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 Old compared to young adults exhibit a distal-to-proximal redistribution of joint 

contributions to support phase mechanics during level and incline walking. Although this 

biomechanical plasticity is now well established in healthy old adults, less is known about how 

biomechanical plasticity varies across the physical capacity spectrum in this population. For 

example, it is unclear whether high capacity old adults (i.e. individuals with relatively high 

walking performance) retain a more youthful gait strategy (i.e. low magnitudes of biomechanical 

plasticity) or adopt larger magnitudes of biomechanical plasticity in order to walk well. The 

purpose of my thesis was to examine and quantify the relationships between physical capacity 

and biomechanical plasticity in old adults during level and incline walking. We hypothesized 

that, as physical capacity declines, biomechanical plasticity would increase in magnitude. We 

also hypothesized that the magnitude of change in biomechanical plasticity per unit change in 

physical capacity would be greater during the more challenging task of incline compared to level 

walking. To test these hypotheses, we performed gait analyses on 10 young and 32 old adults as 

they walked over level and inclined (+10°) surfaces at self-selected and controlled speeds. We 

used Short-Form Health Survey Physical Component (SF-36 PC) scores and 20-meter self-

selected speeds as measures of physical capacity. To quantify biomechanical plasticity, we 

created ratios of hip extensor to ankle plantarflexor peak torques, angular impulses, peak positive 

powers, and positive work. Compared to young adults, old adults exhibited larger biomechanical 



 

 

plasticity ratios during all four walking conditions – confirming the existence of age-associated 

biomechanical plasticity in the old adults included in this study. Contrary to our hypothesis, 

correlation analyses revealed positive relationships between physical capacity and biomechanical 

plasticity during level and incline walking at self-selected but not controlled speeds. Positive 

relationships between in-trial self-selected speeds during level walking suggest that increased 

magnitudes of biomechanical plasticity might positively influence walking performance. 

Contrary to our second hypothesis, incline walking did not increase magnitude of biomechanical 

plasticity change per unit change in physical capacity. Our results suggest that age-associated 

biomechanical plasticity represents a beneficial gait adaptation that might afford functional 

benefits such as increased walking speed. Results from our cross-sectional design may provide 

the framework for a longitudinal intervention study aimed at increasing biomechanical plasticity 

and thereby walking performance in old adults.  Increased walking performance in this 

population has the potential to decrease adverse outcomes such as falls, hospitalizations, and 

even mortality, leading to an overall increased quality of life.  
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Chapter I: Introduction 

Introduction 

 Healthy and pathological aging are associated with decreased skeletal muscle mass49, 

strength49,86, and power5,32. These age-associated reductions to muscular function can have a 

profound impact on the ability of old adults to perform daily activities such as walking and can 

result in a reduced quality of life. Indeed, reduced walking capacity in old adults, including 

shorter step length115 and slower walking speed11, is predicative of falls, disability, 

hospitalization, and even mortality1,82,105. Because of the consequences of decreased muscle 

quality and subsequent decline in walking performance, the underlying biomechanical 

components of walking gait in old adults have been examined.    

 Compared to young adults, healthy old adults exhibit increased hip joint extensor torque 

and positive power during the early support phase, increased hip flexor torque in late support59, 

and decreased ankle joint plantarflexor torque and positive power24,59,92,102,115 during the late 

support phase of level walking. This distal-to-proximal redistribution of joint contributions was 

precisely quantified by DeVita & Hortobagyi (2000), who reported that, while walking at the 

same speed (1.5 ms-1), hip and ankle contributions to total positive joint work were 44% and 

51% respectively for old adults and 16% and 73% respectively for young adults24. Redistribution 

of joint contributions has been termed biomechanical plasticity and is now considered a 

fundamental principle that quantifies altered joint-level mechanics that occur with altered states 

of health. In addition to the distal-to-proximal redistribution pattern of joint contributions in old 

adults, biomechanical plasticity has been observed in ACL injured adults25,26, morbidly obese 

adults both before and after weight loss23,55, and individuals with multiple sclerosis20. Age-

associated biomechanical plasticity has also been observed during incline ascent, where old 
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adults exhibit increased hip and decreased ankle joint contributions during the support phase 

compared to young adults37. However, at a 9° incline, old adults do not increase ankle joint 

torque compared to level walking37, suggesting a more pronounced biomechanical plasticity, 

possibly due to increased task difficulty. Decreased muscular function, particularly of the ankle 

plantarflexors69, in old adults is likely a major component of this age-associated biomechanical 

plasticity during locomotion. Indeed, Hortobagyi, et al. (2016) reported increased hip and 

decreased ankle joint relative contributions to total positive joint work in weak (48.5% and 

38.7%, respectively) compared to strong (41.3% and 46.6%, respectively) old adults56. More 

difficult tasks, such as ascending inclines, that place a greater load on the muscles of old 

individuals relative to their functional capacity, may cause biomechanical plasticity to become 

more pronounced.  

 The previously discussed gait adaptations pertain to healthy old adults. However, not all 

adults age in a healthy and robust manner. To determine the effects of physical capacity on gait 

adaptations, comparisons have been made between healthy (high-capacity) and low-capacity old 

adults. Compared to healthy old adults, low-capacity old adults walk with slower gait speeds71, 

the importance of which was discussed previously. Joint-level biomechanical comparisons 

between high and low-capacity old adults show that the same age-associated biomechanical 

plasticity exists in both groups, however the magnitude of plasticity appears to be larger in low-

capacity groups. More specifically, low-capacity old adults exhibit increased peak hip extensor 

power during early support52,71,72 and peak flexor torque and power in late support71, as well as 

decreased peak plantarflexor power and work during late support compared to healthy old 

adults52,71,72. Currently, no study has directly compared high and low-capacity old adults during 

incline walking. However, given that incline walking requires increased power generation from 
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both the hip and ankle joints37, and the apparent lack of power generation capacity in the ankle 

joint of low-capacity old adults, it is likely that the low-capacity group will rely even more on 

hip and even less on ankle joint contributions compared to healthy old adults during incline 

walking. Further decline of muscular function in low compared to high-capacity old adults is 

likely a major component of the increased magnitude of plasticity in the low-capacity groups. All 

of these results indicate that low-capacity old adults exhibit larger magnitudes of age-associated 

biomechanical plasticity compared to healthy old adults, perhaps due to further muscular decline. 

However, all of these studies separated healthy and low-capacity old adults into two discrete bins 

for statistical comparisons. Thus far, no study has examined age-associated biomechanical 

plasticity while treating physical capacity as a continuous, rather than discrete, variable.  

Hypothesis 

Based on the previous research, it is hypothesized that physical capacity and age-

associated biomechanical plasticity are inversely related such that, as physical capacity declines, 

the magnitude of age-associated biomechanical plasticity increases. More specifically, we 

hypothesize that as physical capacity declines, old adults will rely more heavily on hip joint 

contributions and less on ankle joint contributions during the support phase of walking. It is also 

hypothesized that the magnitude of biomechanical plasticity becomes more pronounced during 

the more challenging task of incline walking. In other words, the increase in magnitude of 

biomechanical plasticity per unit change of physical capacity will be higher during incline 

compared to level walking.   
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Purpose 

The purpose of this thesis is to examine the relationships between physical capacity and 

age-associated biomechanical plasticity during level and incline walking. The results will 

precisely and mathematically quantify the relationships between physical capacity and 

biomechanical plasticity during both level and incline walking. 

Significance 

 Understanding the relationship between physical capacity and biomechanical plasticity in 

old adults will allow us to view gait adaptations along a biological spectrum rather than 

chronological timeline. Previous research suggests that biomechanical plasticity in old adults 

occurs, at least in part, due to declining muscular function. Although some amount of muscular 

decline is naturally associated with age, the amount of muscular decline per individual is more of 

a biological rather than chronological consequence. This idea is supported by the increased 

magnitude of biomechanical plasticity reported in low-capacity and weak compared to healthy 

and strong old adults in age-matched samples. In this regard, results from the current study will 

provide a novel and precise mathematical assessment of the amount of biomechanical plasticity 

associated with reduced physical capacity in old adults. The findings may also help guide the 

development and implementation of training programs aimed at old populations of differing 

physical capacities. Successful training programs may increase walking capacity and quality of 

life in old adults, as well as reduce the incidence of falls, disabilities, dependencies, 

hospitalizations, and mortalities in this population.   
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Delimitations 

1. Young participants will include males and females aged 18-25 without a history of lower limb 

pain or injury, neuromuscular or musculoskeletal complications, other orthopedic problems, or 

history of any neurological limitations (stroke, Parkinson’s Disease, etc.).  

2. Old participants will include both males and females aged 70-85 years of varying physical 

capacities. 

3. All participants will have a Body Mass Index of less than 30 kg/m2 to control for possible 

obesity effects on gait.  

4. This study is limited to the analysis of the support phase of the right lower limb during 5 trials 

of each of 4 conditions. 

5. The analysis will focus only on biomechanical characteristics of level and incline walking 

gaits.  

Operational definitions 

1. Age-associated biomechanical plasticity in locomtoion: The distal-to-proximal shift in joint 

kinetics (torques, angular impulse, powers, work) in old adults. More specifically, the increased 

hip joint kinetics during early support and decreased ankle joint kinetics during late support of 

walking in old compared to young adults.   

2. Physical capacity: A measure of one’s ability to perform activities commonly encountered in 

daily life. We will quantify physical capacity using SF-36 Physical Component (PC) scores and 

self-selected walking speed over a 20-meter level walkway.  

3. Young adults: Males and females aged 18-25 years.  
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4. Old adults: Males and females aged 70-85 years.  

5. Proximal Muscles: Muscles acting at the hip joint. 

6. Distal Muscles: Muscles acting at the knee and ankle joints.  

7. Support torque: the sum of the sagittal plane hip, knee, and ankle joint torques during the 

support phase of walking.  

8. Total power – the sum of the hip, knee, and ankle joint powers during the support phase of 

level walking.



 

 

 

 

Chapter II: A review of the literature 

Introduction 

 The purpose of the current study is to examine the relationships between physical 

capacity and age-associated biomechanical plasticity during level and incline walking. The 

following literature review will discuss: healthy gait biomechanics – level & incline, declining 

muscular function with age, biomechanical plasticity in old adults, biomechanical plasticity in 

low-capacity old adults, defining and measuring physical capacity, walking gait alterations with 

decreasing physical capacity, the hypothesis and purpose, and a summary.  

Healthy gait biomechanics – level & incline 

 Bipedal walking is an activity performed by most people every day. Although it is 

typically viewed as a relatively simple activity, it requires complex and coordinated movements 

that simultaneously aid in forward movement of the center of mass and full-body stability. To 

better understand healthy walking gait, its biomechanical components have been extensively 

analyzed.  

 Typical human walking can be broadly divided into a swing phase, during which the foot 

is not in contact with the ground, and a support phase, during which the foot is in contact with 

the ground, for each individual leg. The swing phase, also termed limb advancement, can be 

further divided into initial swing, mid-swing, and terminal swing phases27. The support phase can 

be further divided into weight acceptance (initial ground contact and the loading response) and 

limb support (mid-support, terminal support, and pre-swing) phases27. Healthy individuals spend 

approximately 40% of the gait cycle in the swing phase and the remaining 60% in the support 
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phase. At typical walking speeds, a double support phase, in which both feet are in contact with 

the ground simultaneously, is present. Each of these walking gait phases are comprised of 

distinct kinematic and kinetic patterns, however the remainder of this report will focus primarily 

on support phase biomechanics.  

Kinematics refer to motions without reference to the forces that cause said motions. 

These variables include, among other things, angular positions and angular velocities at skeletal 

joints. Joint angular positions in young, healthy adults walking over level ground exhibit 

consistently similar hip, knee, and ankle sagittal plane movement patterns across multiple 

walking speeds, although the hip and knee joints tend to vary slightly more than the ankle joint 

between walking speeds114. At initial contact, the hip is in a flexed position and extends 

throughout most of the support phase before flexing in late support just prior to toe-off. This late-

support flexion helps initiate the swing phase, during which the hip continually flexes until 

ground contact of the next step27,114. The knee is slightly flexed at ground contact and continues 

to flex to approximately 20° during weight acceptance, after which the knee extends during mid-

support and then flexes rapidly to approximately 40° at toe off and continues to flex through the 

first half of the swing phase. During the final half of the swing phase, the knee extends to 

approximately 2° flexion immediately prior to heel contact of the next step114. At initial heel 

contact, the ankle plantarflexes until the foot is flat on the ground, at which point it dorsiflexes as 

the body’s center of mass (COM) moves horizontally over and above the joint. During late 

support phase, rapid ankle plantarflexion causes push-off and aids in swing initiation114. These 

joint angular position curves remain similar across various walking speeds, however the 

minimum and maximum values as well as the slope of the change in position over time (joint 
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angular velocity) do vary, creating an almost linear relationship between joint angular velocity 

and walking speed (with higher joint angular velocities at faster walking speeds)114.  

In biomechanics, kinetics refer to the forces and torques that cause movement of a body. 

Internal joint torques are used to quantify the net muscular forces acting across the joint at which 

these torques are being measured. During dynamic movements, torques cause rotations (changes 

in angular position) at skeletal joints. Joint powers represent the products of torques and angular 

velocities at each individual joint. Joint powers are particularly valuable in that they can be used 

to represent muscular contraction type, with positive power (energy generation) representing 

concentric (fiber-shortening) muscle contraction and negative power (energy absorption) 

representing eccentric (fiber-lengthening) muscle contraction. Joint work represents the change 

in energy at each joint and can be quantified by integrating the joint power-time curves. During 

concentric contractions, the muscles are doing work (supplying energy) to the skeleton. During 

eccentric contractions, muscles perform “negative work” and energy is subtracted from the 

system. In reality, during an eccentric contraction, the skeleton is performing work on muscles 

crossing a joint, however the “negative work” convention is prevalent in biomechanics and will 

be referred to throughout this thesis.  

Healthy walking is considered a typical motor pattern in that muscle activation follows a 

proximal-to-distal sequencing pattern starting at the hip and moving distally to the knee and then 

the ankle. At the hip joint, a large extensor torque is present through the initial 35-40% of the 

support phase. During this initial portion of support, the hip joint is extending, first with a 

positive velocity and then a negative velocity. While the velocity is positive, a large positive 

power is being generated by the hip extensor muscles (i.e., gluteus maximus). As the hip 

continues to extend through the support phase, a flexor torque develops as the ground reaction 



10 

 

 

force (GRF) vector moves anterior to the hip joint center. Here, the torque and angular velocity 

are in opposite directions and the joint power becomes negative, representing the eccentric action 

of the hip flexors as the leg continues to extend. At the knee joint, there is initially a slight flexor 

torque in the late swing phase and early support phase as the hamstrings act eccentrically while 

the knee extends, likely to prevent hyperextension of the knee joint just prior to ground contact. 

Immediately following this, during weight acceptance, an extensor torque is produced as the 

knee flexes to ~20°. Because the knee is continuing into flexion, the joint torque and velocity are 

in opposite directions, producing a negative power curve that represents the eccentric action of 

the knee extensor muscles. As the knee extends throughout mid-support, a flexor torque is 

produced. The knee then flexes again in late stance while the GRF vector moves posterior to the 

knee joint center, causing a slight extensor torque. At the ankle joint, there is an initial 

dorsiflexor torque following heel strike as the forefoot is lowered to the ground. Following this, a 

plantarflexor torque develops as the COM moves horizontally over the joint while the resultant 

GRF vector remains anterior to the joint center. At the end of support, the ankle rapidly 

plantarflexes, causing a large positive spike in the ankle joint power curve that represents 

concentric action of the ankle plantarflexor muscles. Quantifying joint-level kinetics allows for 

precise analysis of individual gait characteristics.   

In healthy young adults, the net muscular torque is largest at the ankle joint and lower 

and more variable at the knee and hip joints29. The variation in knee and hip joint torques led to 

the proposal of a summed measure of all joint torques termed the “support” torque113. The 

support torque is a net extension pattern of joint torques at the hip, knee, and ankle acting to 

resist flexion of the lower limb joints caused by gravity and the GRF. Despite variations in more 

proximal joints (hip and knee), the support torque remains similar across healthy individuals 
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walking over level ground113. This similarity remains even in pathological individuals, 

suggesting that if one joint lacks supporting capabilities, another joint may exhibit an increased 

contribution to overall support as a compensatory mechanism113.   

Similar to the consistency of joint angular velocity during walking discussed previously, 

joint power curve patterns remain similar across different walking speeds in healthy individuals, 

however minimum and maximum values, as well as the slopes of these curves, vary almost 

linearly with walking speed (with higher maximum values and increased slopes at faster 

speeds)114. In particular, plantarflexor power in late stance (referred to by D.A. Winter as the 

“power burst”114) assists in forward and upward acceleration of the push-off limb in order to 

initiate swing phase. An increased “power burst” results in a shorter swing period, a longer a step 

length, and thus a faster walking speed114. This mechanical finding has been confirmed with 

EMG data, showing increased activation of the ankle plantarflexor muscles at faster walking 

speeds81,114.  

Overall, the gait biomechanics discussed above suggest that level walking is a complex, 

multi-joint motor pattern governed, in healthy individuals, by a unique motor program that relies 

on proper neuromuscular timing (hip to knee to ankle). However, alternate gait patterns, such as 

incline walking gait, are also commonly used by most people every day. Therefore, these 

alternate gaits have also been analyzed.   

Differences in joint kinematics and kinetics between level and incline walking show that 

ascending inclines requires its own unique motor program. With regards to kinematic 

differences, as healthy young adults ascend increasing inclines, both the hip and knee joints are 

in a more flexed position at initial contact and extend more throughout mid-support to raise the 

body’s COM up the incline and flex to a greater extent throughout the swing phase to ensure toe 
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clearance70. The ankle joint remains dorsiflexed for most of support phase but plantarflexes to 

the same degree as level walking during push-off in late support70. 

Joint level kinetic differences also exist between level and incline walking gaits in young 

adults. At the hip, early support phase joint torque and power increase during incline ascent 

compared to level walking37,70. EMG data for hip musculature support these mechanical findings. 

Specifically, EMG-measured muscular activity of the biceps femoris and gluteus maximus 

increase by 635% and 345% (relative to level walking), respectively, while ascending a 9° 

incline40. Although increased rectus femoris and vastus medialis EMG activity increased during 

incline ascent, mechanical findings have shown mixed results for knee joint torque and power 

between level and incline walking37,40,70. At the ankle, late support phase joint torque increases 

during incline ascent, however it appears to plateau at large inclines70. Interestingly, ankle joint 

power during 9° incline ascent was not significantly different than level walking37. However, 

EMG data showing increased medial gastrocnemius and soleus activity (175% and 136% relative 

to level, respectively) during 9° incline ascent suggests that ankle musculature activity does 

increase during incline ascent40. Overall, it appears that muscular activity at the hip, knee, and 

ankle joints increase during incline ascent compared to level walking.  

Individual joint differences result in total lower limb differences between level and 

incline walking. Specifically, increased hip and ankle joint extension torques result in an 

increased support torque during incline compared to level walking70. Increased hip joint power, 

and to a lesser extent, increased ankle joint power, during incline ascent result in increased 

individual limb positive work compared to level walking37,41. In fact, each individual limb 

contributes only positive work during incline ascent41. This is true for even the leading leg during 

double support – which, in level walking, performs negative work during double support. Given 
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that incline ascent requires significantly greater power generation (positive work) from each leg 

as well as increased muscular activity at each joint, it appears to be the more mechanically 

demanding task40,41. This is supported by the increased metabolic cost of incline walking60, 

possibly due to decreased mechanical efficiency (less efficient transfer of potential and kinetic 

energy)50 associated with incline walking. All of these findings conclude that incline ascent 

requires a motor pattern distinctly different from level walking and appears to be a more 

demanding task. 

This sub-section detailed the kinematic and kinetic characteristics of healthy, young 

individuals during both level walking and incline ascent. These two modes of locomotion are 

each governed by their own unique motor pattern which can be quantified by joint-level 

biomechanical analyses.  

Declining muscular function with age 

 Aging has been associated with decreased strength49,67,118 and power5,32,69 through several 

mechanisms. Specifically, loss of muscle mass and neuromuscular changes, such as loss of total 

motor units, that occur naturally with age have been linked to decreases in strength and power in 

healthy old adults and even successful masters athletes30,75. That even competitive old athletes 

exhibit muscular declines affirms that these changes occur naturally with age and do not 

necessarily appear to be pathological. Further, the muscles of the lower limb appear to decline at 

a faster rate than those of the upper extremities15. Age-associated loss of skeletal muscle mass 

and function has been termed sarcopenia33. It is estimated that 12% of people older than 60 years 

and 30% of people older than 80 years have sarcopenia79. Declining muscular function in old 

adults can have negative impacts on performance of even elementary daily activities. The 

increased rate of muscular decline in the lower extremities may have an even more pronounced 
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impact on daily activities such walking. As an old individual loses the ability to perform 

activities as elementary as walking, he/she loses independence. Thus, it is not surprising that 

sarcopenia has been associated with functional decline and disability in old individulas33. This 

also places a strain on the U.S. economy, as sarcopenia and its associated disabilities add the cost 

of an estimated $18.4 billion per year to the U.S. health care system58.  

 It is clear that age-related muscular decline is costly, not only to the U.S. economy, but 

perhaps more importantly, to the individuals who experience difficulty completing even 

elementary daily activities. An inability of old adults to complete daily activities reduces their 

overall quality of life, both socially and physically. Understanding how age and disability or low 

physical capacity may impact walking, an elementary function of daily life, may help guide 

training interventions aimed at improving quality of life in these populations. To accomplish this, 

a better understanding of the impact of aging and physical capacity on walking gait in old 

populations is needed.    

Biomechanical plasticity in old adults 

 Level walking gait alterations have been observed between healthy old and young adult 

populations. Spatiotemporal variables such as decreased comfortable115 and maximal11 walking 

speed and decreased step length59 compared to young adults are commonly reported in old 

adults. Walking speed decreases between 0.7%10 and 1.2%3 per year in adults over 60 years old. 

Decreased walking capacity in old adults may impair their ability to complete tasks of daily life 

and ultimately result in a decreased quality of life. Walking speed alone is a particularly 

important clinical variable as it is relatively easy to measure and is a reliable predictor of falls1, 

disability82, hospitalization1, and even mortality105 in old populations. Because of its apparent 
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clinical importance, the causes of this age-related decrease in walking speed have been 

investigated.  

 As such, the underlying biomechanical differences between healthy young and old adults 

during level walking have been examined. The following paragraph describes kinematic 

differences reported in the literature between young and old adults. Decreased hip extension in 

late stance, possibly resulting from “tightness” of the hip flexor muscles (i.e., hip contracture), 

has been observed in old compared to young adults64. At the knee, reduced flexion range of 

motion during weight acceptance and reduced extension range of motion during mid-support 

have been observed in old compared to young8. Old adults also exhibit less ankle plantarflexion 

during push-off in the late support phase59,78. In fact, ankle plantarflexion motion in old adults 

during the transition from support to swing phase (push-off) is roughly 50% that of young 

adults8. During swing phase, lower ankle dorsiflexion and knee flexion have been reported, 

which could increase fall risk in old adults due to a decreased toe clearance8. These kinematic 

findings suggest that total hip, knee, and ankle joint ranges of motion are limited in healthy old 

compared to young adults during both support and swing phases of level walking.   

 Kinetic differences between healthy old and young populations have also been observed. 

Specifically, compared to young, old adults exhibit increased hip joint extensor torque and power 

during early support24 and hip joint flexor power during late support59. Mixed results for knee 

joint differences between young and old have been reported. DeVita & Hortobagyi (2000) 

reported decreased angular impulse and work at the knee joint24 during the initial loading 

response in early support while others have reported increased knee joint kinetics during this 

phase78,115. At the ankle joint, decreased torque and power have been reported in old compared to 

young adults during late support at self-selected59,92,102,115, controlled24, and fast64,102 walking 
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speeds. Differences in joint kinetic contributions between old and young adults were precisely 

quantified by DeVita & Hortobagyi (2000), who reported hip extension angular impulses of 17.1 

Nms-1 in old adults compared to 10.8 Nms-1 in young adults24. At the ankle, the same authors 

reported plantarflexion angular impulses of 24.6 Nms-1 in old adults compared to 32.0 Nms-1 in 

young adults24. Additionally, healthy old adults produced 279% more work at the hip and 29% 

less work at the ankle compared to a younger cohort while walking at a similar speed (1.5 ms-

1)24. All of these results indicate that old adults increase hip and decrease ankle joint 

contributions to gait during the support phase of level walking. 

 The distal-to-proximal shift from ankle to hip joint contributions to the support phase of 

level walking gait in old adults is one example of biomechanical plasticity and appears to occur 

naturally with age - that is, it is commonly observed in healthy old adults24,59.  Biomechanical 

plasticity is a fundamental principle in the field of biomechanics that quantifies altered joint-

level biomechanical function with altered states of health. In addition to the distal-to-proximal 

redistribution pattern of joint contributions in old adults, biomechanical plasticity has been 

observed in ACL injured adults25,26 and morbidly obese adults both before and after weight 

loss23,55. These redistribution patterns coincide nicely with D.A. Winter’s original proposal of the 

support torque, where he theorized that pathological individuals may alter or redistribute joint 

contributions in order to maintain a support torque similar to healthy individuals113. Although 

aging is not “pathological” per se, it is possible that even healthy old adults shift reliance to the 

muscles of the hip due to declining function of the muscles crossing the ankle joint. This 

redistribution theoretically allows old adults to maintain a support torque similar to young 

adults24.  
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Because plantarflexion power contributes in multiple ways to walking, decreasing power 

capacity of the ankle joint has negative impacts on walking performance81. In fact, decreased 

plantarflexor power is a strong predictor of shortened step length59, which contributes to overall 

walking speed. The reduction in ankle joint contribution to gait may be caused by the age-

associated decline in muscular function noted specifically in the ankle plantarflexors15,106,112. In 

fact, Bendall et al. (1989) reported a significantly positive relationship between maximal triceps 

surae strength and walking velocity in old adults10. Silder et al. (2008) reported a significant 

positive correlation between maximal isokinetic plantarflexor strength and maximal 

plantarflexion power generated at both self-selected and fast (120% of self-selected speed) 

walking speeds in healthy old adults102. Old adults exhibit a distal-to-proximal redistribution of 

joint torques and powers, relying more heavily on hip, and in some cases knee, joint 

contributions to the support phase of level walking, likely to compensate for decreased muscular 

function of the ankle plantarflexors24. It is possible that differences in health status among old 

cohorts led to the mixed results for the knee joint. Although all studies discussed thus far have 

included healthy old adults, it is possible that some of these individuals exhibit decreased 

muscular capacity of the knee extensor muscles as well as the plantarflexor muscles and thus 

shift more reliance towards the hip extensors. The afore-mentioned increase in late support hip 

flexor power and decreased plantarflexor power immediately prior to swing phase in old adults 

suggests that this population adopts a “pull” strategy rather than the “push” strategy utilized by 

healthy younger adults for swing phase initiation59. That is, old adults may pull their leg into 

swing phase using their hip flexor muscles while young adults use their plantarflexor muscles to 

propel their leg into swing phase. Old adults also increase hip extensor power in the early 

support phase24. It is possible that the increased hip flexor power in late support noted by Judge 
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et al. (1998) represents a heavier reliance on ipsilateral hip musculature for swing initiation and 

the increased extensor power noted by DeVita & Hortobagyi (2000) in early support represents 

work done by the contralateral leg to assist in forward propulsion of the body’s COM. Taken 

together, it is possible that some old adults increase both hip extensor power during early support 

to aid in forward propulsion and flexor power during late support for swing phase initiation. 

Regardless, all of these results indicate the same thing: old adults exhibit an age-associated 

biomechanical plasticity represented by a distal-to-proximal redistribution of joint torques and 

powers during level walking.  

Age-associated differences during incline ascent have also been observed. Findings from 

level walking in old adults demonstrate a decreased propulsive ability in this population. Because 

incline walking requires increased generation of positive power in order to propel the body up 

the incline, it is likely that old adults struggle to negotiate inclines. Accordingly, healthy old 

adults ascend inclines at slower speeds and with shorter step lengths compared to young adults31.  

Slower incline walking speed is due, at least in part, to an impaired ability for total trail leg 

power generation during incline ascent in old compared to young adults38. Observations of joint-

level kinetics reveal that the same age-associated biomechanical plasticity observed during level 

walking also exists during incline ascent. Compared to young adults, old adults exhibit increased 

hip joint torque and power during late support and decreased ankle joint torque and power during 

late support (push off) of incline ascent37,61. In fact, for a 9° incline, old adults do not increase 

plantarflexion torque at all, suggesting its importance as a limiting factor for incline ascent 

performance37. These joint-level findings were observed while old and young adults walked at 

similar velocities (1.2 ms-1) on an instrumented treadmill, eliminating any possible speed effects 

on joint kinetics. EMG data showing increased muscular activity in the gluteus maximus and 
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decreased muscular activity in the medial gastrocnemius of old compared to young adults during 

incline walking confirms this mechanical-based evidence for biomechanical plasticity39. 

Increasing task difficulty places a greater load on the muscles of the lower limb, possibly causing 

a greater need for biomechanical plasticity in old adults. This is likely the case for incline 

walking, where healthy old adults do not increase plantarflexion power at all37. Increased hip 

extension and decreased knee extension and ankle plantarflexion torques in old compared to 

young adults have also been reported during stair ascent, another relatively difficult task for this 

population61. Additionally, some healthy old adults are not able to increase plantarflexion power 

while walking at a maximal speed over level ground59. However, Kerrigan and colleagues (1998) 

reported that their healthy old maintained the ability to increase plantarflexion power at faster 

compared to self-selected level walking speeds64. The age-related reduction in ankle joint 

plantarflexor torque and power generating capacity also becomes more pronounced during 

running and sprinting in old adults66. Overall, it appears possible that biomechanical plasticity 

increases in magnitude as task difficulty increases. It also seems possible that some task 

difficulty threshold exists at which point old adults can no longer increase ankle propulsive 

contributions to locomotion at all and thus, shift even more reliance to proximal joint 

contributions – this appears to be the case for incline ascent.  

This sub-section has detailed the gait adaptations that occur in healthy old adults. To 

summarize, this population exhibits an age-associated biomechanical plasticity defined by a 

distal-to-proximal redistribution of joint contributions from the ankle to the hip. This shift exists 

not only during level but also during incline ascent. It appears that more difficult tasks, such as 

ascending inclines, climbing stairs, and in some cases increasing level walking speed, increase 

the magnitude of this age-associated biomechanical plasticity. These age-associated gait 
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adaptations are likely due, in part, to declining muscular function, particularly of the distal 

muscles of the lower limbs, in even healthy old adults.   

Biomechanical plasticity in low-capacity old adults 

 All of the studies reviewed thus far have reported differences observed between healthy 

old and young adult groups. However, not all adults age in a healthy and robust manner. Age-

associated syndromes such as sarcopenia and frailty, as well as functional limitations and 

physical disabilities, may also impact walking capacity in old adults, regardless of chronological 

age. Experts on aging and its effects on skeletal muscle have suggested that old individuals with 

a normal walking speed slower than 1.0 m/s-1 should be assessed for sarcopenia33. Additionally, 

a walking speed slower than 0.8 ms-1 seems to be a reliable predictor of frailty in old adults14. 

Thus, it appears that decreased walking capacity may also occur as a function of declining 

physical capacity as well as increased chronological age. Indeed, compared to healthy old adults, 

low-capacity old adults exhibit slower walking speeds, shorter step lengths, and increased stride 

variability during level walking21,71. Interestingly, others have shown no difference in 

comfortable walking speed between healthy and low-capacity old adults52,72. McGibbon & Krebs 

(1999) did not control walking speed, however they did control step cadence during data 

collection, which most likely impacted walking speed of their participants72. The similarity in 

comfortable walking speed between healthy and low-capacity old adults reported by Graf et al. 

(2005) is surprising, particularly because they used a physical testing battery (part of which 

includes walking speed) to define physical capacity in their population52. The underlying joint-

level biomechanics offer a more precise view of walking differences between healthy and low 

capacity old adults. 
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 Joint-level kinematic differences between healthy and low-capacity old adults have been 

observed. At self-selected walking speeds, low-capacity old adults exhibit reduced hip 

extension52 and ankle dorsiflexion52 throughout support compared to healthy old adults. Others 

have observed reduced dorsiflexion in low-capacity old adults compared to healthy young adults, 

but failed to observe significant kinematic differences between low-capacity and healthy old 

adults71. Inconsistencies in kinematic results suggest the importance of comparing joint-level 

kinetic differences between healthy and low-capacity old adults.  

Thus, joint-level kinetic differences between healthy and low-capacity old adults have 

also been examined. At the hip joint, increased peak extensor power during early support52,71,72 

and flexor torque and power in late support71 have been observed in low-capacity compared to 

healthy old adults. At the knee, some differences between healthy young and low-capacity old 

adults have been observed, but differences between healthy and low-capacity old adults have yet 

to emerge in the literature52,71. At the ankle joint, decreased peak plantarflexor power and work 

during late support have been observed in low-capacity compared to healthy old adults52,71,72. 

These results are supported by Buddhadev & Martin (2016), who recently reported non-

significant (p < 0.10) trends of increased relative hip and decreased relative ankle joint work in 

sedentary compared to active adults13. Joint-level kinetic differences between healthy and low-

capacity old adults show that the same age-associated biomechanical plasticity occurs in both 

groups. However, further increases in hip and decreases in ankle joint contributions to support 

phase walking mechanics in low-capacity old adults suggest an increased magnitude of 

biomechanical plasticity compared to healthy, age-matched controls52,71,72.  

Although recurrent falls do not necessarily indicate low-capacity, differences between old 

fallers and non-fallers have been observed. Specifically, Kerrigan et al. (2000) showed joint-
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level kinetic differences between old fallers and non-fallers at both self-selected and “fast” 

walking speeds63. When comparing self-selected speeds between fallers and non-fallers, nine 

variables showed significant differences. However, when the fallers walked at a faster speed, 

only four variables remained significant: increased peak hip extensor torque during early 

support, decreased hip flexor torque during late support, decreased peak knee extension torque, 

and knee power absorption in pre-swing63. Decreased ankle positive power in pre-swing was also 

noted in the fallers, however this result was not reported as significant63. The lack of statistical 

significance stems from this group’s low a priori alpha level (p < 0.0018). Although these results 

offer insight into gait adaptations in old fallers, numerous methodological issues make 

comparison to the proposed study difficult. For example, “fallers” included by these authors 

were identified by falls history. It is possible that fallers exhibited gait adaptations in response to 

injury or biological disturbances that resulted from previous falls. A similar question answered 

using a prospective design might illuminate true biomechanical differences between fallers and 

non-fallers. However, if the assumption is made that old fallers exhibit lower physical capacities 

than the non-fallers, these results indicate increased hip joint contributions in old fallers, possibly 

in response to decreased ankle joint contributions.  

Currently, literature exploring differences between healthy and low-capacity old adults 

during incline walking is not extensive. However, given the differences reported for level 

walking discussed previously, it is entirely possible, if not likely, that differences exist between 

healthy and low-capacity old adults. Stair ascent, which requires increased power generation 

from the joints of the lower limb90, is commonly used as a performance measure for assessing 

physical capacity, with poorer performance associated with lower physical capacity53. Poorer 

performance of low-capacity old adults may arise from an inability to increase power from joints 
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of the lower limb. Inability to increase joint power generation would limit incline ascent 

performance in low-capacity old adults. Graph et al. (2005) reported that low-capacity old adults 

maintained the ability to increase walking speed beyond the comfortable speed of their healthy 

old cohort and did this by increasing both hip extensor and ankle plantarflexor powers in early 

and late support, respectively52. However, peak plantarflexor power remained significantly lower 

in the low-capacity group walking at faster speeds (1.34 ± 2.55 ms-1) compared to the healthy 

group walking at comfortable speeds (1.05 ± 1.65 ms-1)52. Thus, it appears likely that age-

associated biomechanical plasticity becomes even further pronounced in low-capacity compared 

to healthy old adults during more difficult tasks, such as walking faster, ascending stairs, or 

walking up inclines. 

Further muscular decline in the lower limbs of low-capacity compared to healthy old 

adults may account for the differences in walking ability between the two groups. That walking 

ability appears to be a valid predictor of sarcopenia33, which is loss of muscle mass and function, 

supports this notion. Clark et al. (2013) divided a group of healthy old adults into “fast” and 

“slow” cohorts based on maximal walking speed16. Comparison of these two groups during a 

rapid plantarflexion movement showed decreased rate of force development in the plantaflexor 

muscles as well decreased rise of EMG signal in the medial gastrocnemius in the slow compared 

to fast group16. These results suggest that reduced muscular or neuromuscular function, 

particularly of the plantarflexors, may impact maximal walking speed in old adults. Also 

measuring healthy old individuals, Hortobagyi, et al. (2016) reported increased hip and 

decreased ankle joint relative contributions to total positive joint work in weak (48.5% and 

38.7%, respectively) compared to strong (41.3% and 46.6%, respectively) old adults during level 

walking56. These authors measured total lower limb strength using a leg press testing protocol on 
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a dynamometer with both isometric (with knee flexion angles of 15°, 45°, 90°) and isokinetic (at 

30°/s and 60°/s) conditions56. Although the old adults included by Clark et al. (2013) and 

Hortobagyi et al. (2016) were reportedly healthy, it is likely that the “slow” and “weak” cohorts, 

respectively, included individuals of lower physical capacities compared to the “fast” and 

“strong” cohorts, respectively. Together, results from these two studies suggest that reduced 

muscular function limits walking capacity in old adults. Reduced muscular function of ankle 

plantarflexors in low-capacity old adults may cause a larger shift towards hip joint contributions, 

increasing the magnitude of age-associated biomechanical plasticity.  Interestingly, however, 

increased hip joint angular impulse and work during early support have been reported in old 

adults after undergoing a 10-week lower-extremity power training protocol9. Increased hip joint 

contributions to gait following a power training protocol goes against the concept that increasing 

physical capacity (in this case, by training) decreases biomechanical plasticity magnitude.  

The studies reviewed throughout this sub-section identified differences between healthy 

or high-capacity and low-capacity old adults. The results suggest that low-capacity old adults 

exhibit an increased magnitude of age-associated biomechanical plasticity compared to healthy 

old adults. However, all of these studies separated and compared participants in two discrete 

bins: “healthy” or “high-capacity” versus “low-capacity,” “strong” versus “weak,” and “fast” 

versus “slow.” Thus far, no study has examined biomechanical plasticity during level walking or 

incline ascent while treating physical capacity as a continuous rather than discrete variable nor 

has developed a quantitative description of the magnitude of biomechanical plasticity in relation 

to physical capacity. Treating physical capacity as a continuous rather than discrete variable 

would be a novel approach to measuring and describing gait adaptations in old adults.  
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Defining and measuring physical capacity 

While the use of 3-D gait analysis and biomechanical analysis software is the standard for 

precisely and reliably quantifying lower limb joint kinematics and kinetics in biomechanics 

laboratories, tools for defining and measuring physical capacity are not so standard. Selecting a 

tool that accurately and reliably measures physical capacity is a necessity for the proposed 

analysis. Physical capacity is a measure of one’s ability to perform activities commonly 

encountered in daily life. Tests such as the 36-Item Short-Form Health Survey (SF-36) and the 

Short Physical Performance Battery (SPPB) have been developed as a means of quickly and 

easily assessing physical capacity in old populations53,110. The SF-36 is a self-report 

questionnaire meant to survey health based on 8 broad categories, each with their own set of 

subcategories110. This questionnaire is easy to administer and has been deemed appropriate for 

use in determining health statuses across diverse populations73. The SPPB is a physical test of 

balance, gait, strength, and endurance by examining the ability to stand with feet in three 

different positions, time to walk 8 feet, and time to stand and sit in a chair 5 times53. The SPPB is 

a particularly useful protocol for the assessment of walking performance as it tests physical 

functionality of the lower-limbs. Results from this protocol have been shown to be independent 

predictors of disability in activities of daily life, worsening mobility, loss of ability to walk 

distances as short as 400 meters, nursing home admittance, and even mortality in old 

subjects53,77,109. These, coupled with other physical capacity or functionality testing 

procedures18,108, provide relatively easy means of measuring physical capacity in old 

populations. Collins et al. (2004) reported a relationship between scores on their functional 

fitness testing protocol and the performance of activities of daily life, but not with age or chronic 

illnesses18. This reaffirms that, although some functional decline may occur naturally due to the 



26 

 

 

aging process, the rate at which these declines occur vary between individuals. It also suggests 

that low scoring individuals may struggle with activities of daily life (i.e., walking), regardless of 

their chronological age or whether or not they have chronic illness. In these regards, it is possible 

to have low physical capacity without a chronic illness. For example, sarcopenia is not a chronic 

illness, but rather a health syndrome that may reduce the physical capacity of old adults.  

Related to physical capacity is the concept of frailty, which has been loosely defined as a 

reduced homeostatic reserve and resiliency to stressors95. Fried et al (2001) defined a frailty 

phenotype as the presence of three or more of the following characteristics: unexplained weight 

loss, muscle weakness, self-reported exhaustion, slow walking velocity, and low activity level46. 

Although it is commonly associated with impairment, disability, and aging, frailty has been 

shown to be distinctly different from both chronological age and disability45,94. In fact, 98% of 

surveyed geriatricians (n = 62) reported that frailty is a syndrome of its own45. In reviewing the 

literature, Rockwood et al. (2000) concluded that frailty is effectively biological rather than 

chronological aging94. To further differentiate frailty from disability, the same authors concluded 

that frailty arises from multisystem dysfunction whereas disability may arise from the 

dysfunction of a single system and that frailty is necessarily associated with instability whereas 

disability is not94. In this case, instability was defined as the disproportionately large effects of 

small environmental perturbations94. Like reduced physical capacity, frailty has been associated 

with adverse outcomes14. Therefore, even without a clear and concise definition for frailty34, 

obtaining a proper measurement could prove valuable in studies including old adults.  

Methods for measuring frailty vary from study to study, most likely due to the varying 

definitions for frailty. The phenotype proposed by Fried et al. is commonly used to determine 

whether populations are robust, pre-frail, or frail46. This method allows for categorical groups to 
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be formed within study samples, but is not an efficient way of setting a wide range of frailty 

values. Because a range of physical capacities is often more useful, other, more robust methods 

have been developed in an attempt to create a more accurate severity scale for frailty. Rockwood 

et al. (2005) developed the Frailty Index (FI), a list of 70 deficits including the presence and/or 

severity of current diseases, ability in activities of daily living, and physical signs from clinical 

and neurological examinations96. When applying the FI to study participants, a 70-dimensional 

vector is constructed to calculate an index score (for example, seven deficits would yield 7/70 = 

0.10) which serves as that individual’s level of frailty96. Measuring frailty using the FI has been 

cross validated and appears to be more precise than the Fried et al. phenotype in determining the 

risk for adverse outcomes in the old populations93. This method would allow for variables, such 

as biomechanical gait alterations, to be mapped across a range of frailty scores rather than 

compared between the 3 distinct groups formed using the Fried et al. phenotypic method of 

defining frailty (robust, pre-frail, frail). Additionally, the FI has been shown to count as frail 

some subjects that would fall under the pre-frail category of the phenotypic model, suggesting 

that the F.I. may allow for more sensitive and accurate measurement103. Thus, it appears that 

using a more precise model, such as the FI, yields better results. However, because the FI 

incorporates 70 variables, it is often far more time consuming. To reduce test completion time, 

Rockwood et al. also developed the Clinical Frailty Scale, which ranges from 1 (robust/healthy) 

to 7 (complete functional dependence on others) 96. While a 1-7 range is better than 3 distinct 

groups (robust, pre-frail, frail), it is still a very small range and would not be appropriate for use 

in correlation and regression analyses. The Comprehensive Geriatric Assessment (CGA) was 

developed as a means of incorporating medical, functional, and psychological capacity in order 

to develop more specific treatment protocols for old adults of all capacities98. The CGA is 
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considered by some to be the gold standard in detecting frailty, however the expertise required to 

perform the assessment limits its use in academic settings17. Multiple methods have been 

employed in detecting and measuring frailty and its associated adverse outcomes. This makes 

choosing a specific method rather difficult, however Rockwood et al. advises embracing the 

complexity of frailty and choosing a method/definition of frailty that has been proven and is 

most useful in the given situation93,94.  

It is important to note that it is possible to be completely healthy on these “frailty scales” 

(i.e., robust). “Frail” is the absolute end stage in the tests mentioned above. This stage represents 

the population of old adults with the lowest physical capacity or functional status. Logically an 

inverse relationship exists between frailty and physical capacity: as one becomes increasingly 

frail, his/her physical capacity declines. Frailty is a dynamic process, making transitions from 

different frailty states possible (i.e., increasing or decreasing physical capacity)48. Lang et al. 

described this dynamic process as the decrease in physiological reserves while increasing 

physiological resources are required to repair (in the case of a perturbations) and maintain proper 

function68. While transitions to greater frailty levels are more common, it is possible to transition 

into lower levels of frailty (i.e., increase physical capacity)48. This finding provides hope that 

training interventions, if developed and implemented properly, could be of great benefit in old 

populations of decreasing physical capacities. To this end, understanding the effects of physical 

capacity on walking gait may be beneficial in developing such intervention programs. This is 

particularly important given the overall benefit of daily walking in old adults84,97. Understanding 

gait adaptations in relation to physical capacity in old adults may help guide future attempts in 

developing proper training interventions for this population. Hopefully, these interventions will 

allow individuals in this population to increase their ability to walk, lessening their dependence 
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for outside help and allowing them to reap the health benefits associated with regular physical 

activity. 

The few studies that have made precise biomechanical comparisons between healthy and 

low-capacity old adults have employed various methods in order to define and measure physical 

capacity. Graf et al. defined individuals as “low-performance” if they scored 9 or less (out of 12 

possible) on the SPBB52. McGibbon & Krebs (1999, 2004) defined individuals as “low-

functioning” if they exhibited one or more physical limitations as defined by the SF-36 physical 

function scale71,72. Kerrigan et al. (2000, 2001) compared old fallers and non-fallers, however, 

falls don’t necessarily indicate low physical capacity62,63. Buddhadev & Martin (2016) separated 

sedentary and active old adults based on weekly physical activity time (min/week)13. Although 

they only included healthy individuals, Hortobagyi et al. (2016) used maximal leg press strength 

to separate and compare “weak” and “strong” old adults56. The use of different measures of 

physical capacity in these biomechanical studies demonstrates the difficulty in choosing the 

proper method for determining physical capacity in old adults.      

The information reviewed in this sub-section identified tools commonly used for 

measuring physical capacity in old adults. All of these tools have strengths and weaknesses. For 

the proposed study, it is important to select a tool that accurately and reliably measures physical 

capacity, is relatively easy to conduct, and will produce scores across a range large enough to 

appropriately conduct correlation and regression analyses.  

Walking gait alterations with decreasing physical capacity 

 Biomechanical differences between healthy and low-capacity old adults were discussed 

previously. This sub-section identifies the limited data available on gait differences observed 
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across a range of physical capacities (i.e., studies treating physical capacity as a continuous 

rather than discrete variable). The majority of the findings reported here come from assessment 

techniques used to measure physical capacity or frailty in old populations, where poorer walking 

performance leads to poorer scores (lower physical capacities or increased frailty).  

 Among the characteristics commonly used to assess physical capacity and frailty, 

walking speed appears to be one of the more important variables. A recent review showed that 

self-selected walking speed alone can be a powerful and reliable test to predict complications 

associated with frailty in old adults85. Castell et al. (2013) suggests that a walking speed slower 

than 0.8 m/s is a simple and effective method of identifying frailty in old populations14. 

Additionally, walking speed appears to decline as individuals move from non-frail into pre-frail 

groups44. Slow walking speed is also a variable commonly used in tests that assess physical 

capacity47,53. Indeed, walking speed in adults over 65 years old appears to be a valid predictor of 

both physical and cognitive function47. Other spatiotemporal variables such as shorter step 

length, decreased single-support time, and increased double-support time have also been 

associated with increasing frailty levels (pre-frail versus non-frail)44. Overall, it appears that 

walking performance decreases as physical capacity declines in old adults. One possible 

mechanism of decreased walking speed in low-capacity old adults is sarcopenia, which has been 

associated with both pre-frail and frail old adults83. Logically, physical capacity will decrease as 

individuals lose muscular capacity and thus, their ability to perform tasks of daily life (such as 

walking) will decrease.  

 Currently, there are limited data relating physical capacity to incline walking 

performance. However, it is worth noting that some assessment tests for physical capacity 

include stair ascent performance measures53. For example, scores on the stair climb power test 
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(SCPT) can be used to accurately predict mobility impairments in old adults7. Stair ascent is 

similar to incline walking in that, compared to level walking, the hip, knee, and ankle joints must 

produce more positive power throughout the majority of the support phase90. Thus, difficulties 

ascending stairs most likely indicate difficulties negotiating inclines. In tests measuring physical 

function or capacity in old adults, difficulty completing these tasks (stair or incline ascent) would 

negatively impact scores and indicate lower physical capacity. Thus, it appears likely that, as 

physical capacity declines, the ability of old adults to ascend inclines also declines.   

 Given the clinical importance of decreased walking speed1,82,105 , the apparent direct 

relationship between physical capacity and walking speed warrants further investigation. 

Specifically, understanding the joint-level biomechanics of level and incline walking gait while 

treating physical capacity in old adults as a continuous rather than discrete variable is an 

important next step in the biomechanical literature. The results will provide joint-specific 

adaptations to declining physical capacities and could prove useful in the future development of 

training interventions aimed at this population. However, no study has investigated 

biomechanical alterations in this context.  

Hypothesis & purpose 

 Biomechanical differences between healthy old and young adults as well as between 

healthy and low-capacity old adults are established in the literature. These studies quantified 

joint-level biomechanical differences between these populations (healthy young versus healthy 

old and healthy or high-capacity versus low-capacity old). Currently, no study has treated 

physical capacity as a continuous rather than discrete variable, across which biomechanical 

alterations may exist. Given the information reviewed here, it is hypothesized that age-associated 

biomechanical plasticity becomes more pronounced as physical capacity declines in old adults. 
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More specifically, as physical capacity declines, old adults will rely more heavily on hip joint 

contributions and less on ankle joint contributions during the support phase of walking. It is also 

hypothesized that the magnitude of biomechanical plasticity becomes more pronounced during 

the more challenging task of incline walking. In other words, the increase in magnitude of 

biomechanical plasticity per unit change of physical capacity will be higher during incline 

compared to level walking. These adaptations will be quantified by hip, knee, and ankle joint 

torques, angular impulses, powers, and relative work in relation to physical capacity scores 

measured using the SF-36 and 20-meter self-selected walking speed. The purpose of this thesis is 

to examine the relationships between physical capacity and age-associated biomechanical 

plasticity during level and incline walking. The results will precisely and mathematically 

quantify the relationships between physical capacity and biomechanical plasticity during both 

level and incline walking.  

Summary 

 Both healthy and pathological aging are associated with decreased skeletal muscle 

mass49, strength49,86, and power5,32. Declining muscular function in old adults can have a 

profound impact on this population’s ability to perform daily activities such as walking and can 

result in a reduced quality of life. Indeed, reduced walking capacity in old adults, including 

shorter step length115 and slower walking speed11, is predicative of falls, disability, 

hospitalization, and even mortality1,82,105. Because of the importance of decreased muscle quality 

and subsequent decline in walking performance, the underlying biomechanical components of 

walking gait in old adults have been examined.    

 Compared to young adults, healthy old adults exhibit increased hip joint extensor 

contributions during the early support phase and decreased ankle joint plantarflexor contributions 
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during the late support phase of level walking at both self-selected115 and controlled24 speeds. 

These biomechanical differences were quantified by DeVita & Hortobagyi (2000), who reported 

that, while walking at the same speed (1.5 ms-1), hip and ankle joint contributions to total 

positive joint work were 44% and 51% respectively for old adults and 16% and 73% respectively 

for young adults24. That represents a 279% increase in work done at the hip and a 29% reduction 

in work done at the ankle in old compared to young adults24. Redistribution of joint contributions 

is termed biomechanical plasticity and is considered a fundamental biomechanical principle that 

quantifies altered joint-level biomechanical function with altered states of health. In addition to 

the distal-to-proximal redistribution pattern of joint contributions in old adults, biomechanical 

plasticity has been observed in ACL injured adults25,26 and morbidly obese adults both before 

and after weight loss23,55. Age-associated biomechanical plasticity has also been observed during 

incline ascent, where old adults exhibit increased hip and decreased ankle joint contributions to 

the support phase compared to young adults37. However, at a 9° incline, old adults do not 

increase ankle joint plantarflexor torque at all compared to level walking, suggesting a more 

pronounced biomechanical plasticity during this more challenging task37. Decreased muscular 

function, particularly of the ankle plantarflexors69, in old adults is likely a major component of 

this age-associated biomechanical plasticity during locomotion. Indeed, Hortobagyi, et al. (2016) 

reported increased hip and decreased ankle joint relative contributions to total positive joint work 

in weak (48.5% and 38.7%, respectively) compared to strong (41.3% and 46.6%, respectively) 

old adults during level walking56. More difficult tasks, such as ascending inclines, that place a 

greater load on the muscles of old individuals relative to their functional capacity, may cause 

biomechanical plasticity to become more pronounced.  
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 The previously discussed gait adaptations pertain to healthy old adults. However, not all 

adults age in a healthy and robust manner. To determine possible effects of physical capacity on 

gait adaptations, comparisons have been made between healthy or high-capacity and low-

capacity old adults. Compared to healthy old, low-capacity old adults walk with slower gait 

speeds71, the importance of which was discussed previously. Joint-level biomechanical 

comparisons between high-capacity and low-capacity old adults show that the same age-

associated biomechanical plasticity exists in both groups, however the magnitude of plasticity 

appears to be larger in the low-capacity group13,52,71,72. More specifically, increased peak hip 

joint extensor power during early support52,71,72 and flexor torque and power in late support71 as 

well as decreased peak ankle joint plantaflexor power and work52,71,72 in late support have been 

observed in low-capacity compared to high-capacity old adults. Currently, no study has directly 

compared high-capacity and low-capacity old adults during incline walking. However, given that 

incline walking requires increased power generation from both the hip and ankle joints37, and the 

apparent lack of power generation capacity in the ankle joint of low-capacity old adults, it is 

likely that the low-capacity group will rely on an even larger shift towards hip and away from 

ankle joint contributions compared to high-capacity old adults during incline walking. Further 

decline of muscular function in low-capacity compared to high-capacity old adults is likely a 

major component of the increased magnitude of plasticity in the low-capacity groups. All of 

these results indicate that low-capacity old adults exhibit larger magnitudes of age-associated 

biomechanical plasticity compared to high-capacity old adults, likely due, at least in part, to 

further muscular decline. However, all of these studies separated high and low-capacity old 

adults into two discrete bins for between-group comparisons. Thus far, no study has examined 
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biomechanical plasticity while treating physical capacity as a continuous rather than discrete 

variable, across which biomechanical adaptations may occur.   

Based on the literature reviewed throughout this chapter, it is hypothesized that physical 

capacity and biomechanical plasticity are inversely related such that, as physical capacity 

declines, the magnitude of age-associated biomechanical plasticity increases. More specifically, 

as physical capacity declines, old adults will exhibit increased hip and decreased ankle joint 

contributions, quantified by joint torques, angular impulses, powers, and relative work, to 

support phase mechanics of walking. It is also hypothesized that the magnitude of biomechanical 

plasticity becomes more pronounced during the more challenging task of incline walking. In 

other words, the increase in magnitude of biomechanical plasticity per unit change of physical 

capacity will be higher during incline compared to level walking. The purpose of this thesis is to 

examine the relationships between physical capacity and age-associated biomechanical plasticity 

during level and incline walking. The results will precisely and mathematically quantify the 

magnitude of age-associated biomechanical plasticity with relation to physical capacity in old 

adults during both level and incline walking.



 

 

 

 

Chapter III: Methodology 

Introduction 

 Based on the reviewed literature, two hypotheses were formulated: first, that as physical 

capacity declines in old adults, age-associated biomechanical plasticity increases in magnitude; 

second, that the magnitude of biomechanical plasticity becomes more pronounced during the 

more challenging task of incline walking. To test these ideas, we performed level and incline gait 

analyses on 10 healthy young adults and 32 old adults exhibiting a range of physical capacities 

and derived hip, knee, and ankle joint peak torques, angular impulses, peak powers, and work. 

Biomechanical plasticity, assessed from these kinetic variables, were correlated and regressed 

onto physical capacity scores of old participants to determine the relationships between physical 

capacity and age-associated biomechanical plasticity during level and incline walking. This 

section provides a detailed summary of the participant characteristics, inclusion/exclusion 

criteria, instruments, procedures, data analysis, and statistical analysis used to test our 

hypothesis.    

Participant characteristics  

 Participants were recruited from Greenville, NC and the surrounding area. Recruitment 

methods included fliers placed in local establishments, newspaper ads, in-person recruiting at 

local recreation centers, and classroom announcements. This study included 10 young (7 female; 

age = 20.3 ± 1.5) and 32 old (22 female; age = 74.7 ± 4.4) adults. All participants were initially 

screened using a short health history form via telephone or in person to determine their eligibility 

for participation in this study (Appendix D). Participant characteristics are presented in Table 1. 
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All participants provided written informed consent (Appendix B) approved by the Institutional 

Review Board of East Carolina University (Appendix A).   

Table 1: Mean and standard deviation values of participant characteristics.  

 

Inclusion criteria for young participants 

1. Aged 18 – 25 years old.  

2. Apparently healthy with no lower limb musculoskeletal injuries or neuromuscular 

pathologies that may impair walking gait. 

3. BMI less than 30 kg/m2 to account for obesity effects on gait. 

4. Moderately active – regularly participates in some form of physical activity (at least 3 

times per week). 

5. Provide written informed consent.  

Exclusion criteria for young participants 

1. Current use of tobacco products.  

2. Any cardiovascular or neurological pathology.  

3. Minor lower limb musculoskeletal injury or disorder in the previous 6 months. 

4. History of lower limb or back surgery. 

 

Mean SD Mean SD

Age (yrs) 20.3 1.5 74.7 4.4

Height (m) 1.74 0.09 1.67 0.07

Mass (kg) 69.0 12.9 68.4 11.7

BMI (kg/m
2
) 22.7 2.5 24.5 3.4

Young Old

Variable

Participant Characteristics
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Inclusion criteria for old participants 

1. Aged 70 – 85 years old.  

2. Must not be homebound as all testing will take place in the Biomechanics Laboratory at 

East Carolina University. 

3. Have the capacity to walk on level and inclined surfaces without assistance. This includes 

aid from canes, walkers, and other individuals. 

4. BMI less than 30 kg/m2 to account for obesity effects on gait. 

5. Provide written informed consent.  

Exclusion criteria for old participants 

1. Current use of tobacco products. 

2. Inability to complete the following daily activities without aid: walk, climb stairs, rise 

from a chair, dress oneself.  

3. Lower limb joint replacement.  

4. Terminal illness.  

Instruments 

A short health history questionnaire (Appendix D) was used to determine participant 

eligibility. During an initial laboratory visit, the Short Form Healthy Survey (SF-36) (Appendix 

C) was used to determine physical capacity of all participants110. Also during the initial visit, an 

electronic timer (TracTronix Wireless Timing Systems, Lenexa, KS) was used to measure self-

selected and safe-maximal gait speeds over a 20-meter level walkway as well as to time the 6-

minute walk test while an infrared timing system (TracTronix Wireless Timing Systems, Lenexa, 

KS) with timing gates placed 3-meters apart was used to measure self-selected incline walking 
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speed. For biomechanical assessment during the second and final visit, kinematic data for both 

level and incline walking were collected using an 8-camera (ProReflex MCU 240) motion 

capture system (Qualisys AB, Göteburg, Sweden). Each camera was set at a capture frequency of 

120 Hz. Ground reaction force data were collected simultaneously using force platforms (AMTI, 

Newton, MA). For level walking trials, an embedded force platform (AMTI Model BP6001200-

2k, Watertown, MA) located in the middle of a 25-meter level walkway was used to capture 

ground reaction forces. For incline walking trials, a smaller force platform (AMTI Model OR6-

6-2000, Watertown, MA) placed in the center of a constructed incline ramp (3.2 m long, 10°) 

was used to capture ground reaction forces. For incline trials, the force platform was located far 

enough up the ramp to allow for participants to take at least one step with the right leg (the 

collection leg) prior to contacting the force platform with the collection leg. The collection 

frequency of both force platforms were set at 960 Hz and a gain of 4000. For both force 

platforms, six analog channels were used to measure 3-D forces and torques acting on the 

platforms. Gait speeds during both level and incline walking trials were measured with an 

infrared timing system (TracTronix Wireless Timing Systems, Lenexa, KS) with timing gates 

placed 3-meters apart within the motion capture area. All data were collected using Qualisys 

Track Manager Software (Qualisys AB, Göteborg, Sweden) and analyzed using Visual 3D (C-

Motion, Germantown, MD) and proprietary Lab software (QuickBasic).  

Procedures 

All testing was conducted in the Biomechanics Laboratory (332 Ward Sports Medicine 

Building) of East Carolina University, Greenville, North Carolina. A brief health history 

questionnaire was used as a screening tool to ensure participant eligibility. For all accepted 

participants, testing was spaced over two days. Upon arrival on the first day of testing, all 
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participants were instructed to read and sign the informed consent form approved by the 

Institutional Review Board of East Carolina University.  

During the initial Lab visit, all participants were instructed to complete the Short-Form 

Health Survey (SF-36) in order to quantify physical capacity110. The SF-36 is a self-report survey 

consisting of 36 questions regarding overall physical and mental health and function. For the SF-

36, question responses are not open-ended; participants are given a list of possible responses 

from which to choose. The creators of the SF-36 have an online scoring mechanism that was 

used to calculate 8 sub-scores: 1) limitations in physical activities due to health problems; 2) 

limitations in social activities due to physical or emotional problems; 3) limitations in usual role 

activities due to physical health problems; 4) bodily pain; 5) general mental health 

(psychological stress and well-being); 6) limitations in usual role activities due to emotional 

problems; 7) vitality (energy and fatigue); 8) general health perceptions. The SF-36 also provides 

a physical component score and a mental component score. This survey has been deemed 

appropriate for use in determining health statuses across diverse populations73. The SF-36 

accurately measures physical capacity, is relatively easy to conduct, and can produce scores 

across a range large enough to appropriately conduct correlation and regression analysis. Also 

during the initial visit, participants completed four hand-timed trials over a 20-meter level 

walkway. The 20-meter walkway was located in a long, unobstructed corridor and marked at the 

beginning and end by pieces of tape. All participants started a few strides behind the beginning 

mark and walked a few strides past the end mark to account for any possible acceleration or 

deceleration effects. A member of the research team followed the participant from behind while 

measuring time with an electronic timing device. For the first two of these trials, participants 

were instructed to walk at a self-selected walking speed. For the final two trials, participants 
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were instructed to walk at a safe-maximal walking speed. The two-trial averages of these 

walking speeds served as additional measures of physical capacity14,85. A 6-minute walking test 

was also conducted during the initial visit. For this test, small cones were placed 100-feet along a 

straight line from each other in a long, flat, unobstructed corridor. Participants were instructed to 

walk back and forth between the two cones, turning around at each cone, for 6-minutes at a self-

selected, comfortable walking speed. A member of the research team counted the number of 

“laps” completed and measured the distance covered over the 6-minute time limit. The member 

of the research team conducting this test did not follow or verbally interact with the participant at 

all during the 6-minute testing period in order to avoid any possible alteration in the participant’s 

walking speed (i.e., motivational effects)4. The distance covered over the course of the 6-minute 

walking test was also used as a measure of physical capacity4,28,54,87,91. Finally, each participant 

completed two incline ascent trials at self-selected speeds up the incline ramp. The two-trial 

average of these walking speeds was used as a measure of physical capacity14,85. Immediately 

prior to these two trials, participants were allowed 2-3 practice trials in order to become familiar 

with the ramp. This concluded testing for the initial visit.  

Upon arrival on the second day of testing, all participants were re-informed of the gait 

analysis protocol prior to beginning data collection. Spherical reflective markers were used to 

define the pelvis and segments of the right lower limb of each participant. The pelvis was 

defined using the right and left iliac crests and the right and left greater trochanters. The right 

thigh was defined using the right and left greater trochanters and medial and lateral femoral 

epicondyles of the right leg. The right leg was defined using the medial and lateral femoral 

epicondyles and the medial and lateral malleoli of the right leg. The right foot was defined using 

the medial and lateral malleoli and the 1st and 5th metatarsal heads of the right leg and foot. To 
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capture segment motion during dynamic trials, 4-marker rigid plastic shells were placed on the 

lateral aspect of both the right thigh and leg while a 3-marker shell was placed on top of the right 

foot. Individual markers were also be placed on the right and left anterior (ASIS) and posterior 

(PSIS) superior iliac spines. Following a 5 second static calibration trial, the segment defining 

markers were removed while the motion tracking markers remained for the entire testing session.  

Participants then completed walking trials under 4 separate conditions: level walking at a 

self-selected speed, level walking at a controlled speed (1.3 ms-1 ± 5%), incline walking (10°) at 

a self-selected speed, and incline (10°) walking at a controlled speed (1.2 ms-1 ± 5%). For self-

selected speed trials, participants were instructed to walk as if they were “going to an 

appointment.” Although condition randomization is ideal, level walking conditions were 

performed first for all participants in order to avoid any possible fatigue-effects from completion 

of incline walking conditions, particularly in our old cohort. Following completion of level 

walking conditions, the subjects were allowed a brief period of rest while the incline ramp was 

constructed on the Laboratory walkway (approximately 10 minutes). All participants then 

completed the incline walking conditions. For each condition, 5 successful trials were collected 

(for a total of 20 successful trials) for most individuals, however some old individuals were not 

able to continue testing long enough for all 5 trials to be completed. Trials were considered 

successful in all conditions if full right foot contact was made with the force platform and gait 

speed was within the accepted ranges. Unsuccessful trials were discarded and experimentation 

continued until 5 apparently successful trials were collected. To ensure full contact and avoid 

“targeting,” the starting foot position of the participant was monitored and altered accordingly by 

a member of the research team. Also to avoid “targeting” and ensure a natural walking pattern, 

all participants were verbally instructed to look straight ahead and to walk as naturally as 
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possible. Verbal feedback and instructions were provided regarding gait speed (i.e., “speed up” 

or “slow down”) when appropriate.  

Data analysis 

 Data were collected using Qualysis Track Manager Software which produces and 

integrates marker position data and ground reaction forces. Data were then processed using 

Visual 3D. A subject-specific linked rigid-segment model of the pelvis and right lower limb was 

created using the static calibration trial taken at the beginning of the gait analysis. The static 

calibration trial was also used to locate virtual joint centers, each segment’s COM, and to define 

the local coordinate system of each segment as well as to determine the location of each 

individual reflective marker within the global coordinate system. The hip joint center was 

determined by calculating 25% of the distance between the right and left greater trochanter 

calibration markers while knee and ankle joint centers were determined by calculating 50% of 

the distance between the medial and lateral femoral epicondyle and medial and lateral malleoli 

calibration makers, respectively. A line from the distal to proximal virtual joint centers of each 

segment defined each segment’s longitudinal axis. Anthropometrics were used to determine each 

segment’s COM position.  

Second order low-pass Butterworth digital filters with cut-off frequencies of 6 Hz and 45 

Hz were applied to position and GRF data, respectively. These digital filters were used to 

remove high frequency noise from the data. The filtering process is particularly important for 

position data as the error becomes more and more pronounced when velocity (the first derivative 

of position with respect to time) and acceleration (the second derivative of position with respect 

to time) are derived from the position data. Clean acceleration data in particular is crucial for 

calculating joint torques using an inverse dynamics approach.   
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 Visual 3D software uses linear and angular Newtonian equations of motion to calculate 

joint reaction forces (JRF) and joint torques using an inverse dynamics approach. The inverse 

dynamics approach uses ground reaction forces, center of pressure, segmental anthropometrics, 

and kinematic position and acceleration data for these calculations. The process begins with the 

foot, as that is the segment in contact with the force platform, and thus, the known ground 

reaction forces, and moves proximally to the leg and then the thigh. Figure 1 provides a 

schematic of Free Body Diagrams (FBD) for each segment (thigh, leg, and foot). For joint 

torques, Visual 3D always uses the right hand rule in determining the sign (positive/negative) of 

the calculated torque.  

 The basis for all joint force and torque calculations, respectively, are the following: 

ΣF = ma 

ΣT = Iα 

Where ΣF represents net force, m represents mass, a represents linear acceleration, ΣT represents 

net torque, I represents moment of inertia, and α represents angular acceleration.  

 The following equation is used to calculate the vertical ankle JRF (Anklez): 

GRFz + FCOMF + Anklez = (mfoot)(afootz) 

Where GRFz is the vertical ground reaction force, FCOMF is the weight of the foot (the product of 

the mass of the foot and gravity), Anklez is the vertical ankle JRF, mfoot is the mass of the foot, 

and afootz is the vertical acceleration of the foot segment.  
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Figure 1: Schematic of free body diagrams for the thigh, leg, and foot segments used to calculate 

hip, knee, and ankle joint forces and torques. All vertical and horizontal arrows represent forces; 

all angular arrows represent joint torques; all circles represent segment COM locations; all dotted 

lines represent moment arms from the joint COM to each of the external forces.  
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 The following equation is used to calculate the horizontal ankle JRF (Anklex): 

GRFx + Anklex = (mfoot)(afootx) 

Where GRFx is the horizontal ground reaction force, Anklex is the horizontal ankle JRF, and 

afootx is the horizontal acceleration of the foot segment.  

All external forces are then used to calculate joint torques. At the ankle joint, the 

following equation is used to calculate the joint torque: 

GRFz(RGRFz) + GRFx(RGRFx) + Anklez(RAnklez) + Anklex(RAnklex) + TAnkle = (Ifoot)(αfoot)  

 Where R represents the moment arms of each of the forces, Ifoot is the moment of inertia 

of the foot, and αfoot is the angular acceleration of the foot. Center of pressure data for the GRF is 

essential in calculating moment arms for the vertical and horizontal components of the GRF. The 

center of pressure data of the GRF is measured by the force platforms. Linear and angular 

segment accelerations are derived from position data. 

 Inverse dynamics utilizes the JRFs and torque at the ankle to calculate knee JRFs and 

torque. The same general equations used for the ankle joint are also employed for the knee joint. 

As such, the following equations are used to calculate vertical and horizontal knee JRFs and knee 

joint torque, respectively:  

-Anklez + FCOML + Kneez = (mleg)(alegz) 

-Anklex + Kneex = (mleg)(alegx) 

-Anklez(R-Anklez) + (-Anklex)(R-Anklex) + (Kneez)(RKneez) + (Kneex)(RKneex) – TAnkle + TKnee = 

(Ileg)(αleg) 
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 The following equations are then used to calculate vertical and horizontal hip JRFs and 

hip joint torque, respectfully: 

-Kneez + FCOMT + Hipz = (mthigh)(athighz) 

-Kneex + Hipx = (mthigh)(athighx) 

-Kneez(R-Kneez) + (-Kneex)(R-Kneex) + (Hipz)(RHipz) + (Hipx)(RHipx) – TKnee + THip = (Ithigh)(αthigh) 

Joint powers are calculated as the product of each joint’s torque and angular velocity. The 

following equation was used: 

�⃗� = 𝐽𝑇⃗⃗⃗⃗  𝑥 (�⃗⃗� 𝑃𝑟𝑜𝑥𝑖𝑚𝑎𝑙 − �⃗⃗� 𝐷𝑖𝑠𝑡𝑎𝑙) 

Where P is a vector representing joint power, JT represents the XYZ components of the joint 

torque, and ω Proximal and ω Distal represent the proximal and distal segment angular velocities. 

Joint angular velocities are derived from segment position data. Finally, total positive and 

negative work, representing the sum of the positive and negative work, respectively, calculated at 

each of the three joints will be derived. All variables from the joint torques and powers were 

computed using proprietary Lab software. All joint kinetic variables are reported in the sagittal 

plane of motion. To define biomechanical plasticity, ratios of peak hip extensor torque to peak 

ankle plantaflexor torque, hip extensor angular impulse to ankle plantarflexor angular impulse, 

peak hip extensor positive power to peak ankle plantarflexor positive power, and hip extensor 

positive work to ankle plantarflexor positive work were computed.  

Statistical analysis 

  Student’s t-tests (p < 0.05) were conducted to determine differences in hip, knee, and 

ankle joint peak torques, angular impulses, peak positive powers, and work as well as differences 
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in biomechanical plasticity ratios (described above) between young and old adults during all four 

conditions (these analyses were used to ensure that age-associated biomechanical plasticity 

existed within our study sample). Linear regression and correlation analyses were then conducted 

solely within the old group to determine relationships between our measures of physical capacity 

and biomechanical plasticity. Physical capacity was defined separately by each participant’s 

score on the SF-36 and 20-meter self-selected walking speed collected during his/her initial visit. 

Pearson’s correlation coefficients were computed between these two physical capacity measures 

and select joint kinetic variables as well as biomechanical plasticity ratios. All relationships were 

tested at the alpha = 0.05 level of significance. To test our second hypothesis, we compared level 

and incline walking at self-selected speeds and level and incline walking at controlled speeds. In 

the cases where corresponding significant correlation coefficients existed, we computed 95% 

confidence intervals of the regression slopes (beta weights). 



 

 

 

Chapter IV: Results 

Introduction 

 The purpose of this study was to examine the relationships between physical capacity and 

age-associated biomechanical plasticity during level and incline walking. Based on previous 

literature it was hypothesized that, as physical capacity declines in old adults, age-associated 

biomechanical plasticity becomes more pronounced. It was also hypothesized that the magnitude 

of biomechanical plasticity becomes more pronounced during the more challenging task of 

incline walking. In other words, the increase in magnitude of biomechanical plasticity per unit 

change of physical capacity will be higher during incline compared to level walking. 

 This chapter is separated into the following sections: old compared to young adults 

during level walking, old compared to young adults during incline walking, physical capacity 

scores, correlations during level walking at self-selected speeds (C1), correlations during level 

walking at a controlled speed – 1.30 m/s (C2), correlations during incline walking at self-selected 

speeds (C3), correlations during incline walking at a controlled speed – 1.20 m/s (C4), 

comparing level to incline walking at self-selected speeds, comparing level to incline walking at 

controlled speeds, and a summary.   

Old compared to young adults during level walking 

 Student’s t-tests were conducted to determine gait differences between young and old 

adults during level walking. These analyses reveal that, compared to young adults, old adults 

self-select a slower speed and walk with a shorter step length at both self-selected and controlled 

speeds. Because old adults took shorter steps during the controlled condition, they exhibited 
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greater cadence compared to young adults in order to meet the controlled speed of 1.30 ms-1 

(Table 2). 

Table 2: Mean and standard deviation values of spatiotemporal variables in young versus old 

adults during level walking at self-selected speeds and a controlled speed (1.30 m/s). P-values 

are bolded to show significant differences (p < 0.05). 

 

Joint kinetic comparisons between young and old adults were conducted to ensure that 

age-associated biomechanical plasticity existed within this study’s old group during level 

walking (Table 3). While old adults walked at self-selected speeds, their hip extensors 

contributed 11.1% more (p < 0.05) of the total positive work during support while their ankle 

plantarflexors contributed 7.8% less (p < 0.05) of the total positive work during support 

compared to young adults (Figures 2 and 3). Also at self-selected speeds, old adults exhibited 

~7% smaller peak plantarflexor toque (p < 0.05), ~25% smaller peak plantarflexor positive 

power (p < 0.01), and ~22% smaller plantarflexor positive work compared to young adults (p < 

0.01). Finally, at self-selected speeds, old adults exhibited larger hip/ankle peak extensor positive 

power (p < 0.05) and extensor positive work (p < 0.05) ratios compared to young adults (Figure 

4). These results indicate that age-associated biomechanical plasticity was present in this study’s 

old population during level walking at self-selected speeds. 

While old adults walked at the controlled speed of 1.30 ms-1, their hip extensors 

contributed 10.8% more (p < 0.05) of the total positive work during support while their ankle 

Young SD Old SD P-Value Young SD Old SD P-Value

Gait Velocity (m · s
-1

) 1.49 0.17 1.34 0.17 0.01 1.30 0.03 1.31 0.04 0.29

Step Length (m) 1.55 0.13 1.39 0.15 0.00 1.45 0.06 1.38 0.10 0.02

Cadence (steps/min) 115 5.00 116 9.00 0.47 108 3.00 114 8.00 0.01

 Spatiotemporal Variables During Level Walking

Variables
Level - Self-Selected Speed Level - Controlled Speed 
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plantarflexors contributed 8.8% less (p < 0.05) of the total positive work during support 

compared to young adults. Also at the controlled speed, old adults exhibited ~35% larger peak 

hip extensor positive power (p = 0.05), ~46% more hip extensor positive work (p = 0.05), ~12% 

less plantarflexor angular impulse (p < 0.05), ~12% smaller peak plantarflexor positive power (p 

< 0.05), and ~9% less plantarflexor positive work (p < 0.05) compared to young adults. Finally, 

at the controlled speed, old adults exhibited a larger hip/ankle peak extensor torque ratio (p = 

0.05), hip/ankle angular impulse ratio (p < 0.05), hip/ankle peak extensor positive power ratio (p 

= 0.05), and hip/ankle extensor positive work ratio (p < 0.05) compared to young adults. Average 

hip, knee, and ankle joint torque and power curves for old and young adults during level walking 

at self-selected and controlled speeds are displayed in Figure 2. These results indicate that age-

associated biomechanical plasticity was present in this study’s old population during level 

walking at the controlled speed. 
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Table 3: Mean and standard deviation values of joint kinetic variables in young versus old adults 

during level walking at self-selected speeds and a controlled speed (1.30 ms-1). P-values are 

bolded to show significant differences (p < 0.05). 

 

Young SD Old SD P-Value Young SD Old SD P-Value

Peak Extensor Torque (Nm · kg
-1

) 0.79 0.12 0.79 0.23 0.47 0.69 0.15 0.76 0.16 0.09

Extensor Angular Impulse (Nm · s
-1

 · kg
-1

) 0.14 0.06 0.16 0.06 0.25 0.14 0.06 0.16 0.06 0.15

Peak Extensor Positive Power (W · kg
-1

) 1.01 0.38 1.24 0.64 0.15 0.86 0.38 1.16 0.53 0.05

Extensor Positive Work (J · kg
-1

) 0.14 0.09 0.19 0.10 0.10 0.13 0.09 0.19 0.10 0.05

% of Total Extensor Positive Work 29.2 15.0 40.3 14.0 0.02 30.5 14.9 41.3 13.8 0.02

Peak Plantarflexor Torque (Nm · kg
-1

) 1.56 0.19 1.45 0.16 0.03 1.49 0.13 1.43 0.13 0.14

Plantarflexor Angular Impulse (Nm · s
-1

 · kg
-1

) 0.38 0.05 0.36 0.06 0.20 0.42 0.05 0.37 0.05 0.01

Peak Plantarflexor Positive Power (W · kg
-1

) 3.50 0.90 2.64 0.44 0.00 2.88 0.48 2.53 0.38 0.01

Plantarflexor Positive Work (J · kg
-1

) 0.27 0.06 0.21 0.04 0.00 0.22 0.03 0.20 0.03 0.04

% of Total Extensor Positive Work 57.1 8.4 49.3 10.8 0.02 57.4 9.4 48.6 10.0 0.01

Peak Torque Ratio 0.51 0.07 0.55 0.16 0.21 0.46 0.09 0.54 0.13 0.05

Angular Impulse Ratio 0.38 0.13 0.45 0.19 0.13 0.33 0.15 0.44 0.17 0.04

Peak Power Ratio 0.30 0.12 0.48 0.24 0.01 0.30 0.12 0.47 0.23 0.02

Work Ratio 0.56 0.36 0.92 0.51 0.02 0.58 0.35 0.95 0.53 0.02

Hip

Ankle

Hip/Ankle

Joint Variables
Level - Self-Selected Speed Level - Controlled Speed 

Comparisons of Joint Kinetic Variables During Level Walking
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Figure 2: Hip, knee, and ankle joint torques (top row) and powers (bottom row) for level 

walking at self-selected (first column) and controlled (second column) speeds. Differences at the 

knee joint are not denoted. * indicates significant difference in peak torques; † indicates 

significant difference in angular impulse; ‡ indicates significant difference in peak powers; § 

indicates significant difference in work (p < 0.05). 
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Figure 3: Hip, knee, ankle (top row), and hip/total, and ankle/total (bottom row) joint work 

values for young and old adults during level walking at self-selected (first column) and 

controlled (second column) speeds. Error bars represent +SD. * Indicates significant differences 

between young and old adults (p < 0.05).  
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Figure 4: Hip/ankle positive extensor work ratios in the young group compared to the old group 

during level walking at self-selected (C1) and controlled (C2) speeds. Error bars represent +SD. 

* Indicates significant difference between young and old adults (p < 0.05).  

 

Old compared to young adults during incline walking 

Student’s t-tests were also conducted to determine gait differences between old and 

young adults during the incline walking conditions. Similar to level walking, these analyses 

revealed that, compared to young adults, old adults self-selected slower speeds and walked with 

shorter step lengths at both self-selected and controlled speeds (Table 4).  
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Table 4: Mean and standard deviation values of spatiotemporal variables in young versus old 

adults during incline walking at self-selected speeds (C3) and a controlled speed (1.2 m/s; C4). 

P-values are bolded to show significant differences (p < 0.05). 

 

Joint kinetic comparisons between old and young adults were conducted to ensure that 

age-associated biomechanical plasticity existed within this study’s old group during incline 

walking (Table 5). While old adults walked up the incline at self-selected speeds, their hip 

extensors contributed 7.4% more (p < 0.05) of the total positive work during support while their 

ankle plantarflexors contributed 6.8% (p < 0.01) less of the total positive work during support 

compared to young adults (Figure 6). Also at self-selected speeds, old adults exhibited ~25% 

smaller peak plantarflexor positive power (p < 0.01) and ~25% less plantarflexor positive work 

(p < 0.01) compared to young adults. Finally, at self-selected speeds, old adults exhibited a larger 

hip/ankle peak extensor positive power ratio (p < 0.05) and a larger hip/ankle extensor positive 

work ratio (p < 0.01) compared to young adults (Figure 7). These results, particularly relative (to 

total) hip and ankle positive joint work and the two significantly different biomechanical 

plasticity ratios indicate that age-associated biomechanical plasticity existed in this study’s old 

population during incline walking at self-selected speeds. 

While old adults walked up the incline at the controlled speed of 1.20 ms-1, their hip 

extensors contributed 9.5% more (p < 0.01) of the total positive work during support while their 

ankle plantarflexors contributed 7.5% less (p < 0.01) of the total positive work during support 

Young SD Old SD P-Value Young SD Old SD P-Value

Gait Velocity (m · s
-1

) 1.35 0.17 1.23 0.17 0.02 1.20 0.03 1.24 0.04 0.01

Step Length (m) 1.56 0.17 1.32 0.16 0.00 1.45 0.09 1.33 0.11 0.00

Cadence (steps/min) 103 5 111 11 0.02 100 8 112 9 0.00

Spatiotemporal Variables During Incline Walking

Variables
Incline - Self-Selected Speed (C3) Incline - Controlled Speed (C4)
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compared to young adults. Also while walking at the controlled speed, old adults exhibited ~15% 

larger peak hip extensor torque (p < 0.05), ~21% more hip extensor positive work (p < 0.05), 

~14% less plantarflexor angular impulse (p < 0.01), ~20% smaller peak plantarflexor positive 

power (p < 0.01), and ~20% less plantarflexor positive work (p < 0.01) compared to young 

adults. Finally, at the controlled speed, old adults exhibited a larger hip/ankle peak extensor 

torque ratio (p < 0.05), a larger hip/ankle angular impulse ratio (p < 0.05), a larger hip/ankle peak 

extensor positive power ratio (p < 0.01), and a larger hip/ankle extensor positive work ratio 

compared to young adults (p < 0.01). Average hip, knee, and ankle joint torque and power curves 

for old and young adults during incline walking at self-selected and controlled speeds are 

displayed in Figure 5. These results indicate that age-associated biomechanical plasticity existed 

in this study’s old population during incline walking at the controlled speed. 
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Table 5: Mean (SD) values of joint kinetic variables in young versus old adults during incline 

walking at self-selected speeds (C3) and a controlled speed (1.2 m/s; C4).  P-values are bolded 

to show significant differences (p < 0.05). 

 

Young SD Old SD P-Value Young SD Old SD P-Value

Peak Extensor Torque (Nm · kg
-1

) 1.11 0.17 1.08 0.24 0.36 0.93 0.20 1.07 0.18 0.02

Extensor Angular Impulse (Nm · s
-1

 · kg
-1

) 0.27 0.08 0.28 0.07 0.33 0.25 0.08 0.28 0.07 0.14

Peak Extensor Positive Power (W · kg
-1

) 2.46 0.60 2.41 0.84 0.43 2.08 0.57 2.39 0.62 0.09

Extensor Positive Work (J · kg
-1

) 0.53 0.14 0.58 0.17 0.21 0.48 0.17 0.58 0.15 0.04

% of Total Extensor Positive Work 38.4 6.4 45.8 7.7 0.01 36.6 7.9 46.1 8.6 0.00

Peak Plantarflexor Torque (Nm · kg
-1

) 1.64 0.17 1.57 0.18 0.13 1.64 0.15 1.56 0.17 0.10

Plantarflexor Angular Impulse (Nm · s
-1

 · kg
-1

) 0.45 0.10 0.43 0.07 0.21 0.49 0.09 0.42 0.05 0.00

Peak Plantarflexor Positive Power (W · kg
-1

) 4.29 1.10 3.22 0.62 0.00 4.09 0.75 3.26 0.62 0.00

Plantarflexor Positive Work (J · kg
-1

) 0.57 0.12 0.43 0.09 0.00 0.54 0.09 0.43 0.10 0.00

% of Total Extensor Positive Work 41.0 3.0 34.2 6.7 0.00 41.9 2.4 34.4 7.4 0.00

Peak Torque Ratio 0.68 0.10 0.69 0.15 0.39 0.57 0.12 0.70 0.14 0.01

Angular Impulse Ratio 0.61 0.18 0.66 0.20 0.22 0.51 0.18 0.67 0.20 0.02

Peak Power Ratio 0.59 0.14 0.76 0.25 0.02 0.51 0.12 0.76 0.22 0.00

Work Ratio 0.95 0.20 1.43 0.48 0.00 0.89 0.23 1.45 0.54 0.00

Hip/Ankle

Incline - Self-Selected Speed Incline - Controlled Speed

Comparisons of Joint Kinetic Variables During Incline Walking

Hip

Ankle

Joint Variables
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Figure 5: Hip, knee, and ankle joint torques (top row) and powers (bottom row) for incline 

walking at self-selected (first column) and controlled (second column) speeds. Differences at the 

knee joint are not denoted. * indicates significant difference in peak torques; † indicates 

significant difference in angular impulse; ‡ indicates significant difference in peak powers; § 

indicates significant difference in work (p < 0.05). 
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Figure 6: Hip, knee, ankle (top row), and hip/total and ankle/total (bottom row) joint work 

values for young and old adults during incline walking at self-selected (first column) and 

controlled (second column) speeds. Error bars represent +SD. * Indicates significant differences 

between young and old adults (p < 0.05). 
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Figure 7: Hip/ankle joint positive work ratios in the young group compared to the old group 

during C3 and C4. Error bars represent +SD. * Indicates significant difference between young 

and old adults (p < 0.05). 

 

Physical capacity scores 

 Short Form Health Survey physical component (SF-36 PC) scores and 20-meter self-

selected walking speeds were chosen as measures of physical capacity within the old group. 

Visual representations of the spread in SF-36 PC scores (Figure 8) and 20-m self-selected speeds 

(Figure 9) are depicted below. These figures represent the fact that we included individuals 

across an adequate range of physical capacity and that there appears to be an even spread of 

physical capacity values across our sample of old adults (i.e. this sample does not appear to be 

clustered within a single area).  
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Figure 8: Short Form Health Survey physical component scores for all old participants. 

 

 
Figure 9: 20-meter self-selected walking speeds for all old participants. 

 

Correlations during level walking at self-selected speeds  

 Within the old group, Pearson product moment correlations were calculated at 30 degrees 

of freedom (Table 6). These analyses were conducted to quantify relationships between physical 

capacity measures (SF-36 PC scores and 20-meter self-selected speeds) and the magnitude of 

biomechanical plasticity during level walking at self-selected speeds.  
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 While using SF-36 PC scores as the explanatory variable in correlation analyses, 

significant positive relationships were found with the following joint kinetic variables: hip 

extensor peak torques, hip extensor angular impulses, hip extensor peak positive powers, hip 

extensor positive work, hip/total extensor positive work ratios, and ankle plantarflexor positive 

work. A significant negative relationship existed between SF-36 PC scores and ankle 

plantarflexor/total extensor positive work ratios. Scatter plots displaying the relationships 

between SF-36 scores and all joint kinetic variables of interest are presented in Figure 10. 

Additionally, significant positive relationships existed between SF-36 PC scores and the 

following biomechanical plasticity ratios: hip/ankle peak torque ratios, hip/ankle angular impulse 

ratios, hip/ankle peak extensor positive power ratios, and hip/ankle extensor positive work ratios 

(Figure 12).  

 While using 20-meter self-selected walking speeds as the explanatory variable in 

correlation analyses, significant positive relationships were found with the following joint kinetic 

variables: hip extensor peak torques, hip extensor peak positive powers, ankle plantarflexor peak 

torques, ankle plantarflexor peak positive powers, ankle plantarflexor positive work (Table 6). 

Significant negative relationships existed between 20-meter self-selected walking speeds and the 

following joint kinetic variables: ankle plantarflexor angular impulses and ankle/total extensor 

positive work ratios. Scatter plots displaying the relationships between 20-meter self-selected 

walking speeds and all joint kinetic variables of interest are presented in Figure 11. Additionally, 

significant positive relationships existed between 20-meter self-selected walking speeds and the 

following biomechanical plasticity ratios: hip/ankle peak torque ratios, hip/ankle angular impulse 

ratios, and hip/ankle peak extensor positive power ratios.  
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Table 6: Pearson’s correlation coefficients (r) and r2 values between physical capacity measures 

(SF-36 PC scores and 20-m self-selected walking speeds) and joint kinetic variables during level 

walking at self-selected speeds. R-values of statistically significant correlations are displayed in 

bold print (p < 0.05).   

 

r-value r
2

r-value r
2

Peak Extensor Torque (Nm·kg-1) 0.47 0.22 0.55 0.30

Extensor Angular Impulse (Nm·s-1·kg-1) 0.44 0.19 0.22 0.05

Peak Extensor Positive Power (W·kg-1) 0.46 0.21 0.43 0.19

Extensor Positive Work (J·kg-1) 0.42 0.17 0.29 0.09

% of Total Extensor Positive Work 0.31 0.10 0.17 0.03

Peak Plantarflexor Torque (Nm·kg-1) 0.27 0.07 0.34 0.11

Plantarflexor Angular Impulse (Nm·s-1·kg-1) 0.09 0.01 -0.32 0.10

Peak Planterflexor Positive Power (W·kg-1) 0.08 0.01 0.33 0.11

Plantarflexor Positive Work (J·kg-1) 0.35 0.12 0.31 0.10

% of Total Extensor Positive Work -0.38 0.15 -0.31 0.10

Peak Torque Ratio 0.39 0.15 0.46 0.21

Angular Impulse Ratio 0.37 0.14 0.35 0.13

Peak Power Ratio 0.46 0.21 0.36 0.13

Work Ratio 0.31 0.09 0.21 0.05

Ankle

Hip/Ankle

Correlation Analysis of Level Walking at Self-Selected Speeds

Joint Variable 

SF-36 20-m Self-Selected Speed

Hip
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Figure 10: Scatter plots displaying correlations between SF-36 PC scores and hip (column one) 

and ankle (column two) peak torques, angular impulses, peak positive powers, and percent 

contribution to total extensor positive work during level walking at self-selected speeds. † 

Denotes a significant relationship (p < 0.05). 
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Figure 11: Scatter plots displaying correlations between 20-meter self-selected walking speeds 

and hip (column one) and ankle (column two) peak torques, angular impulses, peak positive 

powers, and percent contribution to total extensor positive work during level walking at self-

selected speeds. † Denotes a significant relationship (p < 0.05). 
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Figure 12: Scatter plots displaying correlations between measures of physical capacity (SF-36 PC 

scores – column one; 20-meter self-selected walking speed – column two) and biomechanical 

plasticity ratios during level walking at self-selected speeds. † Denotes a significant relationship 

(p < 0.05). 
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Correlations during level walking at a controlled speed – 1.30 m/s  

Within the old group, Pearson product moment correlations were calculated at 30 degrees 

of freedom. These analyses were conducted to quantify the relationships between physical 

capacity measures (SF-36 PC scores and 20-meter self-selected speeds) and biomechanical 

plasticity during level walking at a controlled speed of 1.30 m/s (± 5%). All correlation 

coefficients for this condition are reported in Table 7.  

While using SF-36 PC scores as the explanatory variable in correlation analyses, 

significant positive relationships were found with the following joint kinetic variables: hip 

extensor peak torques, hip extensor angular impulses, hip extensor peak positive powers, hip 

extensor positive work, ankle plantarflexor angular impulses, and ankle plantarflexor positive 

work. Scatter plots displaying the relationships between SF-36 scores and joint kinetic variables 

of interest are presented in Figure 13. Additionally, significant positive relationships existed 

between SF-36 PC scores the following biomechanical plasticity ratios: hip/ankle peak extensor 

positive power ratios (Figure 15).  

While using 20-meter self-selected walking speeds as the explanatory variable in 

correlation analyses, no significant relationships existed with any of the joint kinetic variables of 

interest (Figure 14) or biomechanical plasticity ratios during level walking at the controlled 

speed.  
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Table 7: Pearson’s correlation coefficients (r) and r2 values between physical capacity measures 

(SF-36 PC scores and 20-m self-selected walking speeds) and joint kinetic variables during level 

walking at the controlled speed of 1.30 m·s-1 (± 5%). R-values of statistically significant 

correlations are displayed in bold print (p < 0.05).   

 

r-value r
2

r-Value r
2

Peak Extensor Torque (Nm·kg-1) 0.35 0.13 0.16 0.03

Extensor Angular Impulse (Nm·s-1·kg-1) 0.41 0.17 0.17 0.03

Peak Extensor Positive Power (W·kg-1) 0.41 0.17 0.20 0.04

Extensor Positive Work (J·kg-1) 0.38 0.15 0.17 0.03

% of Total Extensor Positive Work 0.29 0.08 0.16 0.03

Peak Plantarflexor Torque (Nm·kg-1) 0.21 0.04 0.15 0.02

Plantarflexor Angular Impulse (Nm·s-1·kg-1) 0.36 0.13 0.09 0.01

Peak Planterflexor Positive Power (W·kg-1) -0.21 0.04 -0.22 0.05

Plantarflexor Positive Work (J·kg-1) 0.32 0.10 0.02 0.00

% of Total Extensor Positive Work -0.29 0.08 -0.16 0.03

Peak Torque Ratio 0.25 0.06 0.10 0.01

Angular Impulse Ratio 0.27 0.07 0.15 0.02

Peak Power Ratio 0.43 0.18 0.27 0.07

Work Ratio 0.27 0.07 0.19 0.04

Ankle

Hip/Ankle

Correlation Analysis of Level Walking at a Controlled Speed (1.30 m/s)

Joint Variable 

SF-36 20-m Self-Selected Speed

Hip
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Figure 13: Scatter plots displaying correlations between SF-36 PC scores and hip (column one) 

and ankle (column two) peak torques, angular impulses, peak positive powers, and percent 

contribution to total extensor positive work during level walking at a controlled speed. † Denotes 

a significant relationship (p < 0.05). 
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Figure 14: Scatter plots displaying correlations between 20-meter self-selected walking speeds 

and hip (column one) and ankle (column two) peak torques, angular impulses, peak positive 

powers, and percent contribution to total extensor positive work during level walking at a 

controlled speed.  
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Figure 15: Scatter plots displaying correlations between measures of physical capacity (SF-36 

PC scores – column one; 20-meter self-selected walking speed – column two) and biomechanical 

plasticity ratios during level walking at a controlled speed. † Denotes a significant relationship (p 

< 0.05). 
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Correlations during incline walking at self-selected speeds 

 Within the old group, Pearson product moment correlations were calculated at 29 degrees 

of freedom. These analyses were computed at 29 degrees of freedom due to the loss of data due 

to technical difficulty for one of our old participants. These analyses were conducted to quantify 

the relationships between physical capacity measures (SF-36 PC scores and 20-meter self-

selected speeds) and biomechanical plasticity during incline walking at self-selected speeds. All 

correlation coefficients for this condition are reported in Table 8.  

While using SF-36 PC scores as the explanatory variable in correlation analyses, 

significant positive relationships were found with the following joint kinetic variables: hip 

extensor peak torques, hip extensor angular impulses, hip extensor peak positive powers, hip 

extensor positive work, and ankle plantarflexor positive work. Scatter plots displaying the 

relationships between SF-36 PC scores and joint kinetic variables of interest are presented in 

Figure 16. Additionally, significant positive relationships existed between SF-36 PC scores and 

the following biomechanical plasticity ratios: hip/ankle peak torque ratios, hip/ankle angular 

impulse ratios, and hip/ankle peak positive power ratios (Figure 18). 

While using 20-meter self-selected walking speeds as the explanatory variable in 

correlation analyses, significant positive relationships existed for the following joint kinetic 

variables: hip extensor peak torques, hip extensor peak positive powers, and ankle plantarflexor 

positive work. Scatter plots displaying the relationships between SF-36 PC scores and joint 

kinetic variables of interest are presented in Figure 17. No significant relationships existed 

between 20-meter self-selected speeds and biomechanical plasticity ratios during this condition.  
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Table 8: Pearson’s correlation coefficients (r) and r2 values between physical capacity measures 

(SF-36 PC scores and 20-m self-selected walking speeds) and joint kinetic variables during 

incline walking at self-selected speeds. R-values of statistically significant correlations are 

displayed in bold print (p < 0.05).   

 

r-value r
2

r-value r
2

Peak Extensor Torque (Nm·kg-1) 0.55 0.31 0.36 0.13

Extensor Angular Impulse (Nm·s-1·kg-1) 0.36 0.13 -0.02 0.00

Peak Extensor Positive Power (W·kg-1) 0.41 0.17 0.36 0.13

Extensor Positive Work (J·kg-1) 0.49 0.24 0.28 0.08

% of Total Extensor Positive Work 0.28 0.08 -0.08 0.01

Peak Plantarflexor Torque (Nm·kg-1) 0.16 0.02 0.18 0.03

Plantarflexor Angular Impulse (Nm·s-1·kg-1) -0.01 0.00 -0.07 0.00

Peak Planterflexor Positive Power (W·kg-1) 0.23 0.05 0.20 0.04

Plantarflexor Positive Work (J·kg-1) 0.44 0.19 0.42 0.18

% of Total Extensor Positive Work -0.02 0.00 0.06 0.00

Peak Torque Ratio 0.51 0.26 0.30 0.09

Angular Impulse Ratio 0.32 0.10 0.03 0.00

Peak Power Ratio 0.34 0.12 0.29 0.08

Work Ratio 0.15 0.02 -0.06 0.00

Ankle

Ratios

Correlation Analysis of Incline Walking at Self-Selected Speeds 

Joint Variable 

SF-36 20-m Self-Selected Speed

Hip
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Figure 16: Scatter plots displaying correlations between SF-36 PC scores and hip (column one) 

and ankle (column two) peak torques, angular impulses, peak positive powers, and percent 

contribution to total extensor positive work during incline walking at self-selected speeds. † 

Denotes a significant relationship (p < 0.05). 
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Figure 17: Scatter plots displaying correlations between 20-meter self-selected walking speeds 

and hip (column one) and ankle (column two) peak torques, angular impulses, peak positive 

powers, and percent contribution to total extensor positive work during incline walking at self-

selected speeds. † Denotes a significant relationship (p < 0.05). 
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Figure 18: Scatter plots displaying correlations between measures of physical capacity (SF-36 

PC scores – column one; 20-meter self-selected walking speed – column two) and biomechanical 

plasticity ratios during incline walking at self-selected speeds. † Denotes a significant 

relationship (p < 0.05). 
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Correlations during incline walking at a controlled speed – 1.20 m/s  

Within the old group, Pearson product moment correlations were calculated at 29 degrees 

of freedom. These analyses were computed at 29 degrees of freedom due to the loss of data due 

to technical difficulty for one of our old participants. These analyses were conducted to quantify 

the relationships between physical capacity measures (SF-36 PC scores and 20-meter self-

selected speeds) and biomechanical plasticity during incline walking at a controlled speed of 

1.20 m/s (± 5%). All correlation coefficients for this condition are reported in Table 9.  

While using SF-36 PC scores as the explanatory variable in correlation analyses, 

significant positive relationships existed with the following joint kinetic variables: hip extensor 

peak torques and ankle plantarflexor positive work. Scatter plots displaying the relationships 

between SF-36 PC scores and joint kinetic variables of interest are presented in Figure 19. No 

significant relationships existed between SF-36 PC scores and any of the biomechanical 

plasticity ratios (Figure 21). 

While using 20-meter self-selected walking speeds as the explanatory variable in 

correlation analyses, no significant relationships existed with any of the joint kinetic variables of 

interest (Figure 20) or the biomechanical plasticity ratios.  
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Table 9: Pearson’s correlation coefficients (r) and r2 values between physical capacity measures 

(SF-36 PC scores and 20-m self-selected walking speeds) and joint kinetic variables during 

incline walking at the controlled speed of 1.20 m·s-1 (± 5%). R-values of statistically significant 

correlations are displayed in bold print (p < 0.05).   

 

r-value r
2

r-value r
2

Peak Extensor Torque (Nm·kg-1) 0.37 0.14 0.17 0.03

Extensor Angular Impulse (Nm·s-1·kg-1) 0.29 0.08 -0.06 0.00

Peak Extensor Positive Power (W·kg-1) 0.21 0.04 0.16 0.02

Extensor Positive Work (J·kg-1) 0.30 0.09 0.07 0.01

% of Total Extensor Positive Work 0.12 0.01 -0.19 0.04

Peak Plantarflexor Torque (Nm·kg-1) 0.01 0.00 0.03 0.00

Plantarflexor Angular Impulse (Nm·s-1·kg-1) 0.19 0.04 0.14 0.02

Peak Planterflexor Positive Power (W·kg-1) 0.04 0.00 -0.03 0.00

Plantarflexor Positive Work (J·kg-1) 0.34 0.12 0.22 0.05

% of Total Extensor Positive Work 0.11 0.01 0.07 0.00

Peak Torque Ratio 0.30 0.09 0.13 0.02

Angular Impulse Ratio 0.17 0.03 -0.13 0.02

Peak Power Ratio 0.17 0.03 0.13 0.02

Work Ratio 0.00 0.00 -0.17 0.03

Ankle

Hip/Ankle

Correlation Analysis of Incline Walking at a Controlled Speed (1.20 m/s) 

20-m Self-Selected SpeedSF-36 

Variable Joint

Hip



80 

 

 

 

Figure 19: Scatter plots displaying correlations between SF-36 PC scores and hip (column one) 

and ankle (column two) peak torques, angular impulses, peak positive powers, and percent 

contribution to total extensor positive work during incline walking at a controlled speed. † 

Denotes a significant relationship (p < 0.05). 
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Figure 20: Scatter plots displaying correlations between 20-meter self-selected walking speeds 

and hip (column one) and ankle (column two) peak torques, angular impulses, peak positive 

powers, and percent contribution to total extensor positive work during incline walking at a 

controlled speed.  
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Figure 21: Scatter plots displaying correlations between measures of physical capacity (SF-36 

PC scores – column one; 20-meter self-selected walking speed – column two) and biomechanical 

plasticity ratios during incline walking at a controlled speed.  
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Comparing level to incline walking at self-selected speeds 

To test our second hypothesis that biomechanical plasticity becomes more pronounced 

during the more difficult task of incline compared to level walking, we compared the correlation 

results above between level and incline walking at self-selected speeds. Specifically, where 

corresponding significant relationships existed between level and incline conditions, we 

compared the 95% confidence intervals (C.I.s) of the slopes of the regressions (beta weights). 

The following biomechanical plasticity ratios were significantly correlated to physical 

capacity during level but not incline walking at self-selected speeds: SF-36 PC scores vs. 

hip/ankle positive work ratio, 20-meter self-selected walking speed vs. hip/ankle peak torque 

ratio, 20-meter self-selected walking speed vs. hip/ankle angular impulse ratio, 20-meter self-

selected walking speed vs. hip/ankle peak positive power ratio. Based on these four correlations, 

it seems possible that the relationship between physical capacity and biomechanical plasticity is 

stronger (or at least more observable) during level compared to incline walking. However, 

because three of the same correlation analyses revealed significant positive relationships during 

level and incline walking at self-selected speeds, we compared 95% C.I.s of the beta weights of 

these three correlations to determine if per unit changes in physical capacity resulted in larger per 

unit changes in biomechanical plasticity compared to level walking. Comparisons of the 95% 

C.I.s of regression slopes in these three correlations reveal large amounts of overlap (Table 10). 

Because of this, we conclude that there are no statistically significant differences between these 

correlations. Based on these findings, we cannot say conclusively that incline walking at self-

selected speeds is associated an increased magnitude of biomechanical plasticity compared to 

level walking at self-selected speeds. 
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Table 10: Regression slopes with upper, median, and lower limits based on 95% C.I.s.  

 

Comparing level to incline walking at controlled speeds 

To test our second hypothesis that biomechanical plasticity becomes more pronounced 

during the more difficult task of incline compared to level walking, we compared the correlation 

results above between level and incline walking at controlled speeds. Specifically, we compared 

the 95% confidence intervals (C.I.s) of the slopes of the regressions (beta weights) computed for 

these conditions. 

The following biomechanical plasticity ratios were significantly correlated to physical 

capacity during level but not incline walking at controlled speeds: SF-36 PC scores vs. hip/ankle 

peak positive power ratio. 95% C.I.s of the beta weights were not computed to compare level and 

incline walking at controlled speeds because there were no significant correlations corresponding 

between the two conditions. Based on these findings, we cannot say conclusively that incline 

walking at 1.20 m/s is associated an increased magnitude of biomechanical plasticity compared 

to level walking at 1.30 m/s. 

 

 

Lower Limit Median Upper Limit Lower Limit Median Upper Limit

Hip/Ankle Peak Torque Ratios 0.0013 0.0103 0.0193 0.0044 0.0125 0.0205

Hip/Ankle Angular Impulse Ratios 0.0008 0.0115 0.0222 -0.0013 0.0106 0.0226

Hip/Ankle Peak Power Ratios 0.005 0.0178 0.0305 -0.0005 0.0139 0.0283

Level Walking at Self-Selected Speeds Incline Walking at Self-Selected Speeds 

95% Confidence Intervals for Regression Slopes During Level and Incline Walking at Self-Selected Speeds

Variables
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Summary 

 Compared to young adults, old adults performed level and incline locomotion with an 

overall larger mechanical output at the hip and a lower mechanical output at the ankle. This was 

confirmed by individual joint kinetic and biomechanical plasticity ratio differences between old 

and young adults. These findings confirm that age-associated biomechanical plasticity existed 

within our old cohort during all four walking conditions.   

 During level walking at self-selected speeds, statistically significant positive correlations 

were observed between physical capacity measures and biomechanical plasticity ratios. This 

indicates higher magnitudes of biomechanical plasticity in more capable old adults during level 

walking at self-selected speeds. During level walking at the controlled speed, only one of the 

eight correlation analyses (SF-36 PC scores with hip/ankle peak positive power ratio) between 

physical capacity measures and biomechanical plasticity ratios revealed a significant 

relationship.  

During incline walking at self-selected speeds, significant positive relationships were 

observed for three of the eight correlation analyses between physical capacity measures and 

biomechanical plasticity ratios and two others bordered on significance (r = 0.30 and r = 29; 

critical value for these analyses being r = 0.311). This indicates higher magnitudes of 

biomechanical plasticity in more capable old adults during incline walking at self-selected 

speeds. During inclined walking at the controlled speed, no significant relationships were 

observed between physical capacity measures and biomechanical plasticity ratios.  

 Comparisons of level to incline walking conditions did not support our second 

hypothesis. Comparison of the correlation analyses conducted for level and incline walking at 
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self-selected speeds weakly suggests that the relationship between physical capacity and 

biomechanical plasticity is more observable during level walking, however these data are not 

conclusive. The same is true for level compared to incline walking at the controlled speeds of 

1.30 ms-1 and 1.20 ms-1, respectively.  



 

 

 

Chapter V: Discussion 

 The purpose of this thesis was to examine the relationships between physical capacity 

and biomechanical plasticity in old adults during level and incline walking. We hypothesized 

that, as physical capacity declines in old adults, age-associated biomechanical plasticity becomes 

more pronounced. We also hypothesized that the magnitude of biomechanical plasticity becomes 

more pronounced during the more challenging task of incline compared to level walking. In 

other words, the increase in magnitude of biomechanical plasticity per unit change of physical 

capacity will be higher during incline compared to level walking. 

 This chapter is divided into the following sections: development of the hypothesis, 

confirming age-associated biomechanical plasticity, examining the range of physical capacities 

in our old adult sample, relationships between physical capacity and biomechanical plasticity 

during level walking, relationships between physical capacity and biomechanical plasticity 

during incline walking, limitations, and a summary.  

Development of the hypothesis 

 Compared to healthy young adults, healthy old adults exhibit increased hip and decreased 

ankle joint kinetics during the support phase of level walking 13,24,56,92,102,115. This distal-to-

proximal redistribution of joint torques and powers has been termed biomechanical plasticity and 

represents underlying neuromuscular adaptations made by old adults24. It is thought that changes 

to distal structures such as the triceps surae muscles and the Achilles tendon compromise the 

amount of torque and power generated at the ankle joints of old adults35. To counter reduced 

torque and power production at the ankle joint, healthy old adults appear to increase 

contributions from more proximal muscles – primarily the extensor muscles of the hip joint. That 
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old adults are capable of increasing mechanical output from the hip joint muscles suggests the 

interesting possibility that these muscles do not experience the same age-related decline that the 

plantarflexors experience (i.e., asymmetric aging among different tissues). Age-associated 

biomechanical plasticity has also been observed in old adults during incline walking. However, 

whereas young adults increase both hip and ankle joint torques during incline walking, old adults 

increase hip but not ankle joint torques, suggesting a more pronounced biomechanical 

plasticity37. Need for larger propulsive GRFs74 and the natural adaptation of increased output at 

the hip70 during inclined walking may be two of the primary causes of increased biomechanical 

plasticity during incline compared to level walking.  

Age-associated biomechanical plasticity is well-reported in healthy old adults. However, 

physical capacity (i.e., walking performance), which varies greatly in this population, might also 

have an impact on biomechanical plasticity. For example, Graf et al. (2005) reported that low-

performance compared to healthy old adults exhibited increased hip extensor and decreased 

ankle plantarflexor peak positive powers52.  Similarly, Hortobagyi et al. (2016) reported 17% 

larger relative hip and 17% lower relative ankle joint work in weak compared to strong old 

adults56. Finally, Buddhadev & Martin (2016) reported increased hip extensor and decreased 

ankle plantaflexor relative joint work in sedentary compared to active adults, however their 

results did not quite reach statistical significance (both p < 0.10)13. Combined, these comparison 

studies suggest that low compared to high capacity old adults exhibit larger magnitudes of 

biomechanical plasticity during locomotion; i.e., they have greater relative contribution from hip 

extensor muscles and a smaller relative contribution from ankle plantarflexor muscles. However, 

the precise relationship between physical capacity and biomechanical plasticity in old adults is 

unclear. That is, we do not currently understand how the magnitude of biomechanical plasticity 
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varies across the physical capacity spectrum in old adults. Understanding the relationship 

between physical capacity and biomechanical plasticity in old adults may illuminate the 

underlying neuromuscular adaptations made with age and ultimately be used to develop 

interventions for increasing walking performance, reducing disability, and increasing overall 

quality of life. Therefore, the purpose of this study was to examine the relationships between 

physical capacity and age-associated biomechanical plasticity during level and incline walking. 

We hypothesized that as physical capacity declines, age-associated biomechanical plasticity 

would increase in magnitude. That is, as physical capacity declined, we expected to observe 

increased hip extensor relative to decreased ankle plantarflexor torques and powers. It was also 

hypothesized that the magnitude of biomechanical plasticity would become more pronounced 

during the more challenging task of incline compared to level walking. In other words, the 

increase in magnitude of biomechanical plasticity per unit change of physical capacity would be 

higher during incline compared to level walking. 

Confirming age-associated biomechanical plasticity in old compared to young adults 

 Age-associated biomechanical plasticity, defined by increased hip extensor and decreased 

ankle plantarflexor contributions to support phase gait mechanics, represents an adaptation made 

by old adults during level and incline walking. Comparisons between our young and old 

participants confirmed that age-associated biomechanical plasticity existed during all four 

walking conditions tested: level and incline at both self-selected and controlled (level: 1.30 m/s; 

incline: 1.20 m/s) speeds.  

 During level walking at self-selected speeds, old adults exhibited larger relative hip and 

lower relative ankle positive joint work compared to young adults. Our results match closely 

with previously described samples of old adults. Specifically, our old adults contributed ~40% 
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and ~49% while the old adults described by DeVita & Hortobagyi (2000) contributed ~44% and 

~51% to total positive joint work from the hip and ankle, respectively24. Compared to the young 

adult sample described by DeVita & Hortobagyi (2000), our young adults exhibited larger 

relative hip (~29% versus 16%) and lower relative ankle (57% versus 73%) joint contributions to 

total positive work, despite walking at similar speeds (1.49 m/s versus 1.48 m/s)24. These 

differences in our young compared to previously described young adults technically made it 

more difficult to observe biomechanical plasticity in our old adults. Despite this, we still 

managed to observe significantly larger relative hip and lower relative ankle in our old compared 

to young adults – that is, we still observed biomechanical plasticity.   

To control for possible walking speed effects, we included a level walking condition at a 

controlled speed of 1.20 m/s. During the controlled speed condition, old adults exhibited larger 

relative hip and lower relative ankle positive joint work compared to young adults. Specifically, 

old adults contributed ~41% and ~49% while young adults contributed ~31% and ~57% to total 

positive joint work from the hip and ankle, respectively. The existence of biomechanical 

plasticity during the controlled speed condition confirms that this gait adaptation is not a 

consequence of decreased walking speed in old adults but rather, represents a fundamental 

neuromuscular adaptation that occurs with age24,37,56. Within both young and old adult samples, 

relative hip and ankle joint work were similar during self-selected and controlled speed 

conditions. This is consistent with at least one previous report of unchanging relative joint work 

values across slow, comfortable, and fast walking speeds9. Together, these results suggest that 

contributions from individual lower limb joints to total positive work do not change greatly 

across a variety of walking speeds. However, it should also be noted that others have reported 

changes in relative hip and knee, but not ankle joint contributions to total positive joint work 



91 

 

 

while walking through a range (1.1 m/s to 1.7 m/s) of walking speeds13. It is possible that within-

sample variability accounts for these differences.  

Our comparisons of old versus young adults walking over level ground confirm the 

existence of age-associated biomechanical plasticity in our sample. These results are consistent 

with previous studies demonstrating biomechanical plasticity in old adults during level 

walking13,24. Disproportionate loss of muscle function in the plantarflexor muscles15, decreased 

hip extension range of motion64, changes to Achilles tendon dynamics42, and balance 

impairments63 in old adults are all factors that might contribute to biomechanical plasticity. 

Changes to medial gastrocnemius muscle architecture including decreased anatomic and 

physiological cross-sectional area and muscle volume may impair force production and result in 

decreased mechanical output at the ankle joint80. Indeed, decreased physiological cross-sectional 

area of the medial gastrocnemius appears to negatively influence torque and power production at 

the ankle joint107. Additionally, decreased mitochondrial function57 and neuronal sprouting88 in 

distal compared to proximal muscles might also contribute to decreased plantarflexor muscle 

function. Some have argued that decreased hip extension due to hip flexor “tightness” (hip 

contracture) in old adults causes a shorter stride length and in turn, reduced mechanical output 

from the ankle joint64. However, a 10-week hip flexor stretching protocol failed to have any 

effect on ankle joint mechanics during walking111. Age-related changes to the Achilles tendon 

including increased free tendon compliance19,104 and higher degrees of sub-tendon coupling42 

may also negatively impact mechanical output from the ankle joint during locomotion. For 

example, increased tendon compliance likely reduces the amount of elastic energy stored by the 

Achilles tendon and reduces overall joint power production at the ankle. Because the Achilles 

tendon passively converts a large amount of stored elastic energy into mechanical work during 
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locomotion101, any factor that limits its ability to do so would have negative consequences for 

power generation at the ankle and likely increase total metabolic cost of walking. Indeed, 

limiting the ankle joint in healthy young adults using a brace caused a redistribution of 

mechanical work to the hip joint and increased metabolic power of walking by 7.4%117. Finally, 

it is possible that balance impairments in old adults may contribute to decreased ankle joint 

mechanical output. Kerrigan et al. reported 22% lower peak ankle power during push-off in old 

adults with a history of falls compared to old adults without a history of falls63. Additionally, old 

adults have been shown to rely more heavily on visual feedback during walking, suggesting the 

importance of sensory decline as well as muscular decline when considering biomechanical 

adaptations36. Although this is not a comprehensive list, the above-mentioned age-related 

changes are all possible contributing factors to lower torque and power production of the ankle 

plantarflexor muscles of old adults during locomotor tasks. Indeed, decreased ankle joint torque 

and power has been observed in level walking at self-selected59,64,92,100, controlled13,24,56, and 

fast59 speeds as well as during running22. To compensate for decreased mechanical output at the 

ankle, old adults redistribute mechanical output to the more proximal hip joint. DeVita & 

Hortobagyi (2000) described this redistribution as a representation of the ability of the human 

body to undergo neuromuscular adaptations in the face of decreased function in a particular 

muscle group or joint24. Because old adults redistribute mechanical output to the hip during 

locomotion, it appears that the muscles and other tissues crossing this more proximal joint are 

more optimally suited for torque and power production during walking. If true, this suggests the 

interesting possibility that tissues in the human body do not all age at the same rate (i.e., tissues 

crossing the hip do not age at the same rate that tissues crossing the ankle age). Franz (2016) also 

makes the compelling case that sensorimotor decline and loss of sensory feedback from the ankle 
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plantarflexors may cause old adults to rely more heavily on muscles crossing the hip – which are 

under feedforward control35. This, Franz (2016) suggests, may be a safer or more stable gait 

pattern for old adults35.  

 During incline walking at self-selected speeds, old adults exhibited larger relative hip and 

lower relative ankle positive joint work compared to young adults. Specifically, our old adults 

contributed ~46% and ~34% while young adults contributed ~38% and ~41% of total positive 

joint work from the hip and ankle, respectively. During incline walking at the controlled speed, 

which was similar to the self-selected speed of old (self-selected: 1.23 m/s; controlled: 1.24 m/s) 

but not young (self-selected: 1.35 m/s; controlled: 1.20 m/s) adults, old adults contributed ~46% 

and ~34% while young adults contributed ~37% and ~42% of total positive joint work from the 

hip and ankle, respectively. These results confirm the existence of biomechanical plasticity in 

our sample of old adults during incline walking.  

 Incline walking requires that net-positive work be done to raise the body’s center of mass 

with each step. To achieve this, healthy young adults perform positive work with both the 

trailing and leading limbs during double support while walking uphill41. This is different from 

level walking, where the lead leg performs negative work during double support. The underlying 

joint mechanics of incline gait reveal that healthy young adults rely primarily on increased hip 

extensor torque and positive power in early support and, to a lesser extent, increased ankle 

plantarflexor torque but not positive power in late support37,70. Compared to young adults, old 

adults exhibit 25% smaller ankle plantarflexor peak torques and 18% smaller ankle plantarflexor 

peak positive powers while walking at a 9° incline37. We report very similar findings while old 

adults walked at a 10° incline; our old adults exhibited ~25% and ~20% smaller ankle 

plantarflexor peak positive powers while walking at self-selected and controlled speeds, 
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respectively, supporting the work of Franz & Kram (2014). We now expand the work of Franz & 

Kram (2014)37 by reporting decreased relative ankle joint positive work in old compared to 

young adults during incline walking. This decreased mechanical output at the ankle joint is likely 

the cause of the decreased propulsive GRF and total trail leg positive work noted in old adults 

during incline walking38. Interestingly, rather than increasing hip extensor mechanical output to 

compensate for this ankle power deficit, Franz & Kram (2014) reported that old adults generated 

119% larger peak hip flexor positive power immediately preceding toe-off37, likely as a means of 

“pulling” the trailing leg into swing phase. Our data also show no differences in hip extensor 

peak positive powers between young and old adults during incline walking at either self-selected 

or controlled speeds. We do, however, report 7.4% and 9.5% larger relative hip extensor positive 

work in old compared to young adults during incline walking at self-selected and controlled 

speeds, respectively. It is possible that our old adults increased hip extensor mechanical output 

during early support to generate more positive power from the leading leg as a response to 

decreased mechanical output from the ankle joint of the contralateral (trailing) leg, however we 

did not collect bilateral data and cannot substantiate this claim. It is also possible that 

methodological differences account for these disparities in results. For example, Franz & Kram 

(2014) collected all gait data as participants walked on an instrumented treadmill while our gait 

data were collected while participants walked up a relatively short, custom built incline. 

Interestingly, although their joint-level mechanical data did not show increased hip extensor 

output, Franz & Kram (2013) have also supported the existence of age-associated biomechanical 

plasticity, as we’ve defined it, during incline walking with EMG data, reporting greater gluteus 

maximus and lower medial gastrocnemius activity at increasingly steep uphill grades39. Our 
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results support their EMG data with joint-level mechanical data and confirm the existence of 

biomechanical plasticity in old adults during incline walking. 

 It seems likely that the age-related adaptations thought to contribute to biomechanical 

plasticity in old adults during level walking also cause plasticity during incline walking. 

However, because even healthy young adults rely primarily on increased mechanical output from 

the hip and not as much from the ankle joint during incline gait, it is difficult to determine how 

impairments at the ankle might impact incline walking performance. Because incline walking 

requires the generation of larger propulsive forces, and because the ankle joint plays a pivotal 

role in generating propulsive forces during locomotion, it follows that any impairment at the 

ankle might limit incline locomotion. In theory, any mode of locomotion that requires increased 

propulsive forces might exacerbate ankle impairments in old adults and cause increased 

magnitudes of biomechanical plasticity. This is supported by Franz & Kram (2014) who report 

that young adults increase both hip and ankle joint torques while old adults increase hip but not 

ankle joint torques during incline walking37. This idea partially guided our second hypothesis, 

however, the current analysis was strictly concerned with demonstrating the existence of 

biomechanical plasticity within our old adult sample and did not test magnitudes of 

biomechanical plasticity between level and incline gait.  

 Our comparisons of young and old adults confirmed the existence of biomechanical 

plasticity in our sample of old adults during all four walking conditions included in this study. 

Our level walking data matched well with previously described samples of young and old adults 

and confirmed that aging causes a distal-to-proximal redistribution of joint torques and powers. 

Our incline walking data support that the same age-associated biomechanical plasticity exhibited 

by old adults walking over level ground exists during incline walking.  
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Examining the range of physical capacities in our old adult sample 

 To properly test our first hypothesis, it was necessary to use a valid and reliable measure 

of physical capacity that could create measures or scores across a large range of values. We used 

Short-Form Health Survey Physical Component (SF-36 PC) scores and 20-meter level self-

selected speeds.  

 The SF-36 is a self-report questionnaire meant to survey health based on eight broad 

categories, each with their own set of subcategories110. The SF-36 has been used to show 

physical capacity (quality of life) differences between highly active and inactive old adults2. 

Additionally, SF-36 PC scores have shown significant correlations with BMI, body strength (via 

arm curl test), walking endurance (via 6-minute walking test), and physical activity level51. Thus, 

the SF-36 PC score serves as a valid metric for physical capacity in old populations. Within our 

old population, the mean SF-36 PC score was 53.7 ± 6.2 with a range of 36.7 – 61.6. Wood et al. 

(2005) reported average SF-36 PC scores in high, moderate, and low functional fitness groups of 

old men and women. After averaging their men and women means, the following scores emerge: 

“low” = 40.7, “moderate” = 48.0, and “high” = 51.5116. Based on these averages, our group mean 

would be considered “high.” However, the average SF-36 PC score of our ten lowest scoring 

individuals was 43.0 ± 5.2 and the average score of our ten highest scoring individuals was 56.4 

± 1.3, indicating that we included individuals of both low and high physical capacities, based on 

SF-36 PC scores. Additionally, the averages reported by Wood et al. (2005) come from a study 

sample with a relatively high prevalence of cardiovascular disease, neurological disorders, 

orthopedic problems, and other diseases such as cancer116. The disease and disorder prevalence 

in their study population likely lowered their low, moderate, and high group averages for SF-36 
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PC scores. Because our study criteria excluded individuals with many of these diseases and 

disorders, it is not surprising that our study sample group mean might be considered “high.”  

 To include a more performance-based measure of physical capacity, we measured 20-

meter level self-selected walking speeds of each participant. Self-selected walking speed in old 

adults has been associated with numerous adverse outcomes including falls, hospitalization, and 

even mortality1,82,105. Our study population had a group mean 20-meter self-selected speed of 

1.26 ± 0.19 m/s and a range of 0.79 – 1.56 m/s. The average speed of our ten fastest participants 

was 1.46 ± 0.07 m/s and the average speed of our ten slowest participants was 1.05 ± 0. 12 m/s. 

These speeds are relatively consistent with previous studies reporting average gait speeds of 1.33 

m/s in healthy11 and 1.03 – 1.07 m/s52,72 in low-capacity old adults. Although the mean speed of 

our ten lowest capacity (based on 20-meter self-selected speed) matches closely with these 

previous reports, the mean speed of our ten highest capacity old adults (based on 20-meter self-

selected speed) is well above 1.33 m/s, indicating that we included some very high capacity old 

adults. Overall, based on 20-meter self-selected walking speeds, it appears that our old adult 

sample included individuals of low and very high physical capacities. 

 After comparing the physical capacity results of our sample to results of previous studies, 

we concluded that a sufficient capacity range of individuals existed in our sample and that the 

tools we used to measure physical capacity captured this. Having a sufficient range of physical 

capacity is important because these measures (SF-36 PC scores and 20-meter self-selected 

walking speeds) served as explanatory variables in correlation analyses.  
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Relationships between physical capacity and biomechanical plasticity during level walking  

Previous comparisons of high versus low-capacity old adults suggested that low-capacity 

old adults exhibit larger magnitudes of biomechanical plasticity. Based on these comparison 

studies, we hypothesized that an inverse relationship would exist between physical capacity and 

biomechanical plasticity. Specifically, as physical capacity declined, we expected to observe 

increased hip extensor kinetics during early support relative to decreased ankle plantarflexor 

kinetics during late support. Our data did not support this hypothesis. In fact, our data suggested 

that a positive relationship exists between physical capacity and biomechanical plasticity during 

level walking. 

 During level walking at self-selected speeds, positive relationships were observed 

between SF-36 PC scores and all four biomechanical plasticity ratios. Additionally, a positive 

relationship was observed between SF-36 PC scores and relative hip extensor positive work and 

an inverse relationship was observed between SF-36 PC scores and relative ankle plantarflexor 

positive work. Using 20-meter self-selected walking speed as the measure of physical capacity 

yielded similar results. Specifically, positive relationships were observed between 20-meter self-

selected walking speeds and three of the four biomechanical plasticity ratios. Additionally, an 

inverse relationship was observed between 20-meter self-selected walking speed and relative 

ankle plantarflexor positive work. These results indicate that physical capacity and 

biomechanical plasticity in old adults share a positive relationship during level walking at self-

selected speeds. That is, old adults of higher physical capacities exhibited larger hip extensor and 

lower ankle plantarflexor mechanical output during this walking condition.  

 Similar relationships were observed during level walking at the controlled speed, 

however many of the correlation results did not reach statistical significance. For example, 
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positive relationships existed between SF-36 PC scores and all four biomechanical plasticity 

ratios (r-values of 0.25 – 0.43), however only one of these relationships reached statistical 

significance. Using 20-meter self-selected walking speed as the measure of physical capacity 

yielded similar results – positive relationships between physical capacity and biomechanical 

plasticity ratios - none of the relationships reached statistical significance (r-values of 0.10 – 

0.27). These results might weakly suggest that physical capacity and biomechanical plasticity 

also share a positive relationship when walking speed is controlled, however the lack of 

statistically significant correlations does not provide strong support for this conclusion.   

Although our results do not support our hypothesis and contradict the studies upon which 

we built our hypothesis, they are consistent with a few previous studies. For example, our results 

are consistent with a previous comparison of active and inactive old adults. Savelberg et al. 

(2007) reported increased hip extensor and decreased ankle plantarflexor torques in old adult 

runners compared to inactive old adults, however their results did not reach statistical 

significance100. It is possible that larger sample sizes would have pushed these differences to 

statistical significance. More recently, Beijersbergen et al. (2016) reported increased hip extensor 

and decreased ankle plantaflexor mechanical output in old adults following a 10-week power 

training protocol9. Their results suggest that increasing capacity in old adults results in increased 

magnitudes of biomechanical plasticity. McGibbon & Krebs (2004) attempted to decouple aging 

effects from impairment effects to gait in old adults. In doing so, these authors reported increased 

hip extensor positive power as a discriminatory variable between healthy old and young and 

increased hip flexor negative power as a discriminatory variable between healthy old and 

impaired old71. These results suggest that, although all old adults exhibit a general shift towards 

more proximal muscles, healthy old appear to increase active contributions from the hip 
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extensors while impaired old appear to increase passive action of the hip flexors. Our data are 

similar in that hip extensor kinetics shared a positive relationship with physical capacity (i.e., 

increased hip extensor activity in healthier old adults). To be completely consistent with 

McGibbon & Krebs (2004), we would expect to see an inverse relationship between physical 

capacity and hip flexor kinetics during mid to late support. Because our purpose was to explore 

biomechanical plasticity - defined here as a redistribution to hip extensor active contributions in 

early support – we did not conduct analyses on hip flexor kinetics in mid or late support. 

McGibbon & Krebs (2004) suggested that passive action of the hip flexors in mid-support and 

into late-support might act to propel the trunk and pelvis forward in a manner that increases 

whole body momentum71. Passive/eccentric compared to active/concentric muscle action is also 

more metabolically and energetically efficient65,99. It is possible that impaired or low-capacity 

old adults rely more heavily on passive muscular contributions during walking as a means of 

decreasing metabolic cost while healthy or high capacity old adults rely more heavily on active 

muscular action of the hip extensors as a means of increasing walking speed. It seems more 

likely, however, that low-capacity old adults have simply lost a greater amount of their ability to 

produce muscular force via concentric contraction, not only with the plantarflexors, but also with 

the hip extensors. Loss of function or force-producing capacity of the hip extensors would force 

low capacity old adults to either slow down or adapt a new gait pattern – such as increasing 

passive contributions from the hip flexor muscles in mid and late support.  

It is possible that natural, healthy aging alters different components of the human body 

such as the material and structural properties of soft tissues and sensory/sensorsimotor function 

in old adults.  In the face of these detrimental alterations, it appears that higher capacity old 

adults maintain an ability to undergo biomechanical adaptations. This is likely what age-
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associated biomechanical plasticity represents – the ability of healthy old adults to 

neuromechanically redistribute output from the ankle joint to the hip joint. This redistribution 

most likely affords some functional benefit(s). It is possible that age-associated biomechanical 

plasticity is a mechanism for increasing walking performance in old adults. For example, two of 

the four biomechanical plasticity ratios were positively related to in-trial self-selected level 

walking speed and three ratios were positively related to stride frequency while no relationships 

existed between plasticity and stride length, in our old adults (Table 11). This suggests that 

increased magnitudes of plasticity allow old adults of higher physical capacities to walk at faster 

comfortable speeds. Further, the positive relationship between plasticity and stride frequency, but 

not stride length, at self-selected speeds may suggest that biomechanical plasticity serves to 

increase gait in a safer manner in higher capacity old adults. Here, I assume that increased stride 

frequency results in a “safer” gait because it likely leads to increased double support time, and 

having both feet on the ground for a longer period of time increases the base of support for the 

body’s center of mass for a longer period of time. Additionally, as discussed earlier, it is possible 

that age-related changes to sensorimotor function causes old adults to shift reliance to more 

proximal muscles in order to ensure stability during locomotion35. 

Table 11: Pearson product-moment correlation coefficients (r-value) between biomechanical 

plasticity ratios and walking speeds, stride lengths, and stride frequencies during the level 

walking at self-selected speed trials. Significant r-values are reported in bold print. 

 

Walking Speed Stride Length Stride Frequency

Peak Torque 0.518 0.152 0.614

Angular Impulse 0.353 0.020 0.514

Peak Positive Power 0.252 -0.017 0.412

Positive Work 0.087 -0.124 0.290

Biomechanical Plasticity and Self-Selected Spatiotemporal Variables During Level Walking

Hip-to-Ankle Ratios
r-values
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It must be noted that our results are not analogous with the studies upon which we built 

our first hypothesis. Graf et al. (2005) reported increased hip extensor and decreased ankle 

plantarflexor peak positive powers in low-performance compared to healthy old adults walking 

at comfortable speeds52. Many of the low-performance participants included by Graf et al. (2005) 

exhibited health conditions that may have themselves altered gait mechanics independent of age-

related changes. Specifically, 44% of their low-performance sample reported one or more falls in 

the year prior to testing whereas present participants did not have falls in this time period. It is 

possible that individuals who have a history of falls, but are otherwise relatively healthy, make 

gait adaptations to increase stability and reduce the likelihood of future falls. Kerrigan et al. 

(2000) reported that otherwise healthy old adults with a history of falls exhibited increased hip 

and decreased ankle mechanical output, suggesting that old fallers compared to non-fallers 

exhibited larger magnitudes of biomechanical plasticity63. Of the 12 fallers included by Graf et 

al. (2005), 9 reported “good” or “excellent” self-health52. Fallers included by both Graf et al. 

(2005) and Kerrigan et al. (2000) may have been healthy enough to incorporate biomechanical 

plasticity in response to a previous fall. If this were the case, their results would partially support 

our conclusion – that biomechanical plasticity represents a gait adaptation made by relatively 

high capacity old adults in order to increase walking performance. Additionally, some of the 

low-performance individuals included by Graf et al. (2005) had one or more joint replacements52 

whereas none of our participants had any joint replacement. It is possible that gait adaptations in 

the low-performance group reported by Graf et al. (2005) were partially prosthetic-driven rather 

than age-driven. More recently, Hortobagyi et al. (2016) reported that weak compared to strong 

old adults contributed 17% more work from the hip and 17% less work from the ankle 

plantarflexors during level walking56. Although leg strength has been previously associated with 
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mobility decline12, others have shown that muscular power is a more valid predictor of mobility 

in old adults6,76. This may partially explain the increase in biomechanical plasticity in old adults 

following a 10-week power training protocol9. It is also possible that factors other than muscular 

strength and power, such as sensorimotor decline and balance impairment, are larger contributors 

to gait adaptations in old adults. Finally, Buddhadev & Martin (2016) reported larger relative hip 

extensor and lower relative ankle plantarflexor joint work in sedentary compared to active adults, 

however these results did not reach statistical significance (p < 0.10)13. It is important to note that 

their comparison of active and sedentary individuals pooled both young and old adult samples 

together. Additionally, although no longitudinal study has tested how biomechanical plasticity 

progresses over time, gradual changes in underlying biological functions suggest that mechanical 

changes also happen gradually over time. Therefore, an individual’s current physical activity 

level might not accurately reflect or predict the magnitude of his/her biomechanical adaptation.     

Relationships between physical capacity and biomechanical plasticity during incline walking 

 Although, to my knowledge, no comparison of high and low capacity old adults during 

incline walking exists in the literature, differences between healthy young and old adults 

suggested increased magnitudes of biomechanical plasticity during the more difficult task of 

incline compared to level walking37. Based on previous comparisons of healthy young and old 

adults, we hypothesized that the increase in magnitude of biomechanical plasticity per unit 

change of physical capacity will be higher during incline compared to level walking. Based on 

our mixed correlation results during incline walking conditions, and significant overlap between 

95% C.I.s for the beta weights of the few corresponding significant relationships that existed 

between level and incline walking conditions, we must reject this hypothesis. 
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 During incline walking at self-selected speeds, we observed significant positive 

relationships between SF-36 PC scores and three of the four biomechanical plasticity ratios. We 

also observed positive relationships between SF-36 PC scores and many of hip extensor kinetic 

variables of interest, however relationships with ankle plantarflexor kinetics varied (some 

positive and others negative, but many non-significant). While using 20-meter level self-selected 

speeds as our measure of physical capacity in this condition’s analyses, very few relationships 

reached statistical significance. During incline walking at the controlled speed, very few 

relationships reached statistical significance. This was the case while using both SF-36 PC scores 

and 20-meter self-selected speeds as predictor variables (physical capacity measures) in 

correlation analyses. Comparisons of the 95% C.I.s of the beta weights of corresponding 

significant relationships during level and incline walking at self-selected and controlled speeds 

revealed large overlaps. These comparisons suggest that the magnitude of biomechanical 

plasticity per unit change of physical capacity is not larger during incline compared to level 

walking.     

 Compared to level walking, incline walking requires the generation of larger propulsive 

GRFs74. Compared to young adults, old adults generate smaller propulsive GRFs during 

locomotion38,43. Franz (2016) provided an in-depth review of possible causes for this limitation 

in old adults35, some of which were described in the discussion of our young versus old 

comparisons. Because mechanical output from the ankle joint is thought to contribute largely to 

generating propulsive GRFs, it follows that any ankle impairment might limit one’s ability to 

walk over inclined surfaces. Our young versus old adult comparisons confirmed that old adults 

exhibited smaller relative ankle joint positive work. However we did not observe significant 

relationships between either physical capacity measure and relative ankle joint work. It is 



105 

 

 

possible that our measures of physical capacity were simply not strong predictors of ankle joint 

mechanics in old adults during incline walking. It is also possible that some of the old adults in 

our sample relied more heavily on increased hip flexor rather than extensor muscles during 

incline walking, similar the old adult sample described by Franz & Kram (2014)37. Interestingly, 

many significant positive relationships were observed between SF-36 PC scores and hip extensor 

kinetics, particularly during incline walking at self-selected speeds. This may indicate that old 

adults of higher capacities maintain an ability to increase hip extensor mechanical output in order 

to walk over inclined surfaces. Perhaps high capacity old adults have maintained more concentric 

strength of the hip extensors compared to the low capacity old adults, however we did not 

include any measurement of strength in our protocol.   

 During incline walking, we observed significant relationships between physical capacity 

and biomechanical plasticity while using SF-36 PC scores, but not 20-meter self-selected 

walking speeds, as the explanatory variables in correlation analyses. It is possible that 20-meter 

self-selected walking speed does not accurately predict biomechanical plasticity during incline 

walking because incline walking requires a unique gait strategy. Thus, increased performance in 

one gait may not directly transfer to increased performance in the other. It is also possible that 

our self-reported measure of physical capacity (SF-36 PC score) was more indicative of each 

individual’s self-confidence, which may have served as a more robust predictor of biomechanical 

plasticity during incline walking. For example, the ramp used for incline gait analyses in our lab 

is short in length, has a large incline angle, and does not have handrails or a harness in place to 

reduce fall risk. These factors may have induced a fear of falling and subsequent gait changes in 

our old adults. The SF-36 PC score may have more accurately captured the possibility or 

magnitude of this fear and thus, served as a stronger predictor of biomechanical plasticity. We 
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did, however, seek to eliminate fear of falling during the incline condition by allowing all 

individuals practice trials on the first and second days of testing prior to collecting any gait data. 

Limitations 

 The current protocol has several limitations in design that reduce the generalizability of 

the work. Biomechanical data from our sample was collected on only the pelvis and right leg of 

each participant and we assumed bilateral symmetry when discussing our results. The incline 

condition included in this study was conducted over a relatively short ramp. Although the ramp 

was long enough to allow at least one footfall of the right and left foot prior to contact with the 

force platform, it is possible that this was not enough time to “adapt” an uphill walking pattern. 

This may explain, at least partially, differences between our data and previous reports of incline 

walking in old adults – particularly those of Franz and colleagues, who conducted incline gait 

analyses using an instrumented treadmill that allowed for longer continuous walking trials. 

However, kinematic adaptations following the first step from a level to an incline surface 

suggests that individuals adapt biomechanically within this first step89. Finally, it is possible that 

age has a more profound effect on level gait mechanics than physical capacity. Buddhadev & 

Martin (2016) recently reported that age, but not physical activity status, was the primary cause 

of proximal work redistribution, however they pooled both young and old adults for this 

analysis13. Although many of our observed correlations between biomechanical plasticity and 

physical capacity were statistically significant, the coefficients of determination (r2) were 

relatively weak. This suggests physical capacity, as we defined it, might be a relatively weak 

predictor of biomechanical plasticity in old adults.    
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Summary 

 Our comparisons of old and young adults confirmed the existence of biomechanical 

plasticity in our old adult sample during both level and incline walking. Compared to our young, 

our old adults exhibited larger relative hip extensor and smaller relative ankle plantarflexor work 

while walking over level and incline surfaces at both self-selected and controlled (level: 1.30 

m/s; incline: 1.20 m/s) speeds. Our results are consistent with previous comparisons of young 

and old adults and confirm that biomechanical plasticity represents a fundamental biomechanical 

adaptation with age. 

Based on the results from our correlation analyses, we reject our first hypothesis that 

physical capacity and biomechanical plasticity would share an inverse relationship. In fact, 

during level walking at self-selected and controlled speeds, physical capacity and biomechanical 

plasticity in old adults shared a positive relationship. However, during level walking at the 

controlled speed, many of these relationships did not reach statistical significance. The positive 

relationships between biomechanical plasticity ratios and in-trial self-selected walking speeds 

might suggest that increased magnitudes of plasticity helped higher capacity old adults walk at 

faster speeds. Incline walking at self-selected and controlled speeds yielded mixed results.   

 Our data indicate that biomechanical plasticity represents a level walking gait adaptation 

made by higher capacity old adults that might afford functional benefits – specifically, it allows 

individuals to walk faster. Further, an inability to incorporate biomechanical plasticity might 

impair walking performance and contribute to declining capacity old adults. Based on these 

findings, we now propose that age-associated biomechanical plasticity is representative of a 

robustness to adaptation in higher capacity old adults. If this is true, we should not seek to reduce 

the magnitude of biomechanical plasticity (i.e., make joint-level mechanics in old adults more 
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similar to young adults) in old adults by implementing training interventions targeting the ankle 

plantarflexors. Rather, we should attempt to increase the recruitment and quality of hip joint 

musculature in old adults. Such interventions might result in higher magnitudes of biomechanical 

plasticity and increased walking performance in old adult populations. Results from our cross-

sectional design may provide the framework for a longitudinal intervention study aimed at 

increasing biomechanical plasticity and thereby walking performance in old adults.  Increased 

walking performance in this population has the potential to decrease adverse outcomes such as 

falls, hospitalizations, and even mortality, leading to an overall increased quality of life. 



 

 

 

References  

1. Abellan van Kan G, Rolland Y, Andrieu S, et al. Gait speed at usual pace as a predictor of 

adverse outcomes in community-dwelling older people an international academy on 

nutrition and aging (IANA) task force. J Nutr Health Aging. 2009;13(10):881-889. 

2. Acree LS, Longfors J, Fjeldstad AS, et al. Physical activity is related to quality of life in older 

adults. Health Qual Life Outcomes. 2006;4:37. doi: 1477-7525-4-37 [pii]. 

3. Alcock L, Vanicek N, O'Brien TD. Alterations in gait speed and age do not fully explain the 

changes in gait mechanics associated with healthy older women. Gait Posture. 

2013;37(4):586-592. doi: 10.1016/j.gaitpost.2012.09.023 [doi]. 

4. ATS Committee on Proficiency Standards for Clinical Pulmonary Function Laboratories. ATS 

statement: Guidelines for the six-minute walk test. Am J Respir Crit Care Med. 

2002;166(1):111-117. doi: 10.1164/ajrccm.166.1.at1102 [doi]. 

5. Bassey EJ, Fiatarone MA, O'Neill EF, Kelly M, Evans WJ, Lipsitz LA. Leg extensor power 

and functional performance in very old men and women. Clin Sci (Lond). 1992;82(3):321-

327. 

6. Bean JF, Leveille SG, Kiely DK, Bandinelli S, Guralnik JM, Ferrucci L. A comparison of leg 

power and leg strength within the InCHIANTI study: Which influences mobility more? The 

Journals of Gerontology Series A: Biological Sciences and Medical Sciences. 

2003;58(8):M728-M733. 

7. Bean JF, Kiely DK, LaRose S, Alian J, Frontera WR. Is stair climb power a clinically relevant 

measure of leg power impairments in at-risk older adults? Arch Phys Med Rehabil. 

2007;88(5):604-609. doi: S0003-9993(07)00101-3 [pii]. 

8. Begg RK, Sparrow WA. Ageing effects on knee and ankle joint angles at key events and 

phases of the gait cycle. J Med Eng Technol. 2006;30(6):382-389. doi: G5H712882431R519 

[pii]. 

9. Beijersbergen CM, Granacher U, Gabler M, DeVita P, Hortobagyi T. Hip mechanics underlie 

lower extremity power training-induced increase in old adults' fast gait velocity: The 

potsdam gait study (POGS). Gait Posture. 2016;52:338-344. doi: S0966-6362(16)30712-3 

[pii]. 

10. Bendall MJ, Bassey EJ, Pearson MB. Factors affecting walking speed of elderly people. Age 

Ageing. 1989;18(5):327-332. 

11. Bohannon RW. Comfortable and maximum walking speed of adults aged 20-79 years: 

Reference values and determinants. Age Ageing. 1997;26(1):15-19. 



110 

 

 

12. Buchman AS, Wilson RS, Boyle PA, Tang Y, Fleischman DA, Bennett DA. Physical activity 

and leg strength predict decline in mobility performance in older persons. J Am Geriatr Soc. 

2007;55(10):1618-1623. 

13. Buddhadev HH, Martin PE. Effects of age and physical activity status on redistribution of 

joint work during walking. Gait Posture. 2016;50:131-136. doi: S0966-6362(16)30518-5 

[pii]. 

14. Castell MV, Sanchez M, Julian R, Queipo R, Martin S, Otero A. Frailty prevalence and slow 

walking speed in persons age 65 and older: Implications for primary care. BMC Fam Pract. 

2013;14:86-2296-14-86. doi: 10.1186/1471-2296-14-86 [doi]. 

15. Christ C, Boileau R, Slaughter M, Stillman R, Cameron J, Massey B. Maximal voluntary 

isometric force production characteristics of six muscle groups in women aged 25 to 74 

years. Am J Hum Biol. 1992;4(4):537-545. 

16. Clark DJ, Manini TM, Fielding RA, Patten C. Neuromuscular determinants of maximum 

walking speed in well-functioning older adults. Exp Gerontol. 2013;48(3):358-363. doi: 

10.1016/j.exger.2013.01.010 [doi]. 

17. Clegg A, Young J, Iliffe S, Rikkert MO, Rockwood K. Frailty in elderly people. Lancet. 

2013;381(9868):752-762. doi: 10.1016/S0140-6736(12)62167-9 [doi]. 

18. Collins K, Rooney BL, Smalley KJ, Havens S. Functional fitness, disease and independence 

in community-dwelling older adults in western wisconsin. WMJ. 2004;103(1):42-48. 

19. Csapo R, Malis V, Hodgson J, Sinha S. Age-related greater achilles tendon compliance is not 

associated with larger plantar flexor muscle fascicle strains in senior women. J Appl Physiol 

(1985). 2014;116(8):961-969. doi: 10.1152/japplphysiol.01337.2013 [doi]. 

20. Davies BL, Hoffman RM, Kurz MJ. Individuals with multiple sclerosis redistribute positive 

mechanical work from the ankle to the hip during walking. Gait Posture. 2016;49:329-333. 

doi: http://dx.doi.org/10.1016/j.gaitpost.2016.07.267. 

21. de Groot MH, van Campen JP, Kosse NM, de Vries OJ, Beijnen JH, Lamoth CJ. The 

association of medication-use and frailty-related factors with gait performance in older 

patients. PLoS One. 2016;11(2):e0149888. doi: 10.1371/journal.pone.0149888 [doi]. 

22. Devita P, Fellin RE, Seay JF, Ip E, Stavro N, Messier SP. The relationships between age and 

running biomechanics. Med Sci Sports Exerc. 2016;48(1):98-106. doi: 

10.1249/MSS.0000000000000744 [doi]. 

23. DeVita P, Hortobagyi T. Obesity is not associated with increased knee joint torque and 

power during level walking. J Biomech. 2003;36(9):1355-1362. doi: S0021929003001192 

[pii]. 

http://dx.doi.org/10.1016/j.gaitpost.2016.07.267


111 

 

 

24. DeVita P, Hortobagyi T. Age causes a redistribution of joint torques and powers during gait. 

J Appl Physiol (1985). 2000;88(5):1804-1811. 

25. DeVita P, Hortobagyi T, Barrier J. Gait biomechanics are not normal after anterior cruciate 

ligament reconstruction and accelerated rehabilitation. Med Sci Sports Exerc. 

1998;30(10):1481-1488. 

26. Devita P, Hortobagyi T, Barrier J, et al. Gait adaptations before and after anterior cruciate 

ligament reconstruction surgery. Med Sci Sports Exerc. 1997;29(7):853-859. 

27. Dicharry J. Kinematics and kinetics of gait: From lab to clinic. Clin Sports Med. 

2010;29(3):347-364. doi: 10.1016/j.csm.2010.03.013 [doi]. 

28. Enright PL, McBurnie MA, Bittner V, et al. The 6-min walk test: A quick measure of 

functional status in elderly adults. Chest. 2003;123(2):387-398. doi: S0012-3692(15)32446-

6 [pii]. 

29. Farley CT, Ferris DP. Biomechanics of walking and running: Center of mass movements to 

muscle action. Exerc Sport Sci Rev. 1998;26:253-285. 

30. Faulkner JA, Larkin LM, Claflin DR, Brooks SV. Age-related changes in the structure and 

function of skeletal muscles. Clin Exp Pharmacol Physiol. 2007;34(11):1091-1096. doi: 

CEP4752 [pii]. 

31. Ferraro RA, Pinto-Zipp G, Simpkins S, Clark M. Effects of an inclined walking surface and 

balance abilities on spatiotemporal gait parameters of older adults. J Geriatr Phys Ther. 

2013;36(1):31-38. doi: 10.1519/JPT.0b013e3182510339 [doi]. 

32. Ferretti G, Narici M, Binzoni T, et al. Determinants of peak muscle power: Effects of age and 

physical conditioning. Eur J Appl Physiol Occup Physiol. 1994;68(2):111-115. 

33. Fielding RA, Vellas B, Evans WJ, et al. Sarcopenia: An undiagnosed condition in older 

adults. current consensus definition: Prevalence, etiology, and consequences. international 

working group on sarcopenia. J Am Med Dir Assoc. 2011;12(4):249-256. doi: 

10.1016/j.jamda.2011.01.003 [doi]. 

34. Fisher AL. Just what defines frailty? J Am Geriatr Soc. 2005;53(12):2229-2230. doi: JGS510 

[pii]. 

35. Franz JR. The age-associated reduction in propulsive power generation in walking. Exerc 

Sport Sci Rev. 2016;44(4):129-136. doi: 10.1249/JES.0000000000000086 [doi]. 

36. Franz JR, Francis CA, Allen MS, O'Connor SM, Thelen DG. Advanced age brings a greater 

reliance on visual feedback to maintain balance during walking. Hum Mov Sci. 

2015;40:381-392. doi: 10.1016/j.humov.2015.01.012 [doi]. 



112 

 

 

37. Franz JR, Kram R. Advanced age and the mechanics of uphill walking: A joint-level, inverse 

dynamic analysis. Gait Posture. 2014;39(1):135-140. doi: 10.1016/j.gaitpost.2013.06.012 

[doi]. 

38. Franz JR, Kram R. Advanced age affects the individual leg mechanics of level, uphill, and 

downhill walking. J Biomech. 2013;46(3):535-540. doi: 10.1016/j.jbiomech.2012.09.032 

[doi]. 

39. Franz JR, Kram R. How does age affect leg muscle activity/coactivity during uphill and 

downhill walking? Gait Posture. 2013;37(3):378-384. doi: 10.1016/j.gaitpost.2012.08.004 

[doi]. 

40. Franz JR, Kram R. The effects of grade and speed on leg muscle activations during walking. 

Gait Posture. 2012;35(1):143-147. doi: 10.1016/j.gaitpost.2011.08.025 [doi]. 

41. Franz JR, Lyddon NE, Kram R. Mechanical work performed by the individual legs during 

uphill and downhill walking. J Biomech. 2012;45(2):257-262. doi: 

10.1016/j.jbiomech.2011.10.034 [doi]. 

42. Franz JR, Thelen DG. Depth-dependent variations in achilles tendon deformations with age 

are associated with reduced plantarflexor performance during walking. J Appl Physiol 

(1985). 2015;119(3):242-249. doi: 10.1152/japplphysiol.00114.2015 [doi]. 

43. Franz JR, Maletis M, Kram R. Real-time feedback enhances forward propulsion during 

walking in old adults. Clin Biomech. 2014;29(1):68-74. doi: 

http://dx.doi.org/10.1016/j.clinbiomech.2013.10.018. 

44. Freire Junior RC, Porto JM, Rodrigues NC, Brunelli RM, Braga LF, de Abreu DC. Spatial 

and temporal gait characteristics in pre-frail community-dwelling older adults. Geriatr 

Gerontol Int. 2015. doi: 10.1111/ggi.12594 [doi]. 

45. Fried LP, Ferrucci L, Darer J, Williamson JD, Anderson G. Untangling the concepts of 

disability, frailty, and comorbidity: Implications for improved targeting and care. J Gerontol 

A Biol Sci Med Sci. 2004;59(3):255-263. 

46. Fried LP, Tangen CM, Walston J, et al. Frailty in older adults: Evidence for a phenotype. J 

Gerontol A Biol Sci Med Sci. 2001;56(3):M146-56. 

47. Garcia-Pinillos F, Cozar-Barba M, Munoz-Jimenez M, Soto-Hermoso V, Latorre-Roman P. 

Gait speed in older people: An easy test for detecting cognitive impairment, functional 

independence, and health state. Psychogeriatrics. 2015. doi: 10.1111/psyg.12133 [doi]. 

48. Gill TM, Gahbauer EA, Allore HG, Han L. Transitions between frailty states among 

community-living older persons. Arch Intern Med. 2006;166(4):418-423. doi: 166/4/418 

[pii]. 

http://dx.doi.org/10.1016/j.clinbiomech.2013.10.018


113 

 

 

49. Goodpaster BH, Park SW, Harris TB, et al. The loss of skeletal muscle strength, mass, and 

quality in older adults: The health, aging and body composition study. J Gerontol A Biol Sci 

Med Sci. 2006;61(10):1059-1064. doi: 61/10/1059 [pii]. 

50. Gottschall JS, Kram R. Mechanical energy fluctuations during hill walking: The effects of 

slope on inverted pendulum exchange. J Exp Biol. 2006;209(Pt 24):4895-4900. doi: 

209/24/4895 [pii]. 

51. Gouveia ER, Gouveia BR, Ihle A, et al. Correlates of health-related quality of life in young-

old and old-old community-dwelling older adults. Qual Life Res. 2017. doi: 

10.1007/s11136-017-1502-z [doi]. 

52. Graf A, Judge JO, Ounpuu S, Thelen DG. The effect of walking speed on lower-extremity 

joint powers among elderly adults who exhibit low physical performance. Arch Phys Med 

Rehabil. 2005;86(11):2177-2183. doi: S0003-9993(05)00523-X [pii]. 

53. Guralnik JM, Simonsick EM, Ferrucci L, et al. A short physical performance battery 

assessing lower extremity function: Association with self-reported disability and prediction 

of mortality and nursing home admission. J Gerontol. 1994;49(2):M85-94. 

54. Harada ND, Chiu V, Stewart AL. Mobility-related function in older adults: Assessment with 

a 6-minute walk test. Arch Phys Med Rehabil. 1999;80(7):837-841. 

55. Hortobagyi T, Herring C, Pories WJ, Rider P, Devita P. Massive weight loss-induced 

mechanical plasticity in obese gait. J Appl Physiol (1985). 2011;111(5):1391-1399. doi: 

10.1152/japplphysiol.00291.2011 [doi]. 

56. Hortobagyi T, Rider P, Gruber AH, DeVita P. Age and muscle strength mediate the age-

related biomechanical plasticity of gait. Eur J Appl Physiol. 2016. doi: 10.1007/s00421-015-

3312-8 [doi]. 

57. Houmard JA, Weidner ML, Gavigan KE, Tyndall GL, Hickey MS, Alshami A. Fiber type 

and citrate synthase activity in the human gastrocnemius and vastus lateralis with aging. J 

Appl Physiol (1985). 1998;85(4):1337-1341. 

58. Janssen I, Shepard DS, Katzmarzyk PT, Roubenoff R. The healthcare costs of sarcopenia in 

the united states. J Am Geriatr Soc. 2004;52(1):80-85. doi: 52014 [pii]. 

59. Judge JO, Davis RB, Ounpuu S. Step length reductions in advanced age: The role of ankle 

and hip kinetics. Journal of Gerontology Series A: Biological Sciences and Medical 

Sciences. 1996;51A(6):303-312. 

60. Kang J, Chaloupka EC, Mastrangelo MA, Hoffman JR. Physiological and biomechanical 

analysis of treadmill walking up various gradients in men and women. Eur J Appl Physiol. 

2002;86(6):503-508. doi: 10.1007/s00421-002-0583-7 [doi]. 



114 

 

 

61. Karamanidis K, Arampatzis A. Evidence of mechanical load redistribution at the knee joint 

in the elderly when ascending stairs and ramps. Ann Biomed Eng. 2009;37(3):467-476. doi: 

10.1007/s10439-008-9624-7 [doi]. 

62. Kerrigan DC, Lee LW, Collins JJ, Riley PO, Lipsitz LA. Reduced hip extension during 

walking: Healthy elderly and fallers versus young adults. Arch Phys Med Rehabil. 

2001;82(1):26-30. doi: S0003-9993(01)80833-9 [pii]. 

63. Kerrigan DC, Lee LW, Nieto TJ, Markman JD, Collins JJ, Riley PO. Kinetic alterations 

independent of walking speed in elderly fallers. Arch Phys Med Rehabil. 2000;81(6):730-

735. doi: S0003-9993(00)90101-1 [pii]. 

64. Kerrigan DC, Todd MK, Della Croce U, Lipsitz LA, Collins JJ. Biomechanical gait 

alterations independent of speed in the healthy elderly: Evidence for specific limiting 

impairments. Arch Phys Med Rehabil. 1998;79(3):317-322. doi: S0003-9993(98)90013-2 

[pii]. 

65. Knuttgen HG, Petersen FB, Klausen K. Oxygen uptake and heart rate responses to exercise 

performed with concentric and eccentric muscle contractions. Med Sci Sports. 1971;3(1):1-

5. 

66. Kulmala JP, Korhonen MT, Kuitunen S, et al. Which muscles compromise human locomotor 

performance with age? J R Soc Interface. 2014;11(100):20140858. doi: 

10.1098/rsif.2014.0858 [doi]. 

67. Lamoureux EL, Sparrow WA, Murphy A, Newton RU. Differences in the neuromuscular 

capacity and lean muscle tissue in old and older community-dwelling adults. J Gerontol A 

Biol Sci Med Sci. 2001;56(6):M381-5. 

68. Lang PO, Michel JP, Zekry D. Frailty syndrome: A transitional state in a dynamic process. 

Gerontology. 2009;55(5):539-549. doi: 10.1159/000211949 [doi]. 

69. Lanza IR, Towse TF, Caldwell GE, Wigmore DM, Kent-Braun JA. Effects of age on human 

muscle torque, velocity, and power in two muscle groups. J Appl Physiol (1985). 

2003;95(6):2361-2369. doi: 10.1152/japplphysiol.00724.2002 [doi]. 

70. Lay AN, Hass CJ, Gregor RJ. The effects of sloped surfaces on locomotion: A kinematic and 

kinetic analysis. J Biomech. 2006;39(9):1621-1628. doi: S0021-9290(05)00215-0 [pii]. 

71. McGibbon CA, Krebs DE. Discriminating age and disability effects in locomotion: 

Neuromuscular adaptations in musculoskeletal pathology. J Appl Physiol (1985). 

2004;96(1):149-160. doi: 10.1152/japplphysiol.00422.2003 [doi]. 

72. McGibbon CA, Krebs DE. Effects of age and functional limitation on leg joint power and 

work during stance phase of gait. J Rehabil Res Dev. 1999;36(3):173-182. 



115 

 

 

73. McHorney CA, Ware JE,Jr, Lu JF, Sherbourne CD. The MOS 36-item short-form health 

survey (SF-36): III. tests of data quality, scaling assumptions, and reliability across diverse 

patient groups. Med Care. 1994;32(1):40-66. 

74. McIntosh AS, Beatty KT, Dwan LN, Vickers DR. Gait dynamics on an inclined walkway. J 

Biomech. 2006;39(13):2491-2502. doi: http://dx.doi.org/10.1016/j.jbiomech.2005.07.025. 

75. McKinnon NB, Montero-Odasso M, Doherty TJ. Motor unit loss is accompanied by 

decreased peak muscle power in the lower limb of older adults. Exp Gerontol. 2015;70:111-

118. doi: 10.1016/j.exger.2015.07.007 [doi]. 

76. Md JFB, Kiely DK, Herman S, et al. The relationship between leg power and physical 

performance in mobility‐limited older people. J Am Geriatr Soc. 2002;50(3):461-467. 

77. Minneci C, Mello AM, Mossello E, et al. Comparative study of four physical performance 

measures as predictors of death, incident disability, and falls in unselected older persons: 

The insufficienza cardiaca negli anziani residenti a dicomano study. J Am Geriatr Soc. 

2015;63(1):136-141. doi: 10.1111/jgs.13195 [doi]. 

78. Monaco V, Rinaldi LA, Macri G, Micera S. During walking elders increase efforts at 

proximal joints and keep low kinetics at the ankle. Clin Biomech (Bristol, Avon). 

2009;24(6):493-498. doi: 10.1016/j.clinbiomech.2009.04.004 [doi]. 

79. Morley JE, Baumgartner RN, Roubenoff R, Mayer J, Nair KS. Sarcopenia. J Lab Clin Med. 

2001;137(4):231-243. doi: S0022-2143(01)80110-4 [pii]. 

80. Narici MV, Maganaris CN, Reeves ND, Capodaglio P. Effect of aging on human muscle 

architecture. J Appl Physiol (1985). 2003;95(6):2229-2234. doi: 

10.1152/japplphysiol.00433.2003 [doi]. 

81. Neptune RR, Kautz SA, Zajac FE. Contributions of the individual ankle plantar flexors to 

support, forward progression and swing initiation during walking. J Biomech. 

2001;34(11):1387-1398. doi: S0021929001001051 [pii]. 

82. Newman AB, Simonsick EM, Naydeck BL, et al. Association of long-distance corridor walk 

performance with mortality, cardiovascular disease, mobility limitation, and disability. 

JAMA. 2006;295(17):2018-2026. doi: 295/17/2018 [pii]. 

83. Nishiguchi S, Yamada M, Fukutani N, et al. Differential association of frailty with cognitive 

decline and sarcopenia in community-dwelling older adults. J Am Med Dir Assoc. 

2015;16(2):120-124. doi: 10.1016/j.jamda.2014.07.010 [doi]. 

84. Okubo Y, Osuka Y, Jung S, et al. Walking can be more effective than balance training in fall 

prevention among community-dwelling older adults. Geriatr Gerontol Int. 2015. doi: 

10.1111/ggi.12444 [doi]. 

http://dx.doi.org/10.1016/j.jbiomech.2005.07.025


116 

 

 

85. Pamoukdjian F, Paillaud E, Zelek L, et al. Measurement of gait speed in older adults to 

identify complications associated with frailty: A systematic review. J Geriatr Oncol. 2015. 

doi: S1879-4068(15)00082-X [pii]. 

86. Park SW, Goodpaster BH, Strotmeyer ES, et al. Accelerated loss of skeletal muscle strength 

in older adults with type 2 diabetes: The health, aging, and body composition study. 

Diabetes Care. 2007;30(6):1507-1512. doi: dc06-2537 [pii]. 

87. Perera S, Mody SH, Woodman RC, Studenski SA. Meaningful change and responsiveness in 

common physical performance measures in older adults. J Am Geriatr Soc. 2006;54(5):743-

749. 

88. Pestronk A, Drachman DB. Motor nerve outgrowth: Reduced capacity for sprouting in the 

terminals of longer axons. Brain Res. 1988;463(2):218-222. 

89. Prentice SD, Hasler EN, Groves JJ, Frank JS. Locomotor adaptations for changes in the slope 

of the walking surface. Gait Posture. 2004;20(3):255-265. doi: 

http://dx.doi.org/10.1016/j.gaitpost.2003.09.006. 

90. Riener R, Rabuffetti M, Frigo C. Stair ascent and descent at different inclinations. Gait 

Posture. 2002;15(1):32-44. doi: http://dx.doi.org/10.1016/S0966-6362(01)00162-X. 

91. Rikli RE, Jones CJ. The reliability and validity of a 6-minute walk test as a measure of 

physical endurance in older adults. J Aging Phys Act. 1998;6:363-375. 

92. Riley PO, DellaCroce U, Kerrigan DC. Effect of age on lower extremity joint moment 

contributions to gait speed. Gait Posture. 2001;14(3):264-270. doi: S0966636201001333 

[pii]. 

93. Rockwood K, Andrew M, Mitnitski A. A comparison of two approaches to measuring frailty 

in elderly people. J Gerontol A Biol Sci Med Sci. 2007;62(7):738-743. doi: 62/7/738 [pii]. 

94. Rockwood K, Hogan DB, MacKnight C. Conceptualisation and measurement of frailty in 

elderly people. Drugs Aging. 2000;17(4):295-302. 

95. Rockwood K, Song X, MacKnight C, et al. A global clinical measure of fitness and frailty in 

elderly people. CMAJ. 2005;173(5):489-495. doi: 173/5/489 [pii]. 

96. Rockwood K, Song X, MacKnight C, et al. A global clinical measure of fitness and frailty in 

elderly people. CMAJ. 2005;173(5):489-495. doi: 173/5/489 [pii]. 

97. Rooks DS, Kiel DP, Parsons C, Hayes WC. Self-paced resistance training and walking 

exercise in community-dwelling older adults: Effects on neuromotor performance. J 

Gerontol A Biol Sci Med Sci. 1997;52(3):M161-8. 

http://dx.doi.org/10.1016/j.gaitpost.2003.09.006
http://dx.doi.org/10.1016/S0966-6362(01)00162-X


117 

 

 

98. Rubenstein LZ, Siu AL, Wieland D. Comprehensive geriatric assessment: Toward 

understanding its efficacy. Aging (Milano). 1989;1(2):87-98. 

99. Ryschon TW, Fowler MD, Wysong RE, Anthony A, Balaban RS. Efficiency of human 

skeletal muscle in vivo: Comparison of isometric, concentric, and eccentric muscle action. J 

Appl Physiol (1985). 1997;83(3):867-874. 

100. Savelberg HH, Verdijk LB, Willems PJ, Meijer K. The robustness of age-related gait 

adaptations: Can running counterbalance the consequences of ageing? Gait Posture. 

2007;25(2):259-266. doi: S0966-6362(06)00057-9 [pii]. 

101. Sawicki GS, Lewis CL, Ferris DP. It pays to have a spring in your step. Exerc Sport Sci 

Rev. 2009;37(3):130-138. doi: 10.1097/JES.0b013e31819c2df6 [doi]. 

102. Silder A, Heiderscheit B, Thelen DG. Active and passive contributions to joint kinetics 

during walking in older adults. J Biomech. 2008;41(7):1520-1527. doi: 

10.1016/j.jbiomech.2008.02.016 [doi]. 

103. Song X, Mitnitski A, Rockwood K. Prevalence and 10-year outcomes of frailty in older 

adults in relation to deficit accumulation. J Am Geriatr Soc. 2010;58(4):681-687. doi: 

10.1111/j.1532-5415.2010.02764.x [doi]. 

104. Stenroth L, Peltonen J, Cronin NJ, Sipila S, Finni T. Age-related differences in achilles 

tendon properties and triceps surae muscle architecture in vivo. J Appl Physiol (1985). 

2012;113(10):1537-1544. doi: 10.1152/japplphysiol.00782.2012 [doi]. 

105. Studenski S, Perera S, Patel K, et al. Gait speed and survival in older adults. JAMA. 

2011;305(1):50-58. doi: 10.1001/jama.2010.1923 [doi]. 

106. Thelen DG, Schultz AB, Alexander NB, Ashton-Miller JA. Effects of age on rapid ankle 

torque development. J Gerontol A Biol Sci Med Sci. 1996;51(5):M226-32. 

107. Thom JM, Morse CI, Birch KM, Narici MV. Influence of muscle architecture on the torque 

and power-velocity characteristics of young and elderly men. Eur J Appl Physiol. 

2007;100(5):613-619. doi: 10.1007/s00421-007-0481-0 [doi]. 

108. Tinetti ME, Williams TF, Mayewski R. Fall risk index for elderly patients based on number 

of chronic disabilities. Am J Med. 1986;80(3):429-434. 

109. Vasunilashorn S, Coppin AK, Patel KV, et al. Use of the short physical performance battery 

score to predict loss of ability to walk 400 meters: Analysis from the InCHIANTI study. J 

Gerontol A Biol Sci Med Sci. 2009;64(2):223-229. doi: 10.1093/gerona/gln022 [doi]. 

110. Ware Jr JE, Sherbourne CD. The MOS 36-item short-form health survey (SF-36): I. 

conceptual framework and item selection. Med Care. 1992:473-483. 



118 

 

 

111. Watt JR, Jackson K, Franz JR, Dicharry J, Evans J, Kerrigan DC. Effect of a supervised hip 

flexor stretching program on gait in elderly individuals. PM&R. 2011;3(4):324-329. 

112. Winegard KJ, Hicks AL, Sale DG, Vandervoort AA. A 12-year follow-up study of ankle 

muscle function in older adults. J Gerontol A Biol Sci Med Sci. 1996;51(3):B202-7. 

113. Winter DA. Overall principle of lower limb support during stance phase of gait. J Biomech. 

1980;13(11):923-927. 

114. Winter DA. Biomechanical motor patterns in normal walking. J Mot Behav. 

1983;15(4):302-330. 

115. Winter DA, Patla AE, Frank JS, Walt SE. Biomechanical walking pattern changes in the fit 

and healthy elderly. Phys Ther. 1990;70(6):340-347. 

116. Wood RH, Gardner RE, Ferachi KA, et al. Physical function and quality of life in older 

adults: Sex differences. South Med J. 2005;98(5):504-512. 

117. Wutzke CJ, Sawicki GS, Lewek MD. The influence of a unilateral fixed ankle on metabolic 

and mechanical demands during walking in unimpaired young adults. J Biomech. 

2012;45(14):2405-2410. 

118. Young A, Stokes M, Crowe M. The size and strength of the quadriceps muscles of old and 

young men. Clin Physiol. 1985;5(2):145-154. 

 



 

 

 

 

Appendix A: Institutional Review Board Approval  



 

 

 

Appendix B: Informed Consent Form 

 



121 

 

 

 

 



122 

 

 



 

 

 

Appendix C: The Short-Form Health Survey (SF-36) 

Short Form Health History Form  

1)  In general, would you say your health is (circle one): 

Excellent Very Good  Good  Fair  Poor 

2) Compared to one year ago, how would you rate your health in general now (circle one)? 

 Much better now than one year ago 

 Somewhat better now than one year ago 

 About the same as one year ago 

 Somewhat worse now than one year ago 

 Much worse than one year ago 

3) The following items are about activities you might do during a typical day. Does your health now limit you in 

these activities? If so, how much (circle one)? 

 a) Vigorous activities, such as running, lifting heavy objects, participating in strenuous sports.  

  Yes, Limited a lot  Yes, Limited a little  No, Not limited at all 

 b) Moderate activities, such as moving a table, pushing a vacuum cleaner, bowling, or playing golf. 

  Yes, Limited a lot  Yes, Limited a little  No, Not limited at all 

 c) Lifting or carrying groceries 

  Yes, Limited a lot  Yes, Limited a little  No, Not limited at all 

 d) Climbing several flights of stairs 

  Yes, Limited a lot  Yes, Limited a little  No, Not limited at all 

 e) Climbing one flight of stairs 

  Yes, Limited a lot  Yes, Limited a little  No, Not limited at all 

 f) Bending, kneeling, or stooping 

  Yes, Limited a lot  Yes, Limited a little  No, Not limited at all 

 g) Walking more than a mile 

  Yes, Limited a lot  Yes, Limited a little  No, Not limited at all 

h) Walking several blocks  

  Yes, Limited a lot  Yes, Limited a little  No, Not limited at all 

i) Walking one block 

  Yes, Limited a lot  Yes, Limited a little  No, Not limited at all 
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 j) Bathing or dressing yourself  

  Yes, Limited a lot  Yes, Limited a little  No, Not limited at all 

4) During the past 4 weeks, have you had any of the following problems with your work or other regular daily 

activities as a result of your physical health?  

 a) Cut down the amount of time you spent on work or other activities 

  Yes  No 

 b) Accomplished less than you would like 

  Yes  No 

 c) Were limited in the kind of work or other activities  

  Yes  No 

 d) Had difficulty performing the work or other activities (for example, it took extra effort) 

  Yes  No 

5) During the past 4 weeks, have you had any of the following problems with your work or other regular daily 

activities as a result of any emotional problems (such as feeling depressed or anxious)? 

 a) Cut down the amount of time you spent on work or other activities 

  Yes  No 

 b) Accomplished less than you would like 

  Yes  No 

 c) Didn’t do work or other activities as carefully as usual 

  Yes  No  

6) During the past 4 weeks, to what extent has your physical health or emotional problems interfered with your 

normal social activities with family, friends, neighbors, or groups (circle one)? 

Not at all  Slightly   Moderately  Quite a bit  Extremely 

7) How much bodily pain have you had during the past 4 weeks (circle one)? 

None  Very mild  Mild  Moderate  Severe  Very Severe 

8) During the past 4 weeks, how much did pain interfere with your normal work (including both work outside 

the home and housework) (circle one)? 

Not at all  A little bit  Moderately  Quite a bit  Extremely 

9) These questions are about how you feel and how things have been with you during the past 4 weeks. For each 

question, please give the one answer that comes closest to the way you have been feeling. How much of the 

time during the past 4 weeks… 
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a) Did you feel full of pep? 

  All of the time   Most of the time 

  A good bit of the time  Some of the time 

  A little of the time  None of the time 

 b) Have you been a very nervous person? 

  All of the time   Most of the time 

  A good bit of the time  Some of the time 

  A little of the time  None of the time 

 c) Have you felt so down in the dumps that nothing could cheer you up? 

  All of the time   Most of the time 

  A good bit of the time  Some of the time 

  A little of the time  None of the time 

 d) Have you felt calm and peaceful? 

  All of the time   Most of the time 

  A good bit of the time  Some of the time 

  A little of the time  None of the time 

 e) Did you have a lot of energy? 

  All of the time   Most of the time 

  A good bit of the time  Some of the time 

  A little of the time  None of the time 

 f) Have you felt downhearted and blue? 

  All of the time   Most of the time 

  A good bit of the time  Some of the time 

  A little of the time  None of the time 

 g) Did you feel worn out? 

  All of the time   Most of the time 

  A good bit of the time  Some of the time 

  A little of the time  None of the time 
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h) Have you been a happy person? 

  All of the time   Most of the time 

  A good bit of the time  Some of the time 

  A little of the time  None of the time 

 i) Did you feel tired? 

  All of the time   Most of the time 

  A good bit of the time  Some of the time 

  A little of the time  None of the time 

10) During the past 4 weeks, how much of the time has your physical health or emotional problems interfered with your 

social activities (like visiting with friends, relatives, etc.) (circle one)? 

 All of the time   

 Most of the time  

 Some of the time  

 A little of the time  

 None of the time 

11) How TRUE or FALSE is each of the following statements for you (circle one)?  

 a) I seem to get sick a little easier than other people 

Definitely true  Mostly true  Don’t know  Mostly false  Definitely false 

 b) I am as healthy as anybody I know 

Definitely true  Mostly true  Don’t know  Mostly false  Definitely false 

 c) I expect my health to get worse 

Definitely true  Mostly true  Don’t know  Mostly false  Definitely false 

 d) My health is excellent 

Definitely true  Mostly true  Don’t know  Mostly false  Definitely false 



 

 

 

Appendix D: Health Questionnaire 

Health Questionnaire to Determine Eligibility for Research Participants 

 

Demographic data: Date_______________________   

 

Name  _______________________ Phone number_______________________ 

 

Address_______________________________________________________________ 

Birth date _______________________ Age _________ Gender M     F 

Height (ft/in)   ________________  Height (m)________________ 

Weight (lbs) ________________  Mass (kg)_________________ 

BMI (kg/m2) ________________ 

 

Do you smoke?     Yes____  No ____ 

Have you smoked in the past?   Yes____  No ____  

If yes, when did you stop smoking_______________________ 

 

Functional ability in daily activities: 

 

Are you able to leave your house on a daily basis without aid?  Yes _____   No _____ 

 

Can you do the following activities independently? 

Dress     Yes____  No ____ 

Walk    Yes____  No ____ 

Climb stairs    Yes____  No ____ 

Rise from a chair  Yes____  No ____ 

 

Do you use a walker or cane when walking? Yes____  No ____ 

 

During the past year, did you fall down more than once while walking or climbing stairs?   

Yes____  No ___ 

 

What physical activities do you regularly perform (e.g. run, tennis, basketball)? 

______________________________________________________________________________

______________________________________________________________ 

 

How often do you do these activities (3 days/week is minimum)? 

______________________________________________________________________________

______________________________________________________________ 

 

Medical: 

 

In the past 6 months, have you suffered any musculoskeletal injuries? Yes____  No ____  

 

Do you have a history of joint replacement surgery in the lower limb? Yes____  No ____ 
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Do you have osteoarthritis in any of the joints in your lower-limb?  Yes ____ No ____ 

 

Do you have any neurological problems such as stroke or Parkinson’s disease?   Yes___ No___ 

 

Do you have any problems with your heart such as atrial fibrillation, pace maker, coronary artery 

disease, or congestive heart failure? Yes____  No ____ 

 

Do you have any pulmonary diseases such as difficulty in breathing or emphysema?  

Yes____ No ____ 

 

Do you have any peripheral artery disease? Yes____  No ____ 

 

Do you have high blood pressure (>160/90 mm Hg)? Yes____  No ____ 

 

Do you take medication to control your blood pressure?   Yes____  No_____ 

 

Have you ever been diagnosed with cancer? Yes _____   No _____ 

 

Do you have any loss of vision? Yes____  No ____ 

 

 If yes, do you have eye glasses or contact lenses that correct your vision? Yes___ No___ 

 

Do you have any other medical problems we did not talk about? Yes____  No_____ 

 

 If, “Yes,” what is or are the conditions? 

______________________________________________________________________________

______________________________________________________________________________ 

 

Please list any surgeries you have had.  

______________________________________________________________________________

______________________________________________________________________________ 

 

Please tell us any other health illnesses you have had or currently have. 

______________________________________________________________________________

______________________________________________________________________________ 



 

 

 

 


