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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Considerable research has demonstrated the beneficial effects of physical activity 

(PA) on health. These studies have provided strong evidence that PA can treat and 

prevent cardiometabolic diseases, reduce cancer risk, improve body weight management, 

attenuate age’s effects on physical function, and enhance cognition and mental health.1 

Metabolic intensity of PA, defined as the rate at which energy is expended (e.g., kcal/hr, 

mLO2/kg/min) when performing a given activity,1 is an essential effect modifier of the 

relationship between PA and longevity.2 A minimum level of PA metabolic intensity is 

also necessary to improve cardiorespiratory fitness3 and several other physiological 

health outcomes.4-6 That being said, there is an inverse relationship between metabolic 

intensity of PA and affect response (i.e., enjoyment).7 Because affect response is a central 

driver of behavior and motivation,8,9 inappropriately high intensity PA programs have 

resulted in decreased exercise program adherence.10 Thus, metabolic intensity is an 

important component of PA to quantify and consider in exercise programming. 

PA guidelines (e.g., in terms of frequency, intensity, duration, etc.) for achieving 

health benefits have been published by the U.S. Department of Health and Human 

Services11 and American College of Sports Medicine (ACSM).12 These guidelines 

operationally define metabolic intensity in several ways, including in terms of absolute 

amounts of oxygen consumed, relative to maximal heart rate, and according to perceived 

exertion.13 Still, oxygen consumption is not a feasible metric for measuring and 

prescribing metabolic intensity of PA in public health. Similarly, heart rate 
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recommendations are often based on percentages of a predicted maximum and may 

ultimately be too complicated and burdensome for individuals in the general population 

to calculate and implement. Because of the subjectivity of perceived exertion, this 

measure of an activity’s metabolic intensity also has reduced accuracy and can be 

confounded by factors like motivation, individual temperament, type of exercise, 

biological sex, and the rating scale used.14 Thus, there is a need for methods of measuring 

and prescribing PA metabolic intensities that are simpler and more practical as well as 

objective and evidence-based. 

Walking is an accessible, easily performed,15 and pleasurable mode of PA.9 It is 

also reported as the most common form of PA in adults globally.16 Numerous studies 

(discussed in more detail below) have attempted to develop equations for quantifying 

walking intensity using speed as the primary predictor. Arguably, the most widely 

recognized of these metabolic equations for walking is that published by the ACSM in 

1980.17 The ACSM Metabolic Equation attempts to use walking speed (S; m/min) and 

grade (G; decimal form) to predict oxygen consumption (VO2; mL/kg/min) with the 

following linear equation:18 

VO2 = [0.1•S] + [1.8•S•G] + 3.5 Eq. 1 

The coefficient for the speed component of this equation [0.1•S] was derived from a 1965 

study of repeated treadmill bouts at various speeds performed by three trained men, 

including two 23-year old participants and the author, 42 years of age.19 The 

homogeneity and small size of this sample calls into question the generalizability and 

external validity of this equation. Additionally, a re-analysis of this study’s data 

determined that the observed speed-VO2 relationship was actually quadratic instead of 
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linear.20 Subsequent validation studies21-23 of the ACSM metabolic equation have 

reported that it systematically and significantly under estimates walking intensity. One of 

these studies21 evaluated the accuracy of the ACSM Metabolic Equation in predicting the 

average walking intensities of 25 participant groups aggregated from 10 studies (409 total 

participants), and reported it under estimated intensity with a standard error of estimation 

(SSE) of 4.5 mL/kg/min. Similarly, another study22 including 459 adults from 20-54 

years of age (divided into four-year age groups) reported that the ACSM Metabolic 

Equation under estimated the intensity of level treadmill walking at 81 m/min (3.0 mph) 

with SEE values of 4.2-5.8 mL/kg/min. The magnitudes of these predictive errors exceed 

1 MET (3.5 mL/kg/min). Such underestimations could lead to walking intensity 

prescriptions that are higher than intended, which may reduce adherence to PA 

programs.7-10 

The application of speed-based metabolic equations for walking, like the ACSM 

metabolic equation (Eq. 1), is further limited by the use of treadmill walking speeds in 

their development. Treadmills facilitate tight control and monitoring of walking speed but 

over-reliance on treadmill protocols impedes the use of such speed-based equations in 

many real-world settings where walking serves as a practical and enjoyable mode of PA.9 

Distance and time are both required to calculate speed. However, walking distance is 

challenging to ascertain if a previously established course has not been laid out. As such, 

monitoring overground walking beyond measured tracks and corridors is challenging. 

Global positioning system (GPS) technology can enable the quantification of walking 

speed, but remains expensive, inaccurate indoors, and not yet incorporated into many PA 

measurement devices.24 Thus, there is also a need to consider a more accessible metric 
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when developing a metabolic equation that may translate between treadmills and the 

overground walking conditions that are more common in daily living. 

Step counting with wearable devices has been embraced in recent decades by 

researchers and the public as a simple and practical method for quantifying walking 

volume expressed as steps/day. Lay public users easily recall steps/day recommendations 

when implemented in public health campaigns25 and PA counseling.26 Still, step counting 

has been criticized for its inability to directly capture the metabolic intensity of walking, 

a central aspect of public health recommendations. To address this limitation, several 

studies have investigated the relationship between walking cadence (steps/minute) and 

intensity in adults.27-43 Tudor-Locke & Rowe42 analyzed the data from five published 

studies and reported a strong correlation (r = 0.93) between cadence and absolutely-

defined intensity (metabolic equivalents; METs; where 1 MET = standardized resting 

metabolic rate of 3.5 mL O2/kg/min44). This strong natural relationship supports using 

cadence as a simple and accessible proxy indicator for walking intensity. Prescribing and 

monitoring cadence may be a practical method for implementing intensity 

recommendations in PA programs. Additionally, the measurement of time-stamped 

patterns of step accumulation with modern accelerometry enables the quantification of 

cadence as a transparent and comprehensive method of measuring PA volume (steps/day) 

and intensity (cadence patterns). 

The studies examining cadence and walking intensity in adults have typically 

used a “threshold approach.” That is, their primary aims were to identify the minimum 

cadence needed to reach an absolutely-defined moderate or vigorous intensity (3 and 6 

METs, respectively). This approach is advantageous for a simple public health translation 
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of PA guidelines and for deriving time spent at these intensities, but it only evaluates 

metabolic intensity of PA as a binary outcome (i.e., reaching or not reaching the 

threshold). A model with walking intensity as a continuous outcome would more 

accurately represent the continuous nature of metabolic intensity, allow for more precise 

and individualized estimations and prescriptions of walking intensity, and may better 

communicate that “more is better.” An additional gap in the existing cadence-intensity 

literature is the comparison and synthesis of results without consideration for the various 

walking conditions that different studies have implemented. For example, studies 

quantifying the relationship between cadence and intensity have examined both 

overground28,30,31,36,43 and treadmill walking.27,29,33,35,36,40 Those conducted during 

overground walking have also implemented constraints on either participants’ walking 

speeds28,30,31,43 or cadences.36 Further, cadence-based walking prescriptions may be 

implemented by constraining cadence to the tempo of a metronome or music. As walking 

at the same speed with different constraints has shown to result in differences in the 

kinematics45,46 and metabolic cost47,48 of walking, more studies are needed to confirm that 

the cadence-intensity relationship does not differ with various walking constraints, or on 

different walking surfaces (i.e., treadmill or overground). Finally, although several 

studies39,41,42 have concluded that a cadence of 100 steps/min is a reasonable heuristic 

(i.e., evidence-based but practical and rounded) value indicative of absolutely-defined 

moderate intensity walking for public health applications, these same studies have also 

acknowledged considerable inter-individual variability in the cadence-intensity 

relationship. This variability has been attributed to additional factors such as height/leg 

length,27,31,36 body mass,39 body mass index (BMI),31,33 biological sex,27,33,40,43 and 
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age.35,39 More research is needed to determine if such anthropometric and demographic 

variables influence the cadence-intensity relationship, and to incorporate their effects into 

cadence-based recommendations to better individualize and enhance predictions of 

walking intensity.  

1.2. Purpose of Thesis 

The purpose of this thesis was to develop metabolic equations that predict 

metabolic intensity (oxygen consumption; mL/kg/min) from cadence using a large 

treadmill walking dataset (Study One) and cross-validate these equations during 

overground unconstrained and cadence-constrained walking conditions (Study Two). 

More specific objectives included to: 1) develop a metabolic equation that uses cadence 

as the only predictor (a simple equation), 2) develop a metabolic equation that uses 

cadence and possible additional predictors including height, leg length, body mass, BMI, 

percent body fat, sex and age (a full equation), and 3) cross-validate these cadence-based 

metabolic equations under different walking conditions (i.e., overground unconstrained 

walking and overground cadence-constrained walking) in an independent sample. 

1.3. Aims & Hypotheses 

Aim 1: Determine if a linear or curvilinear model more accurately describes the 

relationship between cadence and metabolic intensity of treadmill walking, using data 

previously collected from a large sample of men and women across the adult lifespan. 

H1: A curvilinear (quadratic) model will fit the cadence-intensity relationship 

significantly better than a linear model. 
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Aim 2: To develop simple and full cadence-based metabolic equations by calibrating 

regression models that predict metabolic intensity of treadmill walking, using the data 

from this same large sample of men and women across the adult lifespan. 

H2.1: Cadence alone will be a significant predictor of metabolic intensity in the simple 

equation, with root mean square error (RMSE) and mean absolute error (MAE) 

values ≤1 MET when cross-validated within the original sample. 

H2.2: The full equation will minimally include the additional predictor of leg length, 

which will result in increased predictive accuracy. 

Aim 3: To cross-validate these cadence-based metabolic equations under different 

walking conditions (using previously collected unconstrained and cadence-constrained 

overground walking data) and compare their predictive accuracies to that of the ACSM 

metabolic equation. 

H3.1: The cadence-based metabolic equations will remain valid for overground 

unconstrained walking with RMSE and MAE values ≤1 MET, but underpredict the 

metabolic intensity of overground cadence-constrained walking.  

H3.2: The cadence-based metabolic equations will have greater predictive accuracies 

than the ACSM metabolic equation. 

1.4. Summary 

The dose-response relationships between metabolic intensity of PA and various 

health outcomes is well-documented, and thus minimum intensity recommendations are 

extolled in PA guidelines. However, prescribing activities with inappropriately high 

metabolic intensities may compromise PA program adherence. Current approaches to 

expressing intensity for PA prescription and estimation purposes are limited. The 
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popularity and practicality of walking as a mode for achieving PA guidelines has 

supported the development of numerous equations for predicting intensity from walking 

speed. The most popular of these, the ACSM metabolic equation for walking (Eq. 1), has 

demonstrated limited generalizability and systematic bias. Such speed-based metabolic 

equations are also limited in their real-world application by the difficulties of measuring 

and prescribing walking speed.  

Alternatively, step counting has been long embraced as a simple and intuitive 

method for quantifying volume of walking, and more recently, cadence has emerged as a 

reasonable metric for estimating walking intensity. With its simplicity, accessibility, and 

strong correlation with metabolic intensity, cadence is a sensible predictor to be included 

in a walking metabolic equation. A cadence-based metabolic equation would model 

walking intensity as a continuous outcome, in contrast to the “threshold approach” of 

previous studies. This approach may allow for more precise predictions of walking 

intensity and better represent the continuous dose-response relationship between PA and 

health (e.g., walking at a higher cadence even when not reaching the next threshold for 

moderate or vigorous intensity). Additionally, studies examining the cadence-intensity 

relationship have implemented overground speed-constrained, overground cadence-

constrained, and treadmill walking, but have not examined the influence of these various 

walking conditions on the relationship. These studies have also reported substantial inter-

individual variability in walking intensity that is not explained by cadence alone. The 

knowledge gaps collectively call for more research to determine whether or not 

considering anthropometric and demographic predictor variables can individualize and 

enhance the precision of predictions.   
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CHAPTER 2 

LITERATURE REVIEW 

2.1. Overview 

Considerable research in the fields of exercise physiology and biomechanics has 

investigated the metabolic intensity of walking. The purposes of this literature review are 

to: 1) determine what is known about the effects of anthropometric and demographic 

variables and walking conditions on the metabolic intensity of walking, 2) review the 

methods and theoretical basis used to develop several existing speed-based metabolic 

equations for walking, and 3) summarize all previous studies examining the cadence-

intensity relationship. 

2.2. Metabolic Intensity of Walking 

2.2.1. Walking Mechanics and Metabolic Intensity Determinants  

Walking consists of a repetitive and predictable series of movements 

characterized as a gait cycle. This gait cycle consists of a single-limb support phase, 

where one foot is in contact with the ground while the other leg is in a swing phase, 

followed by a heel-strike of the swing phase foot to begin the double-limb support phase 

(i.e., both feet are momentarily in contact with the ground). The foot initially in stance 

phase then exerts a force against the ground (toe-off) to begin its own swing phase, and 

another phase of single-limb support.49 The mechanics of this gait cycle aids in the 

conservation of energy; the stance leg behaves like an inverted pendulum moving about 

the stance foot and the swing leg behaves like a normal pendulum moving about the 

hip.50 Despite its inverted pendulum-like motion, single-limb support is associated with 

the greatest metabolic cost (i.e., amount of energy expended [kcals, Joules, mLO2]) 
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because of the work done against the ground to raise the body’s center of mass vertically 

(external work). At cadences lower than those self-selected during normal walking, step-

to-step transitions during the double-limb support phase are associated with the second 

greatest metabolic cost, where the body’s center of mass is redirected from a downward 

to an upward trajectory. At cadences higher than those that are self-selected, the second 

greatest metabolic cost is associated with leg and arm swing (internal work).51 

Walking speed is the product of cadence and step length, defined as the anterior-

posterior distance between the left and right foot from one single-limb support phase to 

the next.49 Increasing cadence is the primary strategy used to increase to a preferred 

walking speed49 and up to this walking pace, the relationship between speed and cadence 

is highly linear (R2 = 0.98).52 There is also strong evidence that the ratio of cadence to 

step length, known as the walk ratio (step length / cadence), remains constant during 

treadmill and unconstrained overground walking, at least at speeds of ~60-120 m/min 

(2.2-4.5 mph).53,54 This walk ratio remains at ~7 mm/step/min for men and ~6 

mm/step/min for women,49 and results in a predictable change in step length with changes 

in cadence at these speeds. 

During normal human walking, self-selected walking parameters (e.g., cadence, 

step length, and speed) are strongly influenced by an innate attempt to minimize 

metabolic intensity, termed metabolic optimization.20,45,49,55-57 For example, different 

cadence and step length combinations may be selected to produce a single walking speed. 

Testing these combinations has illuminated a U-shaped relationship between metabolic 

intensity of walking and cadence (or step length) at a constant speed (e.g., on a treadmill). 

For any given speed, humans tend to self-select the cadence and step length combination 
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located at the lowest point of this curve and thus optimize the metabolic intensity of 

walking at a given speed.20,45,58 These self-selected cadences and step lengths result in the 

invariant walk ratio previously discussed, which is believed to be an innate motor 

strategy for minimizing the metabolic intensity of walking.49,57,59 Several factors 

determine the metabolic intensity of a cadence-step length combination and are thus 

simultaneously and inherently considered for metabolic optimization. Notably, the 

metabolically optimal cadence-step length combination must minimize both the external 

work for accelerating the body’s center of mass vertically (lowest with shorter step 

lengths and higher cadences) and the internal work for accelerating the body’s limbs 

(lowest with longer step lengths and lower cadences).55 Additionally, metabolic 

optimization of walking must maximize mechanical efficiency and power (highest at 

intermediate cadences; reportedly ~108 steps/min),60 and account for the cadence at 

which the metabolic cost of leg swing is minimized because it is primarily driven by 

gravity, termed the natural frequency of the leg, which is inversely related to leg length.49  

2.2.2. Predictor Variables for the Speed-Intensity Relationship of Walking 

Many anthropometric and demographic variables, such as body mass, BMI, 

percent body fat, height, leg length, age, and biological sex, have been investigated when 

attempting to understand and model the metabolic intensity of walking, as primarily 

represented by the rate of oxygen consumption measured using indirect calorimetry. 

Including such predictors along with basic gait parameters like walking speed and 

cadence has resulted in models that have explained more than 90% of the variation in 

walking intensity.61-65 A large majority of this literature modeling the intensity of 

walking, beginning as early as 1915,66 has used walking speed as the primary predictor – 
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thus the sections that follow summarize the effects of these variables as reported in 

speed-based studies examining the metabolic intensity of walking. The influence of these 

predictor variables in cadence-based models of walking intensity will be subsequently 

discussed. 

2.2.2.1. Body Mass, BMI, and Percent Body Fat 

Body mass is a measure of the total amount of matter an individual’s body is 

comprised of (kg), including muscle, fat, bone, water, and other tissues and substances. 

Body mass index (BMI) is a metric of body mass in proportion to height (kg/m2) and is 

used as a population-level indicator of overfatness (i.e., to classify individuals as healthy 

weight, overweight, or obese). The utility of BMI for individual-level applications is 

limited because it does not actually measure the proportion of fat mass versus fat-free 

mass, and thus an individual with more muscle mass per unit height is considered more 

overfat. In contrast, direct measures of percent body fat discriminate the proportion of fat 

mass comprising an individual’s overall body mass for a more accurate determination of 

overfatness. These three variables are related. A higher percent body fat signifies excess 

fat mass, increasing body mass and resulting in a higher BMI. 

When metabolic intensity is expressed in units that are not normalized to body 

mass (e.g., L/min, kcal/hr, etc.), body mass alone can explain 40% of the variation in 

metabolic intensity at various speeds,67 and 68-78% of the inter-individual variation in 

metabolic intensity at a single speed.63 This correlation can be largely explained by the 

greater energy requirement for accelerating a larger body mass and for supplying energy 

to more metabolically-active tissue.68 Body mass is thus an important determinant of 
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metabolic cost per step65 and an important variable to consider when predicting such non-

normalized measures metabolic intensity of walking. 

Metabolic intensity expressed in units standardized to body mass (mass-specific 

metabolic intensity; e.g. mL/kg/min, kcal/kg/hr, etc.) is more commonly used in public 

health and exercise testing and programming,11,12,69 and is the form of metabolic intensity 

generally referred to herein unless otherwise indicated. When units of metabolic intensity 

are mass-specific, the effect of body mass on metabolic intensity of walking substantially 

weakens but may still persist. To investigate the influence of body mass on the 

relationship between mass-specific metabolic intensity of walking and speed, Foster et 

al.61 recruited 11 obese subjects (mean body masspre = 104.5 kg) to walk at the same three 

speeds before and after a dietary intervention. Following a 21% reduction in body mass 

(mean body masspost = 83.6 kg), a decrease in metabolic intensity of walking was 

observed even when expressed in mass-specific units (exact magnitude not reported, p 

<0.001). Like body mass, BMI and percent body fat were also significantly reduced and 

associated with the reduction in mass-specific metabolic intensity of walking (mean 

BMIpre = 38.9 kg/m2 versus mean BMIpost = 31.1 kg/m2; mean body fatpre = 45.6% versus 

mean body fatpost = 33.6%). The authors hypothesized that the reductions in body mass, 

BMI, and percent body fat resulted in: 1) less work required to overcome friction 

between the arms and torso and the thighs, 2) less extraneously wide movements when 

swinging the arms and legs because of a smaller torso and thigh, 3) changes in the 

distribution of mass, and 4) improved efficiency in pulmonary function. Similarly, 

Browning et al.70 reported a 10% greater mass-specific metabolic intensity of treadmill 

walking in 19 class II obese (BMI 35.0-39.9 kg/m2) men and women, as compared to 20 
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normal-weight participants. Obese women experienced the highest metabolic intensity of 

walking and had the highest thigh mass-to-body mass ratio, leading the authors to 

hypothesize that the greater internal work required to swing relatively heavier legs at a 

wider angle contributed to this difference. Previous studies have further demonstrated 

that loads carried more distally (e.g., on the lower limbs) result in a higher metabolic 

intensity of walking than the same load carried closer to the body’s center of mass.71 The 

use of mass-specific units of metabolic intensity does not account for such differences in 

walking efficiency and body mass distribution that have been observed with more 

extreme levels of obesity, but considering body mass, BMI, or percent body fat may. 

In individuals of more normal weight status, the evidence has indicated there is no 

influence of body mass, BMI, or percent body fat on the mass-specific metabolic 

intensity of walking. For example, BMI did not contribute significantly to models of 

mass-specific metabolic intensity of walking in two studies by Agiovlasitis and 

colleagues: one72 included 25 individuals with multiple sclerosis (MS) who had a mean ± 

SD BMI of 26.8 ± 6.9 kg/m2 while the other73 had a sample comprised of 61 healthy 

participants and 54 individuals with Down Syndrome (DS), with BMIs of 24.6 ± 5.2 

kg/m2 and 29.8 ± 5.6 kg/m2, respectively. 

Further, the relationship between mass-specific metabolic intensity of walking 

and body mass can be confounded by the tendency for taller individuals to also have a 

greater body mass (i.e., collinearity of body mass and height; r = ~0.9).74 Thus, an effect 

of height (further discussed below) could be the direct cause of a relationship between 

body mass and mass-specific metabolic intensity of walking. For example, Weyand et 

al.75 measured the metabolic intensity of walking in a sample of participants varying in 
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height by a factor of 1.5 and body mass by a factor of 6 (BMIs not provided). After 

dividing their sample into four subgroups with significantly different body masses, they 

demonstrated an inverse relationship between body mass and mass-specific metabolic 

intensity at each treadmill speed. As the body mass-stratified subgroups also had 

corresponding differences in height, the between-group differences in metabolic intensity 

were attenuated when the potential effects of height were mathematically controlled. In 

other words, all participants had a similar metabolic intensity of transporting 1 kg of their 

body mass a distance equal to their height.75 Thus, individuals with a similar percent 

body fat may demonstrate a correlation between body mass and metabolic intensity of 

walking because of differences in height. Such a correlation would therefore not be a 

result of the obesity-related decreases in walking efficiency previously discussed (e.g. 

friction at the arms and thighs, wide arm and leg swings, etc.) and differences in body 

mass distribution.61,70 

The use of BMI and percent body fat may more accurately represent these 

obesity-related influences on the metabolic intensity of walking; BMI inherently 

standardizes body mass by height and percent body fat is a direct measure of overfatness. 

Additionally, fat mass contributes very little to the metabolic rate at rest and substantially 

less than fat-free muscle and organs mass to the metabolic rate during PA.76 Percent body 

fat therefore indicates the proportion of metabolically-inactive tissue in the body. When 

modeling the mass-specific metabolic intensity of walking in 42 men (19-66 years of age, 

BMI and percent body fat values not reported), Pearce et al.77 determined a significant 

interaction between percent body fat and treadmill speed (magnitude and direction not 

reported), although this may have been confounded by a correlation between percent 
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body fat and age. Another study conducted by Hall et al.78 with 12 men and 12 women 

(18-30 years of age) demonstrated a moderately strong correlation between percent body 

fat and the mass-specific metabolic intensity of treadmill and overground walking at 84.6 

m/min and running at 169.2 m/min (r = -0.71 to -0.83, all p <0.01). This suggests that 

measuring metabolic intensity of walking with mass-specific units does not account for 

inter-individual differences in the proportion of metabolically-active muscles mass. Still, 

when metabolic intensity was standardized to fat-free mass, the model reportedly failed 

to account for the additional energy requirement for transporting excessive fat mass in 

individuals with a higher percent body fat.78 Therefore, fat-free mass and fat mass may 

have unique effects on the metabolic intensity of walking and both need to be considered 

using measures like body mass, BMI and percent body fat. 

2.2.2.2. Height and Leg Length 

Height and leg length are strongly collinear (r = 0.90), making considerations of 

their effects in models of walking intensity nearly identical31 both statistically and 

mechanistically. Both of these variables have consistently been shown to influence step 

length and thus the cadence an individual will select at a given speed (reported r-values 

ranging from -0.66 to -0.77).65,75,79,80 This lower cadence selected by taller individuals at 

a given speed was cited by Kramer & Sarton-Miller79 and Steudel-Numbers & Tilkens63 

to explain the inverse relationships they observed between height and walking intensity, 

and significant improvements they observed in their speed-based models of walking 

intensity with the inclusion of leg length (all p <0.01). Workman & Armstrong65 similarly 

reported a negative correlation between height and cadence at each speed of treadmill 

walking in eight men (r = -0.66), and included height in their speed-based metabolic 
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equation to give taller individuals a lower metabolic intensity of walking (in LO2/min) at 

a given speed. Specifically, their equation was comprised of a cadence and a metabolic 

cost per step component ([LO2/min] = [steps/min] • [LO2/step]) and thus included a 

negative effect of height (and positive effect of speed) to predict cadence. A later study 

additionally concluded that the metabolic equation by Workman & Armstrong65 was 

more accurate and robust than others because of its inclusion of height.81 In this model of 

walking intensity (metabolic intensity = cadence • metabolic cost per step),65 an inverse 

height-intensity relationship was mediated by step length and cadence. As proposed, this 

assumes that metabolic cost per step stays relatively constant. This assumption was 

supported by Weyand et al.,23 who divided participants with a broad range of heights 

(1.07-2.11 m) into four groups by stature and reported that they had similar metabolic 

costs per step, despite height-related differences in cadence (and thus step length) and 

intensity of walking at a given speed. These studies provide strong evidence for a lower 

metabolic intensity of walking at a given speed in taller individuals, mainly attributable to 

increases in step length and decreases in cadence with increasing height.63,65,80,82 

Additionally, variations in leg length may result in differences in the metabolic 

cost of leg swing. For example, the mechanical energy required for leg swing is greater 

for a longer and heavier leg.79 Leg length is also inversely related to the natural frequency 

of the leg (i.e., the cadence at which the metabolic cost of leg swing is minimized). 

Therefore, the same enacted cadence in individuals of different leg lengths will result in 

different deviations from their natural frequency, resulting in different metabolic costs of 

leg swing.49 Another potential mechanism for an influence of height was suggested by 

Cotes & Meade80 after they also observed an inverse relationship between metabolic 
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intensity of walking at a given speed and height. They reported that shorter individuals 

would have a theoretically larger angle of excursion between their legs at a given step 

length and thus perform more external (i.e., vertical lift) work and have a higher 

metabolic intensity. These additional mechanisms may also result in an influence of 

height on the metabolic intensity of walking, although their net magnitude and direction 

of effect has not been quantified. 

2.2.2.3. Age 

Compared to young and middle-aged adults, older adults tend to have shorter step 

lengths, reduced control of their hips in the medial-lateral plane resulting in greater step 

widths and step width variability (indicators of instability), increased time between 

contralateral heel strikes (step time), decreases in the spatiotemporal coordination of their 

limbs on opposite sides during walking (gait symmetry), and greater activity in stabilizing 

muscles that oppose the direction of movement (antagonist muscle contraction) during 

walking.54,83,84 Such changes in gait parameters with age may be compensatory motor 

strategies for preserving balance and are related to declines in coordination.83 

Several publications have reported significant effects of age on metabolic 

intensity of walking. In a study comparing eight young (age <30 years) and ten older (age 

≥65 years) adults, Dean, Alexander, and Kuo85 found that the older group had a 26% 

greater metabolic intensity of walking at 66 m/min (2.5 mph), along with a 41% wider 

step width and significantly greater variability in the step width of each step. In a similar 

study of treadmill walking at 42-108 m/min (1.6-4.0 mph), Ortega & Farley86 reported 

that older adults (age = 76 ± 4 years) had a 20% higher metabolic intensity than young 

adults (age = 25 ± 4 years) at each speed, despite performing 10% less external work on 
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average (for accelerating the center of mass upwards) during single-limb support. 

Because this external work component of walking is normally associated with the 

greatest metabolic intensity51 (see section 2.2.1.), mechanical work did not explain the 

observed differences in walking intensity with age. The authors instead attributed their 

findings to balance- and coordination-related factors such as the cost of stabilizing the 

body, antagonist muscle contraction, gait symmetry, and the efficiency of the muscular 

system. Still, apparent differences in step width were not significant (step widths: older 

adult = 15 ± 3 cm, younger adults = 12 ± 3 cm; p = 0.14). In addition, the significantly 

higher cadence selected by older adults at each speed (p = 0.034) indicates they 

performed more internal work, which could further elevate their metabolic intensity of 

walking. The influence of age was also investigated by Pearce et al.77 when developing 

speed-based metabolic equations for walking. They found that age group (young [19-29 

years of age] versus older [55-66 years of age] adults) interacted with speed when 

predicting VO2 of treadmill walking. The speed-based metabolic equations they presented 

therefore predicted greater differences in walking intensity between age groups with 

increasing walking speed, with a 0.13-1.71 mL/kg/min greater metabolic intensity in 

older adults at each speed between 41-120 m/min (1.5-4.5 mph). Thus, there is 

substantial evidence that older adults (≥65 years of age) have an increased walking 

intensity at a given speed, as associated with motor strategies for preserving balance and 

stability (e.g., increases in antagonist muscle contraction, cadence, and step width) and 

declines in coordination (e.g., reduced gait symmetry and muscular efficiency).54,83-86 

These age-related changes may also have a larger effect on metabolic intensity of 

walking at faster walking speeds.77  
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Other studies including only young and middle-aged adults (18-64 years of age) 

have not reported an influence of age on the metabolic intensity of walking. For example, 

age was not a significant predictor of metabolic intensity of walking (expressed as L/min 

but controlling for body mass and speed) in a study conducted by Kramer & Sarton-

Miller79 with 72 participants ranging between 7-59 years of age, and in a later study also 

by Kramer67 with 11 adults 22-52 years of age (p = 0.66). Similarly, metabolic intensity 

of walking at a given speed was not influenced by age in a secondary analysis including 

32 studies and 391 total participants 13-65 years of age,87 and in a sample of 48 

participants 5-32 years of age (results controlled for height).75 The latter of these 

articles75 also included a secondary analysis of previously published data where adults 

≥65 years of age were explicitly excluded from the sample. The authors justified this 

exclusion criteria by citing the study by Ortega & Farley86 discussed previously, and 

stating that adult of this older age “may not walk in a dynamically similar manner.” 

Perhaps the strongest evidence for an influence of age on walking intensity in older but 

not young and middle-aged adults is provided in the study by Grimby & Soderholm88 

which included 14 younger (22-30 years of age), 22 middle-aged (34-46 years of age), 

and 10 older (56-63 years of age) adults. During treadmill walking at 75-98 m/min (2.8-

3.7 mph), there were significant differences in metabolic intensity of walking at a given 

speed between older versus younger and older versus middle-aged adults, but not 

between younger versus middle-aged adults. More specifically, at 75 m/min, the average 

VO2 values of the younger, middle-aged, and older groups were 13.1, 12.7, and 14.6 

mL/kg/min, respectively (p <0.05). The evidence from these studies67,75,79,87,88 suggests 

that middle-aged adults have not begun to suffer from the age-related declines in balance, 
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stability, and coordination that reportedly increase the metabolic intensity of walking in 

older adults. Age is therefore likely not an important predictor to include in predictions of 

walking intensity in these younger populations. 

2.2.2.4. Biological Sex 

There are well-known differences in the average physiological and 

anthropometric characteristics of men versus women, which could contribute to 

differences in their speed-metabolic intensity relationships of walking. Compared to men, 

women have a wider pelvis89 and walk with a greater range of motion and speed of 

rotation at their hip and knee joints.90,91 A wider pelvis can also increase the activity and 

metabolic demand of the hip abductors during walking, in an effort to prevent the trunk 

from rotating away from the stance leg.92 Additionally, women generally have a more 

distal distribution71 and higher percent body fat,70,93 as well as a shorter stature, and a 

lower body mass.94 These factors can theoretically result in sex-based differences in 

metabolic intensity of walking that may be more directly related to anthropometric 

differences between men and women. 

Four studies78,87,95,96 reported a greater metabolic intensity of walking at a given 

speed in men compared with women. In the review and secondary analysis by 

McDonald,87 five studies enrolling a total of 70 men and 44 women were included for 

examining sex-based differences in the relationship between walking speed and 

metabolic intensity. The author reported that the metabolic intensity of walking at 30-105 

m/min (1.1-3.9 mph) was 12% (1.12 kcal/kg/min) greater in men when controlling for 

speed (p <0.001). A potential mechanism for these differences was not provided. Molen 

& Rozendal96 also determined that the metabolic intensity of treadmill walking was 
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greater in men versus women (magnitude not reported) at each speed tested (20-110 

m/min [0.7-4.1 mph]). They attributed these differences in walking intensity to men 

having a higher standing metabolic rate (i.e., the metabolic rate at rest plus that for the 

balance and posture of standing), as opposed to a greater metabolic intensity of the 

walking movement itself. The authors did not provide any rationale for the elevated 

standing metabolic rate they observed in men, but because fat mass is known to 

contribute marginally to the metabolic rate at rest76 (see section 2.2.2.1.), this difference 

may be a result of women having a higher average percent body fat.93 This mechanism is 

further supported by Hall et al.,78 who reported that the 17% higher metabolic intensity 

they observed in men versus women during treadmill and overground walking at 85 

m/min (3.2 mph) was attenuated after controlling for fat-free mass (percent fat: men = 

11.6 ± 1.9%, women = 23.7 ± 2.2%). In another study by Booyens et al.,95 men 

demonstrated a 9% and a 13% higher average metabolic intensity when walking at 91 and 

107 m/min (3.4 and 4.0 mph) respectively, compared to women walking at the same 

speeds (p <0.05). At these speeds of 91 and 107 m/min respectively, the men exhibited 

cadences that were 16% and 20% lower (p <0.001) and step length-to-leg length ratios 

that were 6% and 9% higher (p-value not reported) than the women. As discussed 

previously (see section 2.2.1.), a longer step length results in a greater vertical 

displacement of the body’s center of mass and therefore greater external work.66 The 

lower cadence and higher ratio of step length-to-leg length in the men at each speed 

indicates they took longer steps (even proportionate to their leg length) than the women, 

and the authors thus attributed the observed sex-based differences in metabolic intensity 

of walking to the greater external work performed. 
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In contrast, three other studies70,97,98 provide evidence that the metabolic intensity 

of walking at a given speed is greater in women compared to men. Blessey et al.98 

reported that men and women had the same metabolic intensity when walking at 

cadences of 60 and 120 steps/min, as well as at their self-selected pace where both sexes 

selected an average cadence of 116 steps/min. In each of these conditions where cadences 

were equal, women had lower step lengths and thus significantly slower walking speeds 

than men (speed in self-selected condition: men = 89 ± 11 m/min, women = 74 ± 11 

m/min; p <0.01) but walking intensities were similar (VO2 in self-selected condition: men 

= 13.4 ± 2.3 mL/kg/min, women = 12.5 ± 2.5 mL/kg/min). The women exhibited a 

metabolic intensity equal to that of men when walking at significantly slower speeds, 

indicating a greater metabolic intensity than men at equivalent speeds. In another study 

comparing the metabolic intensity of treadmill walking in 10 obese men and 9 similarly 

obese women (BMI: men = 33.5 ± 2.1, women 33.5 ± 20.3 kg/m2), Browning et al.70 also 

reported that women had a greater metabolic intensity of walking (values not reported, p 

<0.01). The observed difference correlated with the women’s higher thigh-to-body mass 

ratio and percent fat at the shank, indicating a more distal distribution of mass. Similar to 

the research cited earlier to demonstrate that more distally-carried loads (e.g., loads on 

the lower limb) result in a higher metabolic intensity of walking than the same loads 

carried more proximally,71 the authors attributed their findings to the proportionally 

heavier and more distally weighted limbs that these women were required to swing. The 

effect of this mechanism would theoretically increase with increasing speed because 

internal work of walking (i.e., for limb swing) becomes larger at faster walking speeds 

(see section 2.2.1.).51 Interestingly, Browning et al.70 also found that the differences in 
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walking intensity between men and women were greater at faster walking speeds (i.e., 

significant sex-speed interaction; p = 0.02), therefore providing further support for this 

mechanism. Finally, Howley & Glover97 reported that women had a significantly higher 

mass-specific energy expenditure than men during one mile of treadmill walking at 

similar speeds (0.82 kcal/kg/mile for women, 0.79 kcal/kg/mile for men, p <0.01). This 

difference was attenuated when metabolic intensity was expressed per unit of body 

surface area, and the authors therefore attributed this difference to a greater body surface 

area in men. 

In contrast, men and women may not have significant differences in metabolic 

intensity of walking when anthropometric variables are controlled. Specifically, in the 

two studies conducted by Weyand & colleagues23,75 to develop a speed-based metabolic 

equation for walking (discussed below), no significant sex differences in the metabolic 

intensity of walking were observed when controlling for height (sex-specific heights not 

reported). Their speed-based metabolic equation for walking therefore included height 

but not sex. As men tend to be taller, and height and leg length correlate with step length 

(r-values ranging from 0.55-0.74 depending on the speed),27,36 controlling for height may 

explain the sex-related variability in metabolic intensity of walking that is mediated by 

step length at a given speed. In summary, these studies demonstrate the conflicting 

evidence regarding sex-related differences in the metabolic intensity of walking, and 

whether such differences exist after controlling for height. 

2.2.3. Walking Conditions 

 Walking condition is defined herein as the constraints that are placed on walking 

parameters (e.g., speed, cadence, and step length) and the surface on which walking 
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cross-validation with the simple cadence-based metabolic equation in these data are 

presented in Table 5. 

The performance of best-subsets regression analysis additionally included the 

predictors of sex (Sex; equal to 1 for men and 0 for women), age (A; years), leg length 

(LL; cm), and BMI (BMI; kg/m2), as well as cadence’s interactions with leg length, sex, 

BMI, and age. This resulted in the following full-cadence based metabolic equation: 

VO2 = 10.15 + [93.45*C] + [73.78*C2] + [-0.08*LL] + [-1.01*Sex] + 

[0.08*Age] + [0.0016*C*LL] + [0.0163*C*Sex] + [-0.001*C*BMI] +  

[-0.0011*C*Age] 

Eq. 3 

All coefficients in this model had VIF values ≤5. In the k-fold cross-validation, the full 

cadence-based metabolic equation had a slightly (0.2 mL/kg/min) lower RMSE and MAE 

than the simple cadence-based metabolic equation and a similar magnitude of bias 

(difference <0.01 mL/kg/min). 

Figure 1: Fits of the Simple Equation (1A) and ACSM Metabolic Equation (1B) to 

the Treadmill Walking Data. 

Table 5: Predictive Error of the Metabolic Equations During Treadmill Walking.  

Equation RMSE* RMSPE MAE* MAPE Bias* % Bias 

Simple 2.5 ± 0.3 20 ± 2% 1.8 ± 0.2 14 ± 1% <0.1 ± 0.3 <1 ± 3% 

Full 2.3 ± 0.3 18 ± 2% 1.6 ± 0.2 13 ± 1% <0.1± 0.3 <1 ± 2% 

ACSM 4.2 ± 0.3 33 ± 1% 3.0 ± 0.2 24 ± 1% 3.0 ± 0.2 24 ± 1% 

Note: values determined through repeated k-fold cross-validation (k=5, 10 repetitions)  

Values are presented as mean ± SD 

*Units are mL/kg/min 

Figure 1A Figure 1B 
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 When the ACSM Metabolic Equation (Eq. 1) was applied to the treadmill walking 

dataset through k-fold cross-validation, it demonstrated greater predictive error than both 

cadence-based metabolic equations, especially in regard to bias (Table 5). Specifically, 

the ACSM Metabolic Equation’s RMSE, MAE, and magnitude of bias were greater than 

those of the simple equation by 1.7, 1.3, and 3.0 mL/kg/min, respectively, and those of 

the full equation by 1.9, 1.4, and 3.0 mL/kg/min, respectively. As shown by its fit to the 

treadmill walking data in Figure 1B and the Bland-Altman plot in Appendix A, the 

ACSM Metabolic Equation appeared to underpredict metabolic intensity of walking with 

increasing magnitude as walking speed increased. 

The kcal/hr equivalents of these predictive error values, when converted using 

average US body mass values (88.8 kg for men and 76.4 kg for women),94 are provided 

in Appendix B. The simple equation’s RMSE and MAE values were 64 and 45 kcals/hr, 

respectively, for the average American man, and 55 and 38 kcals/hr, respectively, for the 

average American women. The full equation had a 5 kcal/hr lower RMSE for both men 

and women and MAE values that were lower by 4 kcals/hr for the average American men 

and 3 kcals/hr for the average American women. With the ACSM Metabolic Equation, 

RMSE values for the average American man and woman (106 and 91 kcals/hr, 

respectively) were 36-47 kcal/hr greater than with the simple and full equations, and 

MAE values (77 and 66 kcals/hr, respectively) were greater by 28-36 kcals/hr. 

Additionally, while the biases of the simple and full equations were ~0 kcals /hr, the 

ACSM Metabolic Equation’s biases were equivalent to 75 and 64 kcal/hr for the average 

American man and woman, respectively. 
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4.2. Study Two: Cross-Validation of Cadence-Based Metabolic Equations 

 4.2.1. Analytic Sample 

 All data collected during overground unconstrained and cadence-constrained 

walking were valid for analysis. The study recruitment design was not intentionally age-

balanced and the 10 men and 10 women who participated tended to have ages in the ages 

in the younger end of the 21-40-year-old recruitment range (mean age = 23.7 years, age 

range = 21-29 years). The characteristics of this sample are reported in Table 6. All 

participants had complete data for each overground unconstrained and cadence-

constrained walking trial. 

Descriptions of the gait parameters and metabolic intensities observed during each 

of these trials are provided in Table 7. Increases in average VO2, speed, cadence, and step 

length were observed with each increase in self-selected pace during unconstrained trials 

and song tempo during cadence-constrained trials (Table 7). In addition, the MAPE 

values for the cadences observed during cadence-constrained walking, versus those  

representing perfect entrainment with the music tempos, were 7.5 ± 8.3%, 5.0 ± 4.1%, 

and 3.1 ± 2.4% for trials conducted at 80, 100, and 125 BPM, respectively. 

Table 6: Study Two Participant Characteristics. 

 

All 

(N=20) 

Men 

(n=10) 

Women  

(n=10) 

Age (years) 23.7 ± 2.7 [21-29] 22.7 ± 1.8 [21-27] 24.7 ± 3.1 [21-29] 

Height (cm) 173 ± 9 [161-195] 177 ± 8 [170-195] 168 ± 7 [161-181] 

Body Mass (kg) 72 ± 16 [50-115] 79 ± 18 [60-115] 64 ± 9 [50-78] 

BMI (kg/m2) 23.8 ± 3.9 [18.3-33.2] 24.8 ± 3.9 [19.9-33.2] 22.7 ± 3.7 [18.3-29.4] 

Leg Length (cm) 81.2 ± 5.7 [72.7-95.1] 83.9 ± 5.6 [77.9-95.1] 78.5 ± 4.5 [72.7-88.9] 

Body Fat (%) 23.5 ± 8.3 [6.4-35.7] 17.4 ± 6 [6.4-24.7] 29.6 ± 5.3 [20.2-35.7] 

Values are presented as mean ± SD [range] 
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4.2.2. Cross-Validation Across Walking Conditions 

The cadence-based metabolic equations developed in Study One were cross-

validated across walking conditions by applying them to the data collected during 

overground unconstrained and cadence-constrained walking trials. The ACSM Metabolic 

Equation was similarly applied to this data for comparison. The fit of the simple cadence-

based metabolic equation and ACSM Metabolic Equation to this data are shown in 

Figures 2A and 2B, respectively. Predictive error measures for these three equations are 

Table 7: Unconstrained and Cadence-Constrained Walking Trial Descriptions. 

Walking 

Condition Trial 

VO2 

(mL/kg/min) 

Speed 

(m/min) 

Cadence 

(steps/min) 

Step Length 

(cm) 

Unconstrained 

Slow 10.0 ± 1.5 56.1 ± 10.5 91.7 ± 9.3 60.3 ± 6.1 

Normal 12.4 ± 2.2 75.8 ± 9.0 107.0 ± 5.3 70.5 ± 6.4 

Fast 16.8 ± 2.9 97.1 ± 10.0 118.8 ± 6.8 81.7 ± 7.4 

Cadence-

Constrained 

80 BPM 10.9 ± 1.5 56.1 ± 10.6 86.0 ± 6.7 65.0 ± 8.1 

100 BPM 13.2 ± 1.9 77.1 ± 8.8 105.0 ± 4.1 73.3 ± 6.6 

125 BPM 17.8 ± 2.2 98.8 ± 8.6 125.4 ± 5.0 79.2 ± 7.9 

Values are presented as mean ± SD 

Figure 2: Fits of the Simple Equation (2A) and ACSM Metabolic Equation (2B) to 

the Overground Walking Data. 

CAD-CON = overground cadence-constrained; UNCON = overground unconstrained 

Figure 2A Figure 2B 
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Figure 3: Unscaled (3A) and Scaled (3B) Measures of Predictive Error for 

Metabolic Equations Walking. 

TM = treadmill; UNCON = overground unconstrained; CAD-CON = overground cadence-constrained 

Figure 3A 

Figure 3B 
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≤1%). Differences in bias (and percent bias) between the cadence-based metabolic 

equations were slightly larger, with that of the simple equation lower by 0.7 mL/kg/min 

(6%) during unconstrained walking but that of the full equation lower 0.7 mL/kg/min 

(5%) during cadence-constrained walking. 

4.2.2.3. Trends by Self-Selected Pace and Music Tempo 

 During the unconstrained walking condition, increases in self-selected walking 

pace were accompanied by increases in RMSE and MAE values, with maximum 

differences (i.e., differences between equation- and walking condition-specific lowest and 

highest trial values [slow- versus fast-paced trials in this instance]) ranging from 1.1-2.8 

mL/kg/min for all three metabolic equation (Table 9). The magnitude of bias also 

increased with increasing self-selected walking pace for the simple equation and ACSM 

Metabolic Equation (maximum differences of 0.9 and 2.7 mL/kg/min, respectively), 

whereas the full equation’s magnitude of bias was the greatest during self-selected 

normal-paced walking with a maximum difference (slow- versus normal-paced trials) of 

1.0 mL/kg/min. Scaled measures of predictive error (RMSPE, MAPE, and percent bias 

magnitude) for the simple equation and ACSM Metabolic Equation also increased with 

increasing self-selected walking pace, with maximum differences of 4-5% and 9-13%, 

respectively (Table 9). For the full equation, however, these scaled measures of 

predictive error were highest during normal-paced walking (maximum differences of 3-

9%). 

When metabolic equations were applied to cadence-constrained walking trials, 

only the ACSM Metabolic Equation demonstrated a consistent increase in RMSE, MAE, 

and bias unscaled measures of predictive error with increasing music tempo (maximum 
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differences [80 versus 125 BPM trials] of 2.3-2.5 mL/kg/min for each measure). 

Conversely, there was a consistent negative relationship between music tempo and bias  

magnitude for the simple equation, with a maximum difference of 1.7 mL/kg/min. The 

only other notable trend in unscaled predictive error measures among cadence-

constrained trials was the consistently lower RMSE, MAE, and bias magnitude for both 

the simple and full cadence-based metabolic equations at 100 BPM (maximum 

differences 1.0-1.4 mL/kg/min for each measure and equation). When scaled measures of 

predictive error were evaluated, there were no consistent trends (positive or negative) 

with increasing music tempo of cadence-constrained trials (Table 9). However, with the 

singular exception of the percent bias magnitude for the simple equation, each metabolic 

equation’s RMSPE, MAPE, and percent bias magnitudes were the lowest during the 100 

BPM trial. These maximum differences in scaled measures between cadence-constrained 

Table 9: Predictive Error of Metabolic Equations in Each Overground 

Unconstrained and Cadence-Constrained Walking Trial. 

Trial 

RMSE (mL/kg/min)  MAE (mL/kg/min)  Bias (mL/kg/min) 

RMSPE (%) MAPE (%) Percent Bias (%) 

Simple Full ACSM Simple Full ACSM Simple Full ACSM 

Slow 
1.3±1.6 1.7±2.3 1.4±1.4 1±0.9 1.2±1.1 1.2±0.8 0.0±1.4 -0.7±1.6 0.9±1.1 

13±16 17±23 14±14 10±9 12±11 12±8 0±14 -7±16 9±11 

Nor 

-mal 

2.0±2.1 2.5±2.6 2.1±2.7 1.6±1.1 2.0±1.5 1.7±1.4 -0.5±1.9 -1.5±2 1.3±1.7 

16±17 20±21 17±22 13±9 16±12 14±11 -4±16 -12±16 11±14 

Fast 
2.9±3.2 2.8±2.9 4.2±4.8 2.5±1.6 2.4±1.5 3.6±2.2 0.9±2.9 -0.4±2.8 3.6±2.2 

17±19 17±17 25±28 15±9 14±9 22±13 5±17 -3±17 22±13 

80 
BPM 

2.2±2.5 2.1±2.3 2.1±2.2 1.9±1.3 1.7±1.2 1.8±1.1 1.8±1.3 1.3±1.6 1.8±1.2 

21±22 19±21 20±20 17±12 15±11 17±10 17±12 12±15 16±11 

100 
BPM 

1.8±2 1.9±1.9 2.4±2.4 1.5±1.1 1.7±0.9 2.1±1.3 0.8±1.7 -0.2±1.9 1.9±1.5 

14±15 14±14 18±19 11±8 13±7 16±10 6±13 -2±15 15±11 

125 
BPM 

2.9±2.6 3.2±3.3 4.8±4.1 2.6±1.1 2.7±1.8 4.4±1.8 -0.1±2.9 -1.6±2.9 4.4±1.8 

16±15 18±19 27±23 15±6 15±10 25±10 -1±16 -9±16 25±10 

All values are presented as mean±SD 
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trials ranged from 3-10% for the cadence based metabolic equations and 8-10% for the 

ACSM Metabolic Equation, which also consistently had the highest values in the 125 

BPM trial. In summary, while predictive error tended to increase with increasing self-

selected walking pace in the unconstrained walking condition the simple and full 

cadence-based metabolic equations tended to have the lowest predictive error in the 100 

BPM (as opposed to 80 BPM) trial.  

4.2.2.4. Bland-Altman Analysis 

Shapiro-Wilk tests verified that the participant-level average differences between 

measured and predicted VO2 were normally distributed with each metabolic equation. 

The Bland-Altman plots subsequently created to show the bias (measured - predicted 

VO2) of each metabolic equation are presented in Figures 4A-C. Each equation’s mean 

bias, 95% confidence interval for mean bias, and 95% limits of agreement are also 

provided in Table 10. Appendix C includes Bland-Altman plots for each equation 

stratified by walking condition, although there did not appear to be any differences in 

systematic bias between overground unconstrained and cadence-constrained walking 

conditions. The simple cadence-based metabolic equation tended to slightly underpredict 

walking intensity while the full equation tended to slightly overpredict walking intensity 

(mean biases of 0.5 and -0.5 mL/kg/min, 

respectively). Still, neither of these 

cadence-and there were no apparent trends 

in bias with increasing walking intensity 

(Figures 4B and 4C). Conversely, the 

ACSM Metabolic Equation significantly  

Table 10: Results of the Bland-Altman 

Analysis for Each Metabolic Equation. 

Equation 
Mean Bias 

[95% CI] 
95% LoA 

Simple 0.5 [-0.3 to 1.3] -3.9 to 4.9 

Full -0.5 [-1.3 to 0.3] -5.2 to 4.2 

ACSM 2.3 [1.8 to 2.9] -1.7 to 6.4 

Note: analysis included all data collected during 

unconstrained and cadence-constrained walking 

All units are mL/kg/min 

LoA = limits of agreement; CI = confidence 

interval 
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underpredicted metabolic intensity(mean bias [95% confidence interval] of 2.3 [1.8-2.9] 

mL/kg/min) and there was a clear increase in its bias as metabolic intensity increased 

(Figure 4A). This observation was confirmed by a modified Bland-Altman plot where 

bias was plotted against measured VO2 (Appendix D). 

  

Figure 4: Bland-Altman Plots for the 

ACSM Metabolic Equation (4A), 

Simple Equation (4B), and Full 

Equation (4C) With the Overground 

Walking Data. 

Note: figures include all data collected during 

unconstrained and cadence-constrained walking; 

Measured = VO2 measured with indirect 

calorimetry; Predicted = VO2 predicted by 

metabolic equation 

Figure 4A Figure 4B 

Figure 4C 
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CHAPTER 5 

DISCUSSION 

Although metabolic intensity is an important component of PA to consider in 

exercise programming and measurement, it can be difficult to quantify and convey to the 

general public. Therefore, the purpose of this thesis was to develop metabolic equations 

that predict metabolic intensity (oxygen consumption; mL/kg/min) from cadence using a 

large treadmill walking dataset (Study One) and cross-validate these equations during 

overground unconstrained and cadence-constrained walking conditions (Study Two). The 

metabolic equation that is currently most well-known is the speed-based equation 

published in the ACSM Guidelines for Exercise Testing and Prescription since 1980 

(Eq.1).17 Because cadence can be easily measured and prescribed during overground 

walking, the metabolic equations developed herein (Eq. 2 and 3) are more practical for 

researchers, health professionals, and members of the general public to use. In addition, 

given the aforementioned limitations of the study from which the ACSM Metabolic 

Equation’s speed component was originally derived,19 the cadence-based metabolic 

equations developed herein are based on a larger, age- and sex-balanced sample of adults 

across the lifespan. The use of this sample for calibrating a metabolic equation suggests a 

greater potential to produce accurate and generalizable results. This conclusion is further 

supported by the simple and full equations’ ~50% lower RMSE and MAE and ~200% 

lower bias than the ACSM Metabolic Equation in this large, heterogeneous sample. 
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5.1. The Cadence-Intensity Relationship During Treadmill Walking 

5.1.1. The Simple Cadence-Based Metabolic Equation 

 As hypothesized in Study One, a quadratic model describing the cadence-intensity 

relationship provided a significantly better fit than a linear model. The marginal R2 value 

of this quadratic mixed regression model (0.81) indicated that there was a strong 

relationship between cadence and metabolic intensity of treadmill walking. Moreover, the 

simple cadence-based metabolic equation achieved the hypothesized level of predictive 

accuracy, with RMSE and MAE values that were ≤1 MET during treadmill walking (0.7 

and 0.5 METs, respectively). As MAE is a better indicator of average error,166 the simple 

equation therefore predicted treadmill walking intensity within 0.5 METs, on average. 

This is equivalent to an error of 45 kcals/hr for the average American man and 38 

kcals/hr for the average American women (Appendix B). This equation also 

demonstrated almost no bias (magnitude <0.01 METs). The strength of the cadence-

intensity relationship observed with these data is somewhat similar to that observed by 

Abel et al.27 (R2 = 0.79), Beets et al.31 (R2 = 0.68), and Tudor-Locke et al.40 (R2 = 0.80-

0.83). Comparatively weaker relationships were reported by Peacock et al.35 (R2 = 0.50), 

Marshall et al.33 (R2 = 0.23-0.35), and Rowe et al.36 (R2 = 0.34). The lower R2 values 

reported in each of these latter three studies may be due to their use of a linear regression 

model, whereas Abel et al.27 and Beets et al.31 used curvilinear models. Although a linear 

regression model was used by Tudor-Locke et al.,40 it may not have affected the observed 

R2 values because participants completed only two walking bouts. 

 It should be noted that Study One’s sample included fewer older adults (37 adults 

in Cohort 3), relative to young and middle-aged adults (76 and 80 adults for Cohorts 1 



106 

 

and 2, respectively). If there was a substantial effect of age on the cadence-intensity 

relationship, including fewer older adults in the calibration sample may have produced a 

simple equation that is more accurate in younger/middle-aged adults but less accurate in 

older adults. Still, the data used to develop and evaluate the simple equation in Study One 

were collected from a large sample of adults 21-81 years of age who varied in height by a 

factor of 1.3, body mass by a factor of 2.7, and BMI by a factor of 2.0. The utilization of 

this large, heterogeneous sample suggests that the simple equation (and its predictive 

error reported in Study One) will be generalizable to the vast majority of ostensibly 

healthy adults. This generalizability, along with its inclusion of cadence as the only input, 

make the simple equation a practical and valid tool for use in public health. However, 

while these features are advantageous for public health applications, they may also limit 

the simple equation’s ability to provide precise, individualized predictions and 

prescriptions of walking intensity for a specific sub-population or individual. 

5.1.2. The Full Cadence-Based Metabolic Equation 

 The rationale for developing both a simple and a full cadence-based metabolic 

equation was to provide two complementary tools for predicting walking intensity; one 

would be easier and more accessible to use (the simple equation), while the other (the full 

equation) required users to measure and/or input anthropometric and demographic 

variables but would theoretically produce individualized and therefore more accurate 

results. With these two options, researchers, health professionals, and members of the 

general public could choose the cadence-based metabolic equation that best aligns with 

their specific application, resources, and level of knowledge. 
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Using best subsets regression analysis, a full cadence-based metabolic equation 

was created that included leg length, age, BMI, and sex as additional predictors of 

walking intensity. This indicates that the model including these variables had the lowest 

cross-validated measure of residual sum of squares (i.e., PRESS statistic) for metabolic 

intensity predictions. As hypothesized, the full cadence-based metabolic equation had a 

lower RMSE and MAE than the simple equation during treadmill walking (Table 5). 

However, this <0.1 MET (0.2 mL/kg/min) difference in predictive accuracy between 

simple and full cadence-based metabolic equations has negligible practical significance. 

For example, most people would have a metabolic intensity of 8.7-12.3 mL/kg/min when 

walking at the 3 METs (10.5 mL/kg/min) cadence threshold determined by the simple 

equation, and of 8.9-12.1 mL/kg/min when walking at that provided by the full equation 

(according to their MAE values). These ranges are both equivalent to ~2.5-3.5 METs. 

Additionally, the observed differences in treadmill walking RMSE and MAE values 

between the simple and full equation equate to differences of only 3-5 kcal/hr for the 

average American man and woman. Furthermore, the simple cadence-based metabolic 

equation had several lower measures of predictive error than the full equation during the 

overground walking conditions (further discussed in section 5.2.1). Therefore, while the 

full cadence-based metabolic equation has additional barriers to its application and a 

higher user burden, it conveys little added benefit compared to using the simple equation. 

Although including these additional predictor variables did not enable the full 

equation to predict walking intensity appreciably better on average than the simple 

equation (<0.1 MET differences in predictive accuracy), it did result in more substantial 

differences in predictions of metabolic intensity at a given cadence between individual  
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participants. To quantify these differences, Table 11 presents each metabolic intensity 

predicted by the full equation when an individual has the minimum or maximum age, leg 

length, or BMI value of the Study One sample (or sex is set to male or female). Only one 

characteristic is set to such values while the remaining characteristics are controlled for 

by inputting the respective mean value for the Study One sample (Table 3) and male for 

sex. For example, the effect of age was examined by using the full equation to predict 

walking intensity for two individuals: one with the youngest and the other with the oldest 

age of Study One’s sample, while both had a sex of male and a leg length and BMI equal 

to the Study One sample means. These predictions are provided for cadences of 80, 100, 

and 120 steps/min to represent the range of cadences measured during self-selected slow 

to fast walking trials (Table 7) and also includes the self-selected cadences of older 

adults, even during dual-task walking (i.e., spelling words backwards while walking).145 

In this analysis and at this range of cadences, the full equation predicted metabolic 

intensities that differed by 0.4-0.9 METs between the shortest and longest-legged 

individual, 0.1-0.8 METs between the oldest and youngest individual, 0.5-0.8 METs 

between the individuals with the lowest and highest BMI, and 0.1-0.3 METs between a 

man and woman. The full equation may therefore be advantageous for predicting walking 

Table 11: Metabolic Intensity Predictions with the Simple and Full Cadence-

Based Metabolic Equations.  

Cadence 
Simple 

Equation 

Full Equation 

Sex Age Leg Length BMI 

M F Min Max Min Max Min Max 

80 steps/min 8.3 8.4 8.1 8.5 8.2 7.7 9.1 9.1 7.2 

100 steps/min 11.3 11.5 10.9 12.2 10.6 10.4 12.7 12.4 10 

120 steps/min 16.2 16.6 15.6 17.8 14.8 15.0 18.2 17.6 14.8 

Note: full equation predictions with one characteristic input as indicated and all others defaulted to 

male and Study One sample mean values 

All units are mL/kg/min 

M = Male; F = Female; Min = Study One sample minimum; Max = Study One sample maximum 
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intensity when an individual has more extreme anthropometric and/or demographic 

characteristics (i.e., older adults and very tall and/or obese individuals). Each of these 

variables’ effect on the cadence-intensity relationship and the potential underlying 

mechanisms are discussed in the following sections. 

5.1.2.1. Leg Length 

 Leg length and height have a positive relationship with step length at a given 

speed.65,75,79,80 The longer step length of taller individuals results in lower cadences and 

rates of internal work (i.e., work for swinging limbs) at a given speed, and has been cited 

in several studies63,65,79 to explain the inverse relationship between height and walking 

intensity (see section 2.2.2.2). In addition, seven studies28-31,35,36,38 have reported a 

positive effect of height or leg length on the cadence-intensity relationship (i.e., 

increasing intensity are a given cadence with increasing height/leg length; see section 

2.4.3.2). Similarly, leg length was included in the full cadence-based metabolic equation 

with a positive effect on predicted metabolic intensity that was greater at higher cadences 

due to a cadence-leg length interaction. This resulted in a difference between predictions 

for the shortest- and longest-legged individuals that was 0.4 MET (1.4 mL/kg/min) at 80 

steps/min and 0.9 METs (3.3 mL/kg/min) at 125 steps/min (Table 11). The positive 

effects of leg length and height on the cadence-intensity relationship observed in previous 

studies28-31,35,36,38 and herein may also be explained by increases in step length with 

increasing stature, as a greater step length would enable taller individuals to walk faster 

and perform more external work (i.e., work for accelerating the body’s center of mass) at 

a given cadence, resulting in a greater metabolic intensity. 
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To further explore whether this mechanism may have caused the effect of leg 

length on the cadence-intensity relationship observed herein, the correlations between 

cadence at each treadmill walking speed and participant leg length and height were 

evaluated. Table 12 includes the correlation coefficients and p-values for these cadence-

leg length relationships at each speed. Values were similar when height was considered 

as an alternative to leg length. At each speed ≥26.8 m/min (1.0 mph), there was a 

significant inverse correlation (p <0.05) between cadence and the leg length/height of 

each participant. These correlations generally strengthened as speed increased, with 

moderate-to-strong negative correlations (r ≤-0.50) at speeds ≥67.1 m/min (2.5 mph) and 

strong negative correlations (r ≤-0.70) at 107.3 and 134.1 m/min (4.0 and 5.0 mph). The 

correlations between cadence at a given speed and participant leg length and height at 

speeds ≥67.1 m/min (2.5 mph) were also comparable to those reported in previous studies 

(-0.66 to -0.77).65,75,79,80 These findings provide confirmatory evidence that taller 

individuals had longer step lengths (and lower cadences) than shorter individuals at 

several of the same speeds. These taller individuals therefore tended to walk at a faster 

speed with the same cadence, which likely resulted in the positive effect of leg length on 

walking intensity in the full cadence-based metabolic equation. Furthermore, the 

increasing strength of this correlation with increasing walking speed indicates that taller 

individuals’ step length was increasingly longer than that of shorter individuals at 

Table 12: Correlations Between Participant Leg Length and Cadence at Each 

Speed of Treadmill Walking. 

Outcome 

Variable & 

Value 

13.4 
m/min 

26.8 
m/min 

40.2 
m/min 

53.6 
m/min 

67.1 
m/min 

80.5 
m/min 

93.9 
m/min 

107.3 
m/min 

120.7 
m/min 

134.1 
m/min 

Cadence 
r -0.04 -0.15 -0.31 -0.46 -0.55 -0.61 -0.64 -0.71 -0.64 -0.91 

p 0.55 0.04 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.03 

r = correlation coefficient; p = p-value 
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increasingly faster speeds. This is consistent with the full equation including a cadence-

leg length interaction that resulted in a greater effect of leg length at higher cadences and 

provides additional evidence that step length mediated the influence of leg length on the 

cadence-intensity relationship. 

5.1.2.2. Age 

 Several previous studies54,83-86 have reported that older adults walk with a greater 

metabolic intensity than young and middle-aged adults walking at the same speed. This 

has been attributed to age-related declines in coordination and the motor strategies 

employed by older adults for preserving balance and stability (see section 2.2.2.3). In the 

only study that has examined the relationship between cadence and absolutely-defined 

intensity in older adults, Peacock et al.35 similarly reported a positive effect of age on 

metabolic intensity (i.e., increasing age resulting in an increased walking intensity) at a 

given cadence. Studies67,75,79,87,88 comparing only young and middle-aged adults, 

however, have not found such age-related differences in metabolic intensity of walking. 

Therefore, to further examine age’s influence on walking intensity, 

 a post hoc analysis of the treadmill walking dataset was conducted with participants 

stratified by age cohort (Cohort 1 [21-40 years], Cohort 2 [41-60 years], Cohort 3 [61-85 

years]). Specifically, a quadratic least 

squares regression was fit to the cadence-

intensity relationship for each cohort and 

are shown in Figure 5. These 

cohort-specific regressions were also 

used to derive cadences associated with  

Table 13: Cadences Associated with 

Metabolic Intensities of Walking from 

Cohort-Specific Quadratic Regressions 

of the Cadence-Intensity Relationship. 

Age 

Cohort 

3 

METs 

4 

METs 

5 

METs 

6 

METs 

Cohort 1 95 110 122 131 

Cohort 2 95 112 125 136 

Cohort 3 100 119 133 145 

All units are steps/min 
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walking at various metabolic intensities, which are presented in Table 13. The cadence-

intensity relationship appeared to be similar between Cohorts 1 and 2 (0-5 step/min 

differences in cadences for attaining 3-6 MET). Conversely, Cohort 3 required cadences 

that were 5-14 steps/min higher than Cohorts 1 and 2 to walk at the same intensity from 

3-6 METs (Table 13). These findings align with the 0.3-3.0 mL/kg/min lower metabolic 

intensity at a given cadence (from 80-120 steps/min) predicted for the youngest (21 years 

of age) versus oldest (81 years of age) participant in Study One when also controlling for 

leg length, BMI, and sex (Table 11). These age-related differences were the greatest at 

the highest metabolic intensities and cadences examined, with a 9 steps/min greater 

difference between Cohort 1 and Cohort 3 cadence thresholds for 6 METs versus 3 METs 

(Table 13) and a 2.7 mL/kg/min greater difference between VO2 predictions with the 

minimum and maximum age at 80 versus 120 steps/min (Table 11). 

Figure 5: Cadence-Intensity Relationships During Treadmill Walking Stratified 

by Age Cohort. 
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The negative effect of age on metabolic intensity at a given cadence demonstrated 

in this post hoc analysis and included in the full cadence-based metabolic equation 

appears to conflict with previous evidence of a positive effect of age on the speed-

intensity relationship.54,83-86 However, this positive effect of age has partially been 

attributed to older adults walking with a significantly shorter step length and greater 

cadence at a given speed than young adults, in order to reduce single-limb support time 

and increase stability.86 As shown in Figure 6, the average step lengths of older adults 

(Cohort 3) in this study were also lower (by 1-9 cm) at each speed than those of younger 

and middle-aged adults (Cohorts 1 and 2). The relatively shorter step lengths of Cohort 3 

were especially pronounced at slower walking speeds, with differences of 4-9 cm at 

speeds <40.2 m/min (1.5 mph) when compared to Cohorts 1 and 2. This shorter step 

length indicates that older adults had a higher cadence and performed more internal work 

Figure 6: Average Step Length of Participants at Each Speed of Treadmill 

Walking Stratified by Age Cohort. 

Note: error bars represent SD 
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at a given speed, which aligns with the previously reported positive effect of age on the 

speed-intensity relationship.54,83-86 The shorter step lengths of Cohort 3 participants also 

reconciles the negative effect of age on the cadence-intensity relationship observed 

herein; older adults tended to attain a given cadence at a slower speed and therefore while 

performing less external work than young or middle-aged adults. For example, the 

treadmill walking speed where at least half of participants reached cadences ≥100 

steps/min was 53.6 m/min (2.0 mph) for Cohort 3 but 67.1 m/min (2.5 mph) for Cohorts 

1 and 2. Although the data collection and analysis is not yet complete for that last age 

group (and outside the purposes of this thesis), we can anticipate that the average 

metabolic intensity associated with 100 steps/min will be lower when compared to 

younger participants in Cohorts 1 and 2. The article by Peacock et al.35 that reported a 

positive effect of age on the cadence-intensity relationship in older adults did not provide 

any information pertaining to participants’ step lengths or cadences at a given speed. As 

their sample was smaller (n = 29) and consisted exclusively of older adults that self-

reported being physically-active, it is possible that they did not exhibit age-related 

differences in step length. Therefore, the present study provides the first evidence 

suggesting that older adults may require a greater cadence to obtain a given walking 

intensity. Because the full equation accounts for this potential effect of age on the 

cadence-intensity relationship, it may provide more accurate predictions of walking 

intensity in older adults, compared to the simple equation.  

5.1.2.3. BMI 

 Prior studies61,70.have reported that class II obese participants (BMI 35.0-39.9 

kg/m2) walked with greater metabolic intensities at a given speed than participants with 
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lower BMIs. This was attributed to obesity-related mechanical inefficiencies in gait and 

changes in body mass distribution (see section 2.2.2.1). However, the full equation 

developed herein predicted greater walking intensities at a given cadence with lower 

BMIs, with an increasing magnitude of effect with increasing cadence (Table 11). This 

suggested influence of BMI is based on the Study One’s sample which included 96 

normal weight, 75 overweight, and 22 obese participants. Therefore, a positive BMI-

intensity relationship due to obesity-related mechanical inefficiencies may not have been 

observed in this sample because a majority (89%) of participants were not obese. 

Additionally, there is evidence that walking intensity at a given speed may increase with 

decreasing body fat percentage due to fat-free mass having a greater metabolic demand 

than fat mass during PA.76,78 This mechanism may have also caused the negative effect of 

BMI on metabolic intensity in the full equation. The full equation having accounted for 

this inter-individual variability in the cadence-intensity relationship by including BMI 

instead of percent body fat may reflect the inaccuracy of bioelectrical impedance for 

measuring body composition.167 

A significant effect of BMI on the cadence-intensity relationship was also 

reported by Nielson el.34 and Beets et al.31 Contrary to the results of the current study, 

Nielson el.34 reported that this effect of BMI was positive and greater at higher cadences 

but no potential mechanism for this effect was proposed. Although Beets et al.31 indicated 

that BMI had a positive effect on walking intensity at lower intensities (e.g., 3 METs), 

similar to the full equation, they reported a negative cadence-BMI interaction that 

resulted in a negative effect of BMI at higher intensities (e.g., 6 METs). 
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In the current study, average step lengths did not differ between BMI categories 

by more than 3 cm at each treadmill walking speed. Compared to the 4-9 cm differences 

in step length observed between age cohorts (see section 5.1.1.2), the smaller magnitude 

of these differences indicate there were not BMI-related differences in gait parameters at 

a given speed. Therefore, the effect BMI exhibited on walking intensity at a given 

cadence, indicated by the full equation, was likely related to non-kinematic factors such 

as differences in the proportion of metabolically active tissue that comprised individuals’ 

body mass. 

5.1.2.4. Biological Sex 

 There is conflicting evidence regarding the influence of sex on the speed-intensity 

relationship (see section 2.2.2.1). When men and women were walking at the same speed, 

several studies78,87,95,96 have reported that metabolic intensity was higher in men while 

others70,97,98 have reported metabolic intensity to be higher in women. These differences 

may be attenuated when sex-related differences in percentage body fat and height are 

controlled statistically and/or by study design.23,36,75,78 Studies27,33,36,40,43 comparing the 

cadence-intensity relationships of men and women have consistently reported that men 

require lower cadences than women to reach 3 and 6 METs (by 3-13 steps/min and 10-11 

steps/min, respectively). However, there is strong evidence that accounting for men’s 

greater average height, relative to women, also eliminates their higher metabolic intensity 

at a given cadence.28,29,36 

In the full cadence-based metabolic equation, the inclusion of sex as a predictor 

resulted in men having a higher predicted metabolic intensity at a given cadence 

compared with women. Although the direction of this effect was consistent with the 
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results of other studies,27,33,36,40,43 the full equation controls for leg length by including it 

as another predictor variable. This indicates that the observed effect of sex herein was 

independent from differences in stature between men and women. To further explore this 

unexpected finding, likelihood-ratio tests were used to compare quadratic mixed 

regression models of the cadence-intensity with and without sex as a predictor. When the 

original (null) model only included cadence, the addition of sex resulted in significantly 

better model fit (p <0.001). However, when the null model included cadence and leg 

length (i.e., when the model controlled for leg length), it was not further improved by 

including sex as a predictor (p = 0.28). In addition, the full equation’s predictions of 

metabolic intensity at a given cadence differed only marginally between men and women 

(0.1-0.3 MET differences at 80 -120 steps/min [Table 11]). These findings suggest that 

there was not a significant independent effect of sex on the cadence-intensity 

relationship. Therefore, although selecting the model with the lowest PRESS statistic was 

a rational approach for developing the full equation, a more parsimonious model that did 

not include sex may have exhibited a similar predictive capacity. 

5.2. Overground Unconstrained and Cadence-Constrained Walking 

5.2.1. Effects on Equation Predictive Error and Metabolic Intensity 

 The cadence-based metabolic equations were developed using the data collected 

during treadmill walking to attempt to maximize their accuracy and generalizability, as 

this dataset included a larger and more heterogenous sample than the overground walking 

dataset. However, there is evidence that treadmill walking ground reaction forces,107,108 

muscle activity,107,109 and gait timing77,100-106 may differ from those observed during 

overground walking (see section 2.2.3). Still, as was hypothesized, the simple and full 
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cadence-based metabolic equations remained valid when applied to data collected during 

overground unconstrained walking, with RMSE and MAE values <1 MET (≤0.7 METs). 

These values also equated to 37-60 kcals/hr for the average American man and women. 

Moreover, both cadence-based metabolic equations had a predictive accuracy during 

overground unconstrained walking that was similar (RMSE and MAE values 0.1 MET 

higher to 0.1 MET lower) to that observed during treadmill walking (differences ≤8 

kcals/hr [Appendix B]). This suggests that the cadence-intensity relationship of treadmill 

walking did not differ appreciably from that of overground unconstrained walking and 

supports the cadence-based metabolic equations’ generalizability to this more commonly 

performed walking condition. 

 Previous studies have shown that constraining cadence during overground 

walking may result in different gait parameters45-47 and an elevated metabolic 

intensity47,48 compared to unconstrained walking (see section 2.2.3). This evidence led to 

the hypothesis that the cadence-based metabolic equations would underpredict the 

metabolic intensity of cadence-constrained walking. However, both equations maintained 

their predictive accuracies during the cadence-constrained walking condition, with RMSE 

and MAE values that remained ≤1 MET (44-62 kcals/hr for the average American man 

and women) and similar (0.1 MET higher to 0.1 MET lower) to those observed during 

treadmill walking (differences ≤10 kcals/hr [Appendix B]). The simple and full cadence-

based metabolic equations therefore appear to remain valid for determining metronome 

or music tempos to use when making cadence-based prescriptions of walking intensity. 

 Although the small differences in predictive accuracy between walking conditions 

are unlikely to be practically significant, there was a consistent trend for the simple and 
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full equations to be less accurate during cadence-constrained versus unconstrained 

walking (RMSE and MAE values greater by <0.1-0.2 MET). There was also an 

interesting trend in bias between the two overground walking conditions; during cadence-

constrained walking, the simple equation and ACSM Metabolic Equation were more 

likely to underpredict walking intensity (0.2 MET more positive bias) while the full 

equation was less likely to overpredict walking intensity (0.2 MET less negative bias). 

Both of these results could be explained by a slight (0.2 MET) elevation in walking 

intensity at any given cadence during cadence-constrained walking. This is similar to 

what was originally hypothesized. However, the small magnitude of this elevation in 

walking intensity did not result in practically significant effects on the simple equation’s 

predictive accuracy and, because the full equation already tended to overpredict 

metabolic intensity (during unconstrained walking), these higher metabolic intensities 

actually reduced its magnitude of bias. 

 These findings align with the results reported by Wezenberg et al.,48 who 

compared the metabolic intensity of normal treadmill walking (i.e., walking with only 

speed constrained by the treadmill) to that when additional constraints were 

simultaneously placed on cadence and step length (see section 2.2.3). While all trials 

were conducted at the same walking speed and with the same average cadences and step 

lengths, the authors reported that VO2 was elevated by 8% when cadence and step length 

were constrained to be constant, and by 13% when they were constrained to be a real-

time mimicry of their normal treadmill walking trial (i.e., exhibiting the same variability). 

The researchers concluded that these constraints on walking resulted in motor control-

related demands (i.e., a modified ankle stabilization strategy and greater preparatory and 
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antagonistic muscle activation) that increased metabolic intensity, even without 

differences in gait parameters. In the present study, a constraint was placed only on 

cadence (and not step length or speed) using an auditory signal from a popular 

commercial song to better represent a real-world application of this research. This may 

explain why the percent bias of the cadence-based metabolic equations differed only by 

~5% between unconstrained and cadence-constrained walking conditions (Table 8), as 

opposed to the 8-13% increase in metabolic intensity observed by Wezenberg et al.48 

Still, the tendency of the metabolic equations to underpredict VO2 by more (or 

overpredict VO2 by less) during cadence-constrained walking suggests that entraining 

cadence to music tempos similarly resulted in motor control-related demands that slightly 

increased walking intensity at a given cadence. 

 The motor control-related demands of cadence-constrained walking may also 

underly the different trend in predictive error values observed among trials of overground 

unconstrained versus overground cadence-constrained walking. As the self-selected pace 

of unconstrained walking trials increased, predictive error of the simple and full cadence-

based metabolic equations consistently increased. However, an analogous increase in 

predictive error with increases in music tempo was not observed in the cadence-

constrained condition; predictive error was generally the lowest in the 100 BPM rather 

than the 80 BPM trial. This unexpected finding may be related to the prescribed cadence 

of 100 steps/min being closest to participants’ preferred walking cadence (average 

cadence of 107 steps/min during the self-selected normal-paced trial; Table 7). Entraining 

cadence to the music tempos that represented greater deviations from participants’ 

preferred cadence (i.e., to music tempos of 80 and 125 BPM) may have required more 
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metabolically costly motor control-related demands (per step), resulting in greater 

differences between cadence-constrained and unconstrained walking intensities at these 

cadences. 

 As was found during treadmill walking, the predictive accuracies of the simple 

and full cadence-based metabolic equations were similar during both overground walking 

conditions (differences in RMSE and MAE <0.1 MET [≤0.2 mL/kg/min]). Compared to 

the full equation, the simple equation had actually exhibited slightly (≤0.2 mL/kg/min) 

lower RMSE and MAE values during overground unconstrained and cadence-constrained 

walking. This provides further evidence that use of the full equation does not have the 

intended benefit of producing more accurate predictions of walking intensity, despite 

requiring the additional input of individualized anthropometric and demographic 

predictor variables. 

5.2.2. Effects on Walk Ratio 

 In addition to having independent effects on walking intensity, constraining a gait 

parameter may influence the other gait parameters that are unconstrained and self-

selected. Specifically, studies45,46 have reported that there are no to small increases in step 

length with increases in speed and cadence during cadence-constrained walking (see 

section 2.2.3). For example, Laurent & Pailhous46 demonstrated that a 27% increase in 

cadence over four different RAC tempos was accompanied by only an 8% increase in 

cadence. This results in a decreasing walk ratio over a speed/cadence range of cadence-

constrained walking, whereas there is strong evidence that the walk ratio remains 

constant during treadmill and unconstrained overground walking due to simultaneous and 

proportionally equivalent increases in cadence and step length.49,53,54 To examine if such 
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trends were present in the data collected herein, a post hoc repeated-measures analysis of 

variance (ANOVA) was used to test whether the walk ratio differed  

 between trials in the unconstrained walking condition and the cadence-constrained 

walking condition. After applying Greenhouse-Geisser corrections to adjust for non-

sphericity, there was a significant change in walk ratio during cadence-constrained 

walking (p <0.001), but not during unconstrained walking (p >0.05). As shown in Figure 

7B, the average walk ratio of participants during cadence-constrained walking decreased 

as music tempo (and therefore walking speed [Table 7]) increased. These findings 

indicate that there were proportionally smaller increases in step length than in cadence 

during the cadence-constrained walking condition. The walk ratio also did not appear to 

change across the speeds of treadmill walking where the walk ratio has previously been 

shown to remain constant (60-120 m/min; Figures 5A),53,54 although a repeated measures 

ANOVA could not be conducted because all participants did not complete the same 

Figure 7: Average Walk Ratio for Each Treadmill (7A) and Overground (7B) 

Walking Trial. 

Note: error bars represent SD 

Figure 7A Figure 7B 
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number of treadmill walking trials. Nonetheless, the differences between minimum and 

maximum walk ratios observed during treadmill walking (0.5 mm/step/min) and 

overground unconstrained walking (0.3 mm/step/min) were similar and comparatively 

smaller than that observed during the cadence-constrained walking condition (1.2 

mm/step/min). This finding demonstrates an influence of constraining cadence on gait 

parameters. While previous studies45-47,122 have observed a decreasing walk ratio when 

entraining cadence to incrementally faster metronome tempos, the results reported herein 

demonstrate that this effect also exists when entraining cadence to a popular commercial 

song, as may be used to prescribe cadence-based recommendations for walking intensity. 

However, the proportionally smaller increases in step length during cadence-constrained 

walking suggests that participants were walking at slower speeds at a given cadence than 

during treadmill or overground unconstrained walking. While this implies there would be 

a reduction in metabolic intensity, the evidence discussed above indicates that this 

reduction in speed was compensated for by the additional metabolic cost of the motor-

control related demands for entraining cadence to the tempo of music. 

5.2.3. Age Discrepancy Between Study One and Study Two Participants 

While the cadence-based metabolic equations were calibrated in participants 

representing ages across the adult lifespan (Study One), the data collected during 

Table 14 Predictive Error of Simple and Full Equations After Re-Calibrated with 

Only Study One Cohort 1 Participant Data. 

Walking 

Condition 

RMSE (mL/kg/min) MAE (mL/kg/min) Bias (mL/kg/min) 

Simple Full Simple Full Simple Full 

All OG 2.3 ± 2.6 2.4 ± 2.8 1.9 ± 1.4 2.0 ± 1.5 0.0 ± 2.3 -0.2 ± 2.4 

UNCON 2.2 ± 2.5 2.3 ± 2.6 1.8 ± 1.3 1.8 ± 1.4 -0.3 ± 2.2 -0.6 ± 2.2 

CAD-CON 2.5 ± 2.7 2.6 ± 2.9 2.0 ± 1.4 2.1 ± 1.5 0.4 ± 2.4 0.1 ± 2.6 

All values are presented as mean ± SD 

All OG = all overground; UNCONS = overground unconstrained; CAD-CON = overground cadence-

constrained; TM = treadmill 
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overground unconstrained and cadence-constrained walking (Study Two) was limited to a 

sample of adults <30 years of age. These latter data were sufficient for accomplishing 

Study Two’s aim of cross-validating the cadence based metabolic equations across 

walking conditions. Nonetheless, the results of Study Two would be strengthened by 

providing evidence that the reported predictive error values were not affected by the 

discrepancy in age between calibration and cross-validation samples. 

 Based on the aforementioned age-discrepancy, a post-hoc analysis was conducted 

to determine whether eliminating this age discrepancy changed the results of Study Two. 

Specifically, the simple and full cadence-based metabolic equations were re-calibrated 

(i.e., least squares regression models were fit) using only the treadmill walking data from 

Cohort 1 (adults 21-40 years of age). These re-calibrated cadence-based metabolic 

equations were then applied to the data collected during overground unconstrained and 

cadence-constrained walking in the same manner as in Study Two. The resulting 

predictive error values are provided in Table 14. When re-calibrated in this younger 

subsample and applied to the overground walking conditions, the simple and full 

equations had RMSE, MAE, and bias values that were similar to those originally reported 

in Study Two (all differences ≤0.1 MET; Table 8 and Table 14). Therefore, re-calibrating 

the cadence-based metabolic equations in participants with ages similar to those included 

in the cross-validation dataset did not affect the results. This post hoc analysis uses the 

data available to provide some evidence that the wider age range of the Study One 

sample did not have a notable influence on metabolic equation predictive error during the 

overground walking conditions in young adults (Study Two).  


