D show hip and ankle extensor data, respectively. Black represents younger adults, grey 

represents older adults. Linear equations are presented in the plots. Age effects were absent (see 

text). Regression statistics: (A) younger: R2=.21, β=-.45 (p=.051); older: R2=.05, β=-.21 (p=.444); 

combined: R2=.20, β=-.45 (p=.008). (B) younger: R2=.41, β=.64 (p=.004); older: R2=.33, β=.58 (p=.025); 

combined: R2=.30, β=.55 (p=.001). (C) younger: R2=.23, β=-.47 (p=.040); older: R2=.19, β=-.44 (p=.090); 

combined: R2=.22, β=-.47 (p=.004). (D) younger: R2=.48, β=.69 (p=.001); older: R2=.39, β=.62 (p=.010); 

combined: R2=.44, β=.66 (p<.001) 

Muscle co-activation 

Across slopes and speeds, total [F(1,31)=.234, p=.632)] and thigh [F(1,31)=1.55, p=.222] co-

activation did not differ with age, but shank co-activation [F(1,31)=5.02, p=.032] was 5% 

greater in younger vs. older adults (Table 3). We observed significant age×walking speed 

interactions for total (younger: 1.5±2.9% vs. older: -1.5±4.7%; [F(1,31)=6.47, p=.016]) and 

shank co-activation (younger: 2.2±4.1% vs. older: -1.2±3.2%; [F(1,31)=5.89, p=.021]), but 

not thigh co-activation [F(1,31)=2.13, p=.155]. Finally, total co-activation was 4.2±6.5% 

greater during incline than decline [F(1,31)=13.09, p=.001]. 
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Table 3. Muscle activation during incline and decline walking 

 Decline Incline 

 slowa moderatea slowa moderate 

younger older younger older younger older younger older 

Muscle group, in %     in μV  

HE 33±10 40±14 39±12 35±16 92±21 104±12 16.3±7.5 17.7±6.3 

KE 111±42 101±28 115±42 100±26 86±19 98±12 14.3±4.4 14.7±5.6 

APF 31±  5 37±11 32±  6 33±  7 100±  8 98±  8 35.5±7.6 29.9±7.0 

ADF 58±22 70±22 61±15 71±15 81±15 104±20 28.0±8.8 35.9± 13 

Total 58±15 62±10 62±11 60±  9 90±12 102±10 23.5±4.6 24.5±6.1 

         

Muscle, in %      in μV  

GluMax 46±16 41±12 49±16 41±11 90±15 97±12 4.4±1.8 5.4±2.0 

ST 35±13 45±15 41±12 44±20 98±26 114±15 14.4±7.1 14.0±5.2 

BF 32±12 37±17 40±16 35±18 85±21 99±16 14.4±7.9 16.4±8.0 

VM 110±48 97±28 114±51 97±28 87±20 98±15 22.3±8.3 21.9±9.9 

RF 117±37 116±33 121±25 113±29 83±15 95±11 6.4±2.1 7.9±1.7 

SOL 36±  7 48±  7 37±  8 44±  6 99±11 100±  8 35.9±7.2 26.9±7.8 

GaMed 27±  7 28±15 27±  8 24±10 101±10 97±10 35.0±9.1 32.9± 11 

TA 58±22 70±22 61±15 71±15 81±15 104±20 28.0±8.8 35.9± 13 

         

Coactivation, in %     in %  

Thigh 46±10 51±12 49±12 51±12 69±5 72±4 69±7 70±5 

Shank 57±  8 56±11 60±  7 55±  9 47±7 42±6 49±8 40±6 

Total 52±  7 53±10 54±  9 53±  9 58±5 57±5 59±6 55±5 

Values are in mean±SD. aValues are normalized to their absolute muscle activation measured during 

moderate incline walking as presented in the upper and middle part of the last column (in μV). HE: hip 

extensors. KE: Knee extensors. APF: Ankle plantarflexors. ADF: Ankle dorsiflexor 

Discussion 

We examined the effects of age and walking speed on the relationship between muscle 

activation and mechanical joint work during incline and decline walking. Contrary to our 

first hypothesis, age did not affect the relationship between muscle activation and positive 

or negative joint work; however, older compared with younger adults did perform less 

plantarflexor work and less knee extensor work. Also, contrary to our second hypothesis, 

total muscle activation tended to increase in younger but changed little in older adults with 

faster walking speed independent of slope. These findings may in part be related to older 

vs. younger adults taking shorter steps. We conclude that the electromechanical cost does 

not underlie the age-related reconfiguration of joint work during walking. 
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The separate findings for joint work and agonist muscle activation in the two age groups 

generally agree with the literature9,31,32. First, the hip extensors and ankle plantarflexors 

were most active during ascent and the knee extensors during descent. This agrees with 

their function to accelerate the COM forward and upward (hip and ankle extensors) and 

decelerate the COM in early stance (knee extensors)33–35. Second, the ankle dorsiflexors 

were most active during ascent, despite the substantial amount of energy absorption during 

descent (see Supplementary Figure S2). Third, older vs. younger adults performed 21% less 

plantarflexor work and 29% greater (p=0.024) hip flexor work while the hip extensor work 

was indifferent to age (Figure 1). However, the 19% lower negative knee extensor work in 

older adults contrasts the equal amount of work observed previously between both age 

groups during treadmill decline walking5. This discrepancy reflects the inconsistency in age-

related changes in knee joint work during walking16, which may be in part related to 

differences in stride pattern. Here, older vs. younger adults took 8% shorter strides, instead 

of showing no difference in stride lengths observed previously. When normalized for stride 

length, the age-related difference in knee work decreased to 12% (see Supplementary Table 

S3).  

Agonist muscle activation explained between 20-44% of variance in joint work in younger 

and older adults combined (Figure 3), suggesting that agonist activation is a weak-to-

moderate predictor of joint work during sloped walking30. The amount of unexplained 

variance can be primarily attributed to the fact that joint work is the net result of all involved 

agonist and antagonist muscles. Also, agonist activation predicted positive work during 

incline (R2=30-44%) more accurately than negative work during decline (R2=20-22%) 

walking. This may partly be due to the higher contribution of passive elastic structures to 

negative joint work production at no extra activation, and due to differences in the control 

strategy between tasks. That is, subjects typically show greater movement variability during 

descent vs. ascent because of increased instability36, also supported by a larger co-

activation variance during descent (Table 3), which likely contributed to the larger data 

spread in the muscle activation-negative joint work relationship. 

Contrary to our first hypothesis, younger and older adults showed no difference in 

electromechanical cost of positive joint work production during incline walking (Figure 2). 

That is in part because unlike the age-typical increased antagonist muscle co-activation 

observed by others9,12,29, total co-activation was unaffected by age in this study and shank 

co-activation was actually greater in younger adults. Increased co-activation presumably 

increases joint stability to compensate for task insecurity and/or impact forces, which could 

be attenuated by taking shorter strides. Therefore, the present older vs. younger adults did 

not show greater co-activation possibly because they took 11% shorter strides during incline 
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walking. This argument is supported by Peterson and Martin (2010) who used the same co-

activation metric as in this study. In their study, older compared with younger adults had 

only 2% shorter strides during level walking, and showed no difference in shank co-

activation but greater thigh and total co-activation.  

At the same time, older adults performed 21% less plantarflexor work and 19% less knee 

extensor work than younger adults (Table 2), suggesting that the electromechanical cost 

does not underlie a reconfiguration of joint work. Instead, a decreased neural drive to the 

soleus muscle during late stance may contribute to the age-related decrease in plantarflexor 

work, also suggested by others8. This is based on the 25% and 6% lower soleus and 

gastrocnemius absolute activation in older vs. younger adults during incline walking, despite 

that direct comparisons of absolute muscle activation between groups can be biased by 

several factors such as subcutaneous fat37. Although age did not affect the relationship 

between muscle activation and negative work for the knee extensors, this relationship was 

not statistically significant in older adults. Whether the age-related increase in active and 

passive muscle stiffness observed by others6 significantly contributes to negative work 

production requires further study. 

Contrary to our second hypothesis, total activation tended to increase with faster walking 

speed in younger adults, whereas activation changed little in older adults. Here, the age-

related difference in stride length likely also played a critical role as for co-activation 

discussed above. For example, shorter strides may decrease the magnitude of co-activation 

and therefore total activation. Furthermore, Ortega & Farley (2007) observed a lower 

increase in limb mechanical work during stance with faster walking speed in older vs. 

younger adults, and suggested that this was due to their shorter steps. Smaller increases in 

mechanical work would presumably require smaller increases in muscle activation. 

Conversely, perhaps the lower plantarflexor work drove the age-related decrease in stride 

length39. Also, muscle activation was determined by the EMG integral, which limited the 

increase in activation with faster walking speed more in older than in younger adults. That 

is because with increasing speed older adults’ stance time decreased to a greater extent 

and consequently also the duration of their muscle activation. Our results at least hint at 

mechanisms by which age-related differences in stepping strategies with faster walking 

speed may affect underlying changes in muscle activation. 

There are some limitations. First, muscle activation was not also expressed as a percentage 

of the maximal voluntary contraction (%MVC). This makes comparisons to those studies 

expressing activation as %MVC activation more difficult. However, MVCs themselves can be 

difficult to perform and can yield less reliable measurements. Second, we focused on the 

stance phase, although age-related differences in muscle activation prior to initial contact 
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have been observed12. Third, the effect of step length on the muscle activation-joint work 

relationship and its implication for the metabolic cost of walking were not systematically 

examined, which our results suggest may be an important direction for future work. 

In conclusion, age did not affect the electromechanical cost of joint work production during 

sloped walking at freely-chosen step lengths but older compared with younger adults did 

perform less plantarflexor work and less knee extensor work. With faster walking speed, 

muscle activation tended to increase in younger but changed little in older adults 

independent of slope. We conclude that the electromechanical cost does not underlie the 

age-related reconfiguration of joint work during walking. 
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Supplemental Digital Content 1 

Table. Average muscle activation amplitude during incline and decline walking 

 Decline Incline 

 slowa moderatea slowa moderate 

younger older younger older younger older younger older 

Muscle group, %     in μV  

HE 32±  8 36±11 43±12 38±13 80±15 87±  8 24.5±11 28.7±  9 

KE 106±38 93±29 125±44 106±30 75±14 83±  9 20.3±  6 22.5±  8 

APF 30±  5 34±10 34±  6 35±  7 88±  7 83±  7 71.8±14 65.4±14 

ADF 56±20 64±21 66±17 75±18 71±13 88±15 39.7±12 55.0±20 

Total 56±13 56±11 67±12 64±10 79±  8 85±  6 39.1±  7 42.9±10 

         

Individual muscle, %     in μV  

GluMax 44±15 39±13 49±16 41±11 79±12 83±10 6.3±  3 8.2±  3 

ST 33±12 42±15 41±12 44±20 86±20 97±14 20.7±11 21.6±  8 

BF 31±11 35±16 40±16 35±18 75±17 84±11 20.5±11 25.2±12 

VM 105±44 88±29 114±51 97±28 76±15 83±11 31.6±12 33.4±15 

RF 
112±31 106±3

6 
121±25 113±29 73±11 81±  8 9.1±  3 12.2±  3 

SOL 35±  6 44±  8 37±  8 44±  6 87±  8 85±  5 72.7±14 58.8±16 

GaMed 26±  7 25±13 27±  8 24±10 89±  9 83±  9 70.8±17 72.1±22 

TA 56±20 64±21 61±15 71±15 71±13 88±15 39.7±12 55.0±20 

Values are in mean±SD. aValues are normalized to their average muscle activation amplitude 

measured during incline walking at moderate speed as presented in the last two columns (in μV). 

Total muscle activation 

Table S2 shows muscle activations for slopes and walking speeds in the two age groups. 

Referenced to activation at moderate incline speed, no difference between young (70±8%) 

and older adults (73±7%) across decline and slow incline walking was observed [t(31)=-1.12, 

p=.269, r=.20]. Across speeds, participants descended the slope with 37±10% less muscle 

activation than when ascending. This slope effect was unaffected by age [t(31)=1.12, 

p=.271, r=.20]. During incline walking, the increase in leg muscle activation from slow to 

moderate walking speed was greater in young (21.5±8%) compared with older (14.6±6%) 

adults [t(31)=2.82, p=.008, r=.45]. During decline walking, the increase in leg muscle 

activation from slow to moderate walking speed did not differ between young (11.1±7%) 
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and older (7.8±5%) adults [t(31)=-1.06, p=.299, r=.19]. No incline×speed×age interaction 

was observed [t(31)=1.10, p=.278, r=.19]. 

 

Figure. Regressions of muscle group activation amplitude on net joint work at moderate decline (A,C) 

and incline (B,D) walking speed. Black represents young adults, grey represents older adults. Linear 

equations are presented in the plots. The dummy-predictor variable ‘age’ (see analysis description 

under Statistical analysis in manuscript) did not reveal age effects (all p>.05). Regression statistics: (A) 

young: R2 .  , β -.08 (p=.750); old: R2 .  , β -.08 (p=.791); combined: R2 .  , β -.08 (p=.710). (B) 

young: R2 . 9, β .4  (p .  2); old: R2 .  , β .   (p . 2 ); combined: R2 .  , β .   (p . 2 ).  

(C) young: R2 .2 , β -.37 (p=.119); old: R2 . 4, β -.21 (p=.438); combined: R2 . 2, β -.32 (p=.119). (D) 

young: R2 . 4, β .   (p .  9); old: R2 .2 , β .   (p .  0); combined: R2 .  , β .   (p .   ) 

Association between muscle activation and net joint work 
During incline walking, hip extensor muscle activation predicted 19% (R2, p=.072, in young), 

33% (p=.026, older), and 25% (p=.047, combined) of the variance in positive hip extensor 

joint work (Subplot B). Ankle plantarflexor muscle activation predicted (all p<.05) 34% 

(young), 25% (older), and 31% (combined) of the variance in positive ankle plantarflexor 

joint work. Age did not affect the regression coefficient at the hip [t(32)=1.33, p=.195] nor 

the ankle [t(34)=-0.48, p=.637]. 

During decline walking, knee extensor muscle activation predicted 1% (p=.750, young), 1% 

(p=.791, older), and 6% (p=.615, combined) of the variance in negative knee extensor joint 

work (Subplot A). Ankle dorsiflexor muscle activation predicted 14% (p=.119, young), 4% 

(p=.438, older), and 12% (p=.119, combined) of the variance in negative ankle dorsiflexor 
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work. Age did not affect the regression coefficient at the knee [t(33)=0.07, p=.946] nor the 

ankle [t(34)=0.04, p=.967]. 

Supplemental Digital Content 2 

 

Figure S2-1. Group average absolute activations of m. biceps femoris (BF), m. semitendinosus (ST), 

and m. gluteus maximus (GluMAX) for young (dashed) and older (solid) adults during slope walking. 

The grey area represents one standard deviation from the young adult average-curve.  

 

Figure S2-2. Group average absolute activations of m. vastus medialis (VM) and m. rectus femoris (RF) 

for young (dashed) and older (solid) adults during slope walking. The grey area represents one 

standard deviation from the young adult average-curve. 
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Figure S2-3. Group average absolute activations of m. tibialis anterior (TA), m. soleus (SOL), and m. 

gastrocnemius medialis (GaMED) for young (dashed) and older (solid) adults during slope walking. The 

grey area represents one standard deviation from the young adult average-curve. 

Supplemental Digital Content 3 

Table. Step-length normalized (/meter) net joint work during incline and decline walking 

 Decline Incline 

 slow moderate slow moderate 

Joint work, J/kg/meter    

Hip extensors    

younger   0.117±0.07 0.250±0.10 

older   0.146±0.07 0.301±0.10 

Ankle plantarflexors    

younger   0.677±0.12 0.690±0.10 

older   0.584±0.10 0.617±0.10 

Knee extensors    

younger -0.321±0.09 -0.455±0.12   

older -0.280±0.12 -0.394±0.12   

Ankle dorsiflexors    

younger -0.056±0.01 -0.064±0.02   

older -0.051±0.02 -0.055±0.02   

Values are in mean±SD. 
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The aim of this thesis was to determine the functional relevance of the age-related relative 

maintenance of maximal voluntary knee extensor eccentric strength to walking speed and 

underlying joint mechanics at prescribed walking speeds. We hypothesized that i) age-

related differences in joint work during walking are attenuated during phases of eccentric 

force generation relative to phases of concentric force generation, and that ii) maximal 

voluntary eccentric knee extensor strength correlates positively with level and decline 

walking speed and with knee extensor negative work during decline walking in older adults. 

6.1 Main findings 

In chapter 2, we observed that the extent to which maximal knee extensor eccentric 

strength was relatively maintained with age did not differ between older males and females. 

Also, maximal knee extensor eccentric strength predicted walking speeds less accurately in 

younger and older adults compared to concentric strength, which we interpret as concentric 

strength being more of a limiting factor of walking speed than eccentric strength since 

eccentric strength is maintained with age. In chapter 3, we did not also find an age-related 

maintenance of eccentric strength for the ankle plantarflexors. Additionally, during walking 

positive joint work was redistributed with age whereas negative joint work was not, 

suggesting that eccentric strength maintenance is also apparent during common multi-joint 

movements. Moreover, the positive correlation between the knee extensors’ eccentric 

strength and their negative work in elderly walking supports our idea that knee extensor 

negative work is preserved with age because this muscle group operates well below its 

maximum available capacity, partly due to the maintenance of eccentric strength. In 

chapter 4, we demonstrated that the preserved knee extensor mechanics during negative 

work in elderly walking is functionally relevant. Specifically, age did not affect the inter-joint 

moment strategy to control knee flexion movement during weight acceptance, with the 

knee extensor moment as the main decelerator of knee flexion. In chapter 5, we found no 

evidence suggesting an age-related increase in muscle activation per unit increase in net 

joint work, i.e., electromechanical cost, during walking nor that this cost reinforces the 

reconfiguration of joint work with age. Also, the ~15% reduction in plantarflexor muscle 

activation during push-off with age suggests that older adults underutilize their 

plantarflexor torque generation capacity when walking. Altogether, we conclude that the 

age-related maintenance of eccentric knee extensor strength is functionally relevant in 

healthy older adults. The findings are integrated and discussed in more detail below. 
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6.2 Age-related muscle mechanics 

6.2.1 Age-related maintenance of eccentric muscle strength during single-joint movements 

Like previous studies, we used conventional isokinetic dynamometry to quantify the 

maintenance of eccentric strength. Once the subject is fully accustomed to the task, 

isokinetic dynamometry is a valid and reliable method to determine maximal voluntary 

muscle torques under highly controlled conditions (i.e., fixed body positioning, joint 

excursion, angular velocity)1. 

In line with previous literature2–5, the maintenance of eccentric knee extensor strength was 

evident at a range of isokinetic velocities (i.e., 60 to 120 °/s, chapters 2-3). In both younger 

and older adults, maximal eccentric torque plateaued whereas maximal concentric torque 

decreased with increased angular velocity. A minimal variation in eccentric force generation 

with contraction velocity is partly due to the viscoelastic properties of muscle during active 

stretch6, which counteracts the reduction in muscle torque due to a decrease in the number 

of cross-bridge attachments with increased velocity7. In addition, older compared with 

younger adults showed a greater reduction in knee extensor torque with increased 

shortening velocity (i.e., from 0 °/s to 120 °/s) (chapter 3), which supports the age-related 

impairment in the rate of concentric torque development8. Based on these results, one may 

prescribe resistance training for older adults that emphasizes concentric muscle action over 

isometric or eccentric muscle action. 

Expanding our current understanding of muscle weakness with age according to sex and 

muscle group would assist in designing interventions that could more specifically counteract 

such functional impairments. Previous literature seems to suggest an accentuated 

maintenance of eccentric strength in older females versus males2,9,10, although we as well 

as others4 observed no such sex effect for the knee extensors (chapter 2). We note that the 

present population sample was relatively small, which may have been especially 

problematic for the elderly group as the between-subject variability of muscle strength 

increases with age, possibly due to a larger variation in impaired motor function among 

older adults11. We suspect that any sex effect on the magnitude of eccentric knee extensor 

strength maintenance is likely modest at most. 

In partial agreement with the single study that examined whether the age-related 

maintenance of eccentric strength is also evident for the ankle plantarflexors12, we 

observed no such maintenance (chapter 3). Porter et al. (1997) did observe eccentric 

strength maintenance in an upright stance testing protocol but not in a supine position. 

Although the supine trials were conducted in fewer participants, which lowered the 

statistical power, the standing trials were influenced by the participants’ weight shift onto 
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the tested leg. Our participants sat with their knee slightly flexed (i.e., 30°) to minimize the 

additional force participants tend to produce by pushing from their hip while replicating the 

knee angle during push-off when walking. However, regardless of the positioning, 

participants typically find movement towards (e.g., plantarflexion) versus against gravity 

more difficult to perform on a dynamometer1. We recommend future studies to explore the 

suitability of demanding tasks that are more dynamic but controllable, such as landing from 

or jumping on an elevated platform, to determine maximal voluntary plantarflexor torques 

and the maintenance of eccentric strength with age. 

6.2.2 Age-related maintenance of eccentric muscle strength during multi-joint movements 

Although the measures of maximal voluntary muscle strength during single-joint 

movements performed on an isokinetic dynamometer are valid and relevant, these 

examinations are performed in an unfavorable ecological setting. To illustrate, natural 

events such as dynamic inter-joint coordination13, segmental energy flows14, and stretch-

shortening muscle behavior15 affect muscle function and are evident during walking but 

absent during dynamometry. Not to mention that during dynamometry the participant is in 

a contrived body position and the examination of maximal eccentric strength can be 

experienced as uncomfortable and unnatural. Therefore, for the first time, we also 

examined (chapters 3 and 5) and observed (chapter 3) the maintenance of eccentric 

strength during common multi-joint movements. That is, relative to younger adults, older 

adults redistributed positive joint work (i.e., concentric muscle function) during level and 

incline walking, but maintained the distribution of negative joint work (i.e., eccentric muscle 

function) during level and decline walking. This age-related reconfiguration of joint work 

supports our first hypothesis and is governed in part by differences in muscle (i.e., the 

muscle-tendon units) action and their related maximum force capacity, which is lower 

during muscle shortening vs. lengthening - an effect magnified with age (chapter 3). 

Specifically, whereas the ankle plantarflexors shorten when performing positive work 

associated with a ~30% reduction in concentric strength with age, the knee extensors 

lengthen when performing negative work associated with a ~15% reduction in eccentric 

strength with age. In addition, older vs. young adults showed a lower plantarflexor muscle 

activation during the push-off phase (chapter 5), in line with other studies16,17. Collectively, 

we argue that older vs. younger adults performed less plantarflexor positive work because 

they underutilized (i.e., reduced muscle activation) the maximum capacity of this muscle 

group. Had this reduction not occurred, the plantarflexors would have operated at their 

maximum capacity due to their weakness. On the other hand, knee extensor negative work 

was maintained with age likely because this muscle group operated well below their 

maximum capacity, even in older adults during decline walking. One implication of the 
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present findings is that age-related changes to lower limb joint mechanics during walking 

are likely to occur during phases of positive work before phases of negative work. 

In our final experiment (chapter 5), older vs. younger adults performed almost 20% less 

negative knee extensor work during walking, which seems to contradict the age-related 

maintenance of eccentric strength during walking (chapter 3). However, we suggest that 

factors other than muscle strength explain this contrasting finding. First, the older adults’ 

knee extensors in chapters 3 and 5 likely operated at comparable relative efforts, because 

their lower limb muscle function (based on the SPPB score) were comparable as was the 

physical task demand. Second, other physiological, psychological, and environmental 

factors also affect the joint mechanics of walking but were not measured in this thesis18–20. 

For example, the simple presence of handrails or wearing a safety harness, as in chapter 3 

but not in 5, might have a psychological effect on safety precautions taken, like a maintained 

(chapter 3) or reduced (chapter 5) step length with age. Such precaution may be especially 

evident for decline walking in which instability is high and the consequences of falling 

severe13,21. Indeed, the lower knee extensor negative work with age decreased to 12% after 

accounting for differences in step length (chapter 5). 

The age-related redistribution of positive joint work during walking (chapters 3 and 5) is a 

robust phenomenon22–24 and its underlying mechanism is likely multifactorial25–27. However, 

this mechanism may not include the amount of energy absorbed preceding energy 

generation, as the age-related shift in positive work but not in negative work suggests the 

absence of a correlation between lengthening and shortening muscle function (chapter 3). 

Yet, the ankle plantarflexors partly re-use energy absorbed by the Achilles tendon during 

push-off15. Thus, perhaps age adversely affects eccentric-concentric coupling, possibly 

through the reduction in Achilles tendon stiffness with age28. To illustrate, muscle fascicle 

force would stretch a less stiff vs. stiff tendon more and as a result the muscle fascicles 

operate at shorter lengths that may be less optimal for generating force29. Future studies 

could examine whether Achilles tendon stiffness correlates with the fascicle-tendon 

interaction during muscle lengthening and shortening when walking using in vivo 

ultrasound. Also, we found no evidence to suggest that the electromechanical cost 

(work/agonist activation) reinforces the age-related reconfiguration of joint work (chapter 

5). Specifically, we observed age-related differences in knee extensor negative work and 

plantarflexor positive work, while at the same time the relationship between these phases 

of work and their underlying agonist muscle activation was unaffected by age. As various 

other factors could mediate the age-related redistribution of joint work27, a more 

systematic approach is required to determine the relative importance of each factor on this 

robust age-related phenomenon. 
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6.3 Functional relevance of eccentric strength maintenance with age 

We suggest that the maintenance of knee extensor eccentric strength partly underlies the 

preservation of knee extensor negative work during the weight acceptance phase of decline 

walking, based on the positive correlation found between the two variables in older adults 

(chapter 3). In chapter 4, we demonstrated that this preserved knee extensor eccentric 

function during walking is functionally relevant by quantifying the knee moment effect on 

knee flexion deceleration, along with the effects of the hip and ankle moment. Knee flexion 

deceleration likely helps to decelerate the center of mass in order to prevent limb 

collapse14. What we observed is that the inter-joint moment strategy to decelerate knee 

flexion was preserved with age during level and decline walking, with the knee extensor 

moment as the main decelerator of knee flexion in decline walking. These quantitative 

results support the previous qualitative inferences made from inverse dynamics and surface 

EMG results30,31. More importantly, the present findings suggest that eccentric strength 

maintenance with age is important to preserve the joint moment strategy that controls 

knee flexion under different biomechanical demands, including a hazardous task such as 

decline walking21,32. 

Older adults with greater vs. lesser knee extensor eccentric strength perform more knee 

extensor negative work during decline walking (chapter 3) but do not necessarily walk faster 

(chapter 2), not even during tasks biased towards eccentric muscle contractions, i.e., stair 

and ramp descent. Specifically, maximal knee extensor eccentric and concentric strength 

were both unrelated to habitual walking speed at any surface inclination (descent, level, 

ascent). In addition, contrary to concentric strength, eccentric strength was a weak 

predictor of maximal walking speed on an incline (R2: 39 vs. 9%) and decline (R2: 36 vs. 20%). 

From these results, one may infer that knee extensor negative work, and ultimately knee 

extensor eccentric strength, does not affect walking speed. However, we favor the idea that 

the relative demand on the knee extensors was insufficient to discriminate the fit and 

healthy older participants on their strength, except for the maximal, non-level walking 

speed condition. This argument especially applies to eccentric strength, as its maintenance 

with age would lead to an even lower relative demand during eccentric vs. concentric force 

generation when walking. Indeed, the knee extensors operate at ~30% and ~60% of their 

maximum available capacity during habitual level walking33,34 and stair descent35,36, 

respectively. Thus, we argue that knee extensor concentric strength is a limiting factor of 

walking speed in healthy older adults whereas eccentric strength is not, because eccentric 

strength is relatively well-maintained with age. Therefore, eccentric strength maintenance 

is also functionally relevant. This idea should be further examined in older adults with less 

eccentric knee extensor strength than the older population sample in this thesis. 
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Although the specificity hypothesis between knee extensor strength and non-level walking 

speed is conceptually well founded based on muscle mechanics37,38, muscle activation39, 

and metabolic cost40, we observed no such specificity (chapter 2). Concentric strength 

predicted incline (i.e., concentric-biased) and decline (i.e., eccentric-biased) walking at 

maximal speed equally well, and even predicted decline walking better than eccentric 

strength. These results imply that maximal knee extensor concentric strength would predict 

future mobility disability more accurately than eccentric strength. Altogether, the present 

findings on the functional relevance of eccentric strength maintenance with age partially 

agree with our second hypothesis. 

6.4 Limitations and future recommendations 

This thesis has several limitations. First, we measured maximal voluntary muscle torques of 

younger and older adults. There is, however, an increasing emphasis to use maximal 

voluntary muscle power because muscle power generally predicts functional performance 

more strongly than muscle torque41–43. Second, using dynamometry to determine maximal 

muscle strength in order to predict walking performance may have been suboptimal as 

compared to extracting muscle strength from demanding tasks that are functionally more 

related to walking (see the beginning of section 6.2.2). A third limitation is that some 

findings are explained through the concept of relative effort, although actual relative 

muscle efforts were not computed because our method used to determine joint torques 

differed for dynamometry and walking, which can lead to physiologically implausible (i.e., 

>100%) estimates33,44. Fourth, this thesis focused on the knee extensors to study the 

relationship between eccentric strength and walking performance. There is, however, 

evidence suggesting that ankle plantarflexor eccentric strength is the limiting factor in 

decline walking speed, at least during stair descent36,45,46. Lastly, the present findings are 

limited to fit and healthy elderly. 

Based on these limitations, we encourage future studies to include measures of maximal 

muscle power extracted from demanding, multi-joint movements in order to predict 

walking performance. Future studies are also recommended to examine whether maximal 

ankle plantarflexor and knee extensor negative powers associate with walking speed in both 

strong and weaker older adults. These studies should include measures of other 

physiological and psychological factors that are known to affect walking performance (see 

section 6.2.2) to be able to better appreciate the relative importance of eccentric muscle 

function during walking. 
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6.5 Conclusions 

This thesis offers insights into the functional relevance of eccentric knee extensor strength 

maintenance on walking speed and underlying joint mechanics in healthy older adults. 

During walking, positive joint work was redistributed with age whereas negative joint work 

was not, suggesting that eccentric strength maintenance is also apparent in multi-joint 

movements besides single-joint movements. Eccentric strength maintenance partly 

underlies the preservation of knee extensor negative work in elderly walking, which was 

found to be functionally relevant as the knee extensors were the main decelerators of knee 

flexion during weight acceptance irrespective of age. Nevertheless, compared to concentric 

strength, knee extensor eccentric strength poorly predicted walking speeds, even during 

eccentric-biased tasks. We suggest that knee extensor concentric strength is a limiting 

factor in healthy elderly gait whereas eccentric strength is not, because eccentric strength 

is relatively well-maintained. We recommend future studies to further examine this idea in 

older adults weaker than the older population sample in this thesis. All in all, we conclude 

that the age-related maintenance of eccentric knee extensor strength is functionally 

relevant in healthy older adults. As eccentric strength maintenance seems to arise naturally 

with aging, we recommend to emphasize concentric muscle action over eccentric muscle 

action in resistance training for healthy older adults. 
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Summary 

Muscle strength declines with age. Muscle weakness affects walking speed and the 

underlying joint mechanical outputs. Disproportionately slowed walking in old age predicts 

many clinical conditions. The relationship between leg muscle strength and walking 

performance is well-established for concentric (i.e., muscle shortening) or isometric (i.e., 

constant muscle length) function but is understudied for eccentric (i.e., muscle lengthening) 

function. This is surprising, as lengthening muscle contractions are also inherent to walking 

and humans mainly rely on lengthening contractions during descending gaits. In contrast to 

maximal voluntary concentric or isometric contractions, the age-related loss of maximal 

voluntary eccentric leg strength is two-fold less, i.e., relatively maintained. Thus, examining 

the relationship between eccentric leg muscle strength and walking performance in 

younger and older adults would enrich our current understanding of how aging affects 

human walking. Therefore, this thesis aimed to determine the functional effects of the age-

related maintenance of eccentric knee extensor strength on walking speed and the 

underlying joint mechanical outputs. All experiments were cross-sectional in nature and 

conducted in younger (age 18-35) and older (age 65+) adults (chapter 1). 

Although the maintenance of eccentric strength is a robust age-related finding, it is not 

entirely clear whether the maintenance magnitude differs by sex and muscle group. In 

chapter 2, we used isokinetic dynamometry to quantify the relative maintenance of knee 

extensor eccentric strength and found that its extent did not differ between older males 

and females. Additionally, in order to examine the relationship between muscle strength 

and walking speed, participants also negotiated stairs, ramps, and level ground at habitual 

and maximal speeds. The results showed that eccentric strength predicted walking speeds 

less accurately compared to concentric strength in younger and older adults, which we 

interpret as concentric strength being more of a limiting factor of walking speed than 

eccentric strength since eccentric strength is maintained with age. 

In the experiments described in chapters 3-5, fixed walking speeds were used to eliminate 

the confounding effects of walking speed on muscle function. In chapter 3, we found the 

maintenance of eccentric strength with age again for the knee extensors but not for the 

ankle plantarflexors. We also examined whether eccentric strength maintenance is 

apparent in common multi-joint movements (i.e., walking) besides single-joint movements 

(i.e., dynamometry), across a range of walking speeds and surface slopes. In favor of this 

idea, we found that positive (i.e., concentric function) joint work was redistributed with age 

whereas negative (i.e., eccentric function) joint work was not. As the knee extensor negative 

work during walking and its maximal eccentric strength correlated positively, we argue that 

knee extensor negative work was preserved with age because this muscle group operated 
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well below its maximum available capacity, in part due to the maintenance of eccentric 

strength. 

In chapter 4, we revealed that the preserved knee extensor negative work during early 

stance in elderly walking observed in chapter 3 is functionally relevant. We quantified hip, 

knee, and ankle moment effects on knee flexion deceleration, which helps to decelerate the 

center of mass in order to prevent limb collapse, during level and decline walking. We 

observed that age did not affect the inter-joint moment strategy to control knee flexion 

movement, with the knee extensor moment as the main decelerator of knee flexion during 

decline walking. We concluded that eccentric strength maintenance is important to 

preserve the joint moment strategy that controls knee flexion during walking. 

The age-related reconfiguration of joint work during walking found in chapter 3 may be in 

part due to changes in muscle activation. In chapter 5, we examined whether age affects 

the relationship between joint work and muscle activation during ramp ascent and descent. 

The results showed that age did not affect this relationship for either positive or negative 

work, in spite of age-related differences in joint work observed. Therefore, we suggested 

that the electromechanical cost (work/agonist activation) does not reinforce the 

reconfiguration of joint work with age. 

Chapter 6 presents an integrated discussion of our main findings. The findings suggest that 

eccentric strength maintenance with age is also apparent in common multi-joint 

movements besides single-joint movements. Moreover, the age-related maintenance of 

eccentric strength is functionally relevant in older adult walking at the joint level and we 

argue this is also true at the gross motor level (i.e., walking speed). The latter should be 

further examined in older adults weaker than the older sample in this thesis. As eccentric 

strength maintenance seems to arise naturally with aging, we recommend to emphasize 

concentric muscle action over eccentric muscle action in resistance training for healthy 

older adults. 
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Samenvatting 

Spierkracht neemt af tijdens veroudering. Dit spierkrachtsverlies beïnvloedt loopsnelheid 

en de mechanische uitvoer van de onderliggende gewrichten. Een disproportioneel 

langzamere gang op hogere leeftijd voorspelt meerdere klinische aandoeningen. De relatie 

tussen beenspierkracht en loopprestatie is goed gedocumenteerd voor concentrische (i.e., 

spierverkorting) of isometrische (i.e., constante spierlengte) functie, maar is onderbelicht 

voor excentrische (i.e., spierverlenging) functie. Dit is verrassend, aangezien verlengende 

spiercontracties ook inherent aan lopen zijn en mensen met name vertrouwen op 

verlengende spiercontracties tijdens neerwaartse looptaken. In tegenstelling tot maximale, 

willekeurige concentrische of isometrische contracties is het leeftijdsgerelateerde 

spierkrachtverlies van excentrische contracties twee keer zo klein, oftewel relatief 

behouden. Dus, het onderzoeken van de relatie tussen excentrische beenspierkracht en 

loopprestatie in jongere en oudere volwassenen zou ons huidige begrip van hoe 

veroudering menselijk lopen beïnvloed verrijken. Daarom richtte dit proefschrift zich op het 

bepalen van de functionele effecten van het leeftijdsgerelateerde behoud van excentrische 

knie extensor kracht op loopsnelheid en de onderliggende mechanische uitvoer van 

gewrichten. Alle experimenten waren cross-sectioneel van opzet en uitgevoerd onder 

jongere (18-35 jaar) en oudere (65+) volwassenen (hoofdstuk 1). 

Hoewel het behoud van excentrische kracht een robuust, leeftijdsgerelateerde vondst is, is 

het niet geheel duidelijk of de mate van behoud verschilt per sekse en spiergroep. In 

hoofdstuk 2, pasten we daarom isokinetische dynamometrie toe om het relatieve behoud 

van excentrische knie extensor kracht te kwantificeren en vonden dat haar mate niet 

verschilde tussen oudere mannen en vrouwen. Verder, om de relatie tussen spierkracht en 

loopsnelheid te onderzoeken, liepen deelnemers ook op trappen, hellingen, en een vlakke 

ondergrond op een gewoonlijke én maximale snelheid. De resultaten lieten zien dat 

excentrische spierkracht loopsnelheden minder accuraat voorspelden in vergelijking tot 

concentrische spierkracht onder jongere en oudere volwassenen. Deze bevinding 

interpreteerden we als dat concentrische spierkracht een meer beperkende factor voor 

loopsnelheid is dan excentrische spierkracht, omdat excentrische spierkracht relatief 

behouden blijft tijdens veroudering. 

In de experimenten beschreven in hoofdstukken 3-5 werden vaste loopsnelheden gebruikt 

om het effect van loopsnelheid op spierfunctie te elimineren. In hoofdstuk 3 vonden we het 

leeftijdsgerelateerde behoud van excentrische kracht weer voor de knie extensoren maar 

niet voor de enkel plantairflexoren. We onderzochten ook of excentrisch krachtbehoud 

aanwezig is tijdens gewoonlijke multi-gewrichtsbewegingen (i.e., lopen) naast uni-

gewrichtsbewegingen (i.e., dynamometrie), over een bereik van loopsnelheden en 
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hellingsgraden. Overeenkomstig met dit idee vonden we dat positieve (i.e., concentrische 

functie) gewrichtsarbeid herverdeeld was op hogere leeftijd, terwijl dit niet het geval was 

voor negatieve (i.e., excentrische functie) gewrichtsarbeid. Aangezien de negatieve knie 

extensor Arbeid tijdens lopen en maximale excentrische kracht positief correleerden, 

stellen we dat de negatieve knie extensor Arbeid behouden bleef met toenemende leeftijd 

omdat deze spiergroep ruim onder haar maximale beschikbare capaciteit opereerde, 

gedeeltelijk door het behoud van excentrische kracht. 

In hoofdstuk 4 demonstreerden we dat de behouden negatieve knie extensor Arbeid tijdens 

de vroege standfase in ouderengang gevonden in hoofdstuk 3 functioneel relevant is. We 

kwantificeerden heup, knie, en enkel moment effecten op knie flexie vertraging, wat helpt 

om het lichaamszwaartepunt te vertragen om ineenstorting van het lichaam te voorkomen, 

tijdens gelijkvloers en helling aflopen. We observeerden dat leeftijd niet de inter-gewricht 

momentenstrategie om knie flexie te controleren beïnvloedde, en dat het knie extensie 

moment de voornaamste afremmer van knie flexie tijdens helling aflopen was. We 

concludeerden dat excentrisch krachtbehoud belangrijk is om de gewrichtsmomenten 

strategie die knie flexie controleert tijdens lopen te behouden. 

De leeftijdsgerelateerde herverdeling van gewrichtsarbeid tijdens lopen gevonden in 

hoofdstuk 3 komt waarschijnlijk gedeeltelijk door veranderingen in spieractivatie. In 

hoofdstuk 5 onderzochten we of leeftijd de relatie tussen gewrichtsarbeid en spieractivatie 

tijdens helling op en aflopen beïnvloed. De resultaten lieten zien dat leeftijd deze relatie 

zowel voor positieve als negatieve Arbeid niet beïnvloedde, ondanks leeftijdsgerelateerde 

verschillen in gewrichtsarbeid. Daarom suggereerden we dat de electromechanische prijs 

(arbeid/agonist spieractivatie) de leeftijdsgerelateerde herverdeling van gewrichtsarbeid 

niet versterkt. 

Hoofdstuk 6 presenteert een geïntegreerde discussie van onze voornaamste bevindingen. 

De bevindingen suggereren dat het leeftijdsgerelateerde fenomeen van excentrisch 

krachtbehoud naast enkelvoudige gewrichtsbewegingen ook aanwezig is tijdens alledaagse, 

meervoudige gewrichtsbewegingen. Bovendien is het leeftijdsgerelateerde behoud van 

excentrische kracht functioneel relevant in ouderengang op gewrichtsniveau en we stellen 

dat dit ook zo is op grove motorische niveau (i.e., loopsnelheid). Laatstgenoemde zal verder 

onderzocht moeten worden in ouderen die zwakker zijn dan de ouderen onderzocht in dit 

proefschrift. Aangezien excentrisch krachtbehoud een natuurlijk verouderingsfenomeen 

lijkt zijn, bevelen we aan de nadruk te leggen op concentrische spieractie in vergelijking tot 

excentrische spieractie tijdens krachttraining voor gezonde ouderen. 
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