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The purpose of this investigation was to assess the influence of running

speed on the metabolic cost relative to distance traveled (MBTC), the gross

mechanical cost (Work,W), and on mechanical cost relative to distance

traveled (MTC). Twelve, trained male runners performed 8-minute

treadmill runs at 6 running speeds (range 140 to 240 mmin-1). Testing was

repeated on a second day. Net oxygen consumption was measured, and

normalized for running speed to provide a MBTC value (mlkg-l-m-1) which

could be compared across speeds. Two synchronized cameras were positioned

to obtain right and left sagittal views of the runners during each trial. Two

strides were subsequently digitized. Coordinate data were smoothed using a

Butterworth filter. Cutoff frequencies (X, Y directions) were determined for

each point using residual analysis procedures. Both sagittal view video

recordings were merged resulting in a 12 segment model. From positional

changes and estimated inertial characteristics of the segments, instantaneous

segmental and total body energy levels were calculated. From the changes in
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total body energy levels, W was determined using three algorithms each

unique in the degree of energy transfer allowed. Values for power also were

normalized for running speed to provide a MTC value (J-kg-1m-1) which

could be compared across speeds. Repeated measures ANOVA was

performed to test for differences in means between the two trials. No

differences were found between trials. Therefore, trial data were averaged

and regression analysis was used to describe the response of the metabolic and

mechanical variables across speeds. Linear models best described the

relationship between dependent variables and speed. MBTC did not change

with speed (p=0.113). W increased with speed when energy transfers were

restricted (p<0.001), but did not change when complete transfers were allowed

(p=.26). MTC decreased significantly with speed (p<0.001) for all algorithms.

This study suggests that to run a given distance, speed does not influence

metabolic cost, while it is inversely related to mechanical cost. Furthermore,

gross mechanical cost is strongly influenced by energy transfers within and

between body segments.
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The Influence of Velocity on the Metabolic and Mechanical Task Costs of

Treadmill Running

Chapter I

Introduction

Over the past 20 years, the heightened popularity in running has

stimulated scientists to dissect this mode of ambulation both from a

physiological and a mechanical perspective. Historically, running was used

for purposeful travel, simply serving as a means to an end. Undoubtedly,

individuals recognized that variations in running speed were associated with

changes in certain physiological and mechanical parameters. Increases in

ventilation and heart rate likely were perceived, as were changes in limb

movements. Despite the importance of running to early societies, these

physiological and biomechanical alterations could not be well explained due

to technological limitations. However, as running became more of an end

unto itself, the changes in the body as a result of running turned into the

focus of numerous scientific investigations.
The increase in participation in both recreational and competitive

running sparked interest in how speed and metabolic cost were associated.

Competitive participants were concerned with minimizing metabolic cost

while optimizing speed. Recreational participants were often interested in

the use of running for body weight management. Therefore, a profile of the

relationship between metabolic cost and running speed was needed.

Subsequently, this was the thrust of a substantial portion of research on

running. The results from such studies led researchers to conclude that

oxygen consumption ("1'02 ) increases linearly with running speed (Menier
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and Pugh, 1968; Costill and Winrow, 1970; Costill, Thomason and Roberts,

1973; Falls and Humphrey, 1976; Bransford and Howley, 1977; Daniels,

Krahenbuhl, Foster, Gilbert and Daniels, 1977; Conley and Krahenbuhl, 1980;

Conley, Krahenbuhl, Burkett and Millar, 1981). Although the studies agreed

on the relationship between metabolic cost and running speed, many of the

investigations were limited methodologically. The primary areas of

weakness included the following:

1. Few running speeds and narrow speed ranges were examined

(Conley and Krahenbuhl, 1980; Conley et al., 1981).

2. Since all subjects were not tested at all running speeds, i702

responses could not be compared across a wide range of submaximal speeds

(Bransford and Howley, 1977; Costill et al., 1973).

3. Steady state conditions were not rigorously assessed, thereby

limiting the validity of measured 'oxygen cost (Bransford and Howley, 1977;

Conley and Krahenbuhl, 1980; Conley et al., 1981).

In spite of these limitations, linearity of the association between the

two variables continues to be accepted. Daniels (1985) stated that "the concept

of a linear relationship between velocity and i702 seems to hold up during

submaximal running, where the energy demands are met aerobically and the

range of running speeds is rather limited" (p. 333). The clarity of the concept

is muddled, however, by studies expressing the relationship between running

speed and metabolic cost relative to distance traveled. If metabolic cost

increases proportionally with running speed, and the graph of cost versus

speed goes through the origin, then metabolic cost would be constant when

expressed relative to distance traveled. If resting costs are not subtracted from

the exercise values (i.e., if gross rather than net values are used), then the

metabolic cost expressed relative to distance traveled would approach a
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constant at higher speeds. Support for this relationship was provided by

Margaria, Cerretelli, Aghemo and Sassi (1963), Pugh (1970) and Fellingham,

Roundy, Fisher and Bryce (1978). In those investigations the net caloric cost

of running was approximately 1 kcalkg-1km-1 and was independent of

running speed. However, conclusions from the Margaria et al. (1963) study

were based on data from only two subjects and running speeds at which

steady state conditions may not have existed. In addition, Pugh (1970)

examined only four runners, of which two displayed a non-linear

relationship between oxygen consumption and running speed, and

Fellingham et al. (1978) based their conclusions from data on only two

running speeds.

Other studies have failed to find oxygen cost relative to distance

traveled to be independent of running speed. Dill (1965) reported a speed-

dependent increase in net metabolic cost, while Van der Walt and Wyndham

(1973) found that oxygen cost (per meter) decreased with increasing running

speed.

There is little research in which the aerobic demand of running has

been assessed over a rather broad range of submaximal speeds. As noted,

most studies with a range of speeds approaching 100 mmin-1 have not

provided V02 profiles across all speeds for individual subjects, nor have they

used stringent means for assessing the adequacy of the assumption of the

existance of steady-state conditions. Therefore, gaps pervade the existing

knowledge base surrounding the V02-speed relationship. These vacancies

could be filled by testing all members of a group of subjects throughout a

range of speeds while enforcing strict methodological controls.

Despite the previously mentioned limitations, the physiological

responses to variations in running speed have been addressed on a gross
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scale. That is, whole body oxygen consumption has been assessed as a

variable of interest while workrate has been manipulated through changes in

running speed. In contrast, the mechanical responses of the body to

variations in running speed generally have been subjected to finer

delimitations. Kinematic and kinetic variables such as cycle length, cycle rate,

joint angle displacements, velocities and accelerations, and ground reaction

force patterns have been described for speed ranges representative of a slow

jog to a maximal sprint. However, few studies have evaluated the gross

mechanical cost of running and how that cost changes with alterations in

running speed.
The lack of existing information on the gross mechanical cost of

running may be due in part to the complexity of the measurement.

Mechanical cost can be evaluated from total body mechanical energy, work,

and power. Three approaches have been employed for such calculations. In

one approach, total body work is estimated from the product of ground

reaction forces and center of mass movements. The second approach, which

is more commonly used, requires that total body energy be calculated by

summing the instantaneous potential and kinetic energy levels of the body

segments. Total body mechanical work is then calculated from changes in the

total body energy curve across a running cycle. The third approach is based on

joint kinetics. Instantaneous power is calculated using ground reaction force

data. From the joint moments and the angular velocities of the associated

segments, joint power is obtained.

In earlier research, where the center of mass method for calculating

mechanical work was employed, it was found that mechanical work increased

with increases in running speed (Cavagna, Saibene and Margaria, 1964;

Cavagna, Thys and Zamboni, 1976; Cavagna and Kaneko, 1977; Fukunaga,
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Matsuo, Yuasa, Fujimatsu and Asahina, 1978). However, when mechanical

cost was expressed relative to distance traveled, the results were inconsistent.

Cavagna et al. (1964) found mechanical work to be constant and independent

of running speed. In later work, however, Cavagna and Kaneko (1977) found

mechanical work to increase with increases in running speed.

The mechanical cost of running using the segmental based approach

has been performed by several researchers. Shorten, Wootton, and Williams

(1981) found positive mechanical power to increase as running speed

increased from 3.58 to 5.81 ms-1. Luhtanen, Rahkila, Rusko and Viitasalo

(1990) calculated the mechanical cost of running using the segmental

approach of Winter (1979). For speeds ranging from 157 mmin-1 to 353

mmin-1, positive mechanical work was found to increase with increasing

running speed. However, when expressed relative to distance traveled,

positive mechanical work was constant only up to a speed which elicited a

blood lactate level of 2.0 mmo1/1. At 0.5 ms-1 beyond that speed, positive

work reached a maximum value and then decreased significantly at higher

speeds. A recent study by Slavin, Hintermeister, and Hamill (1993) also found

mechanical work to increase across three running speeds ranging from 3.58

m-s-1 to 4.88 m-s-1.

The advantage of using the segmental approach is that reciprocal limb

movements are included in the energy calculations. Nonetheless, the

segmental approach suffers from the inability to account for the contribution

of elastic energy to segmental work. Also, computational methods vary as to

the degree of energy transfer allowed (Norman, Sharratt, Pezzack and

Noble,1976; Winter, 1979; Pierrynowski, Winter, and Norman, 1980;

Willliams and Cavanagh, 1983). This concept of energy transfer is critical to

the calculation of gross mechanical cost using the segmental method. If
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energy is assumed to change forms within a limb and/or transfer from one

limb to another, then gross mechanical cost is reduced. This reduction occurs

since the accounting of energies is less due to smaller energy level changes.

The influence of energy exchanges was demonstrated in the Shorten et al.

(1980) and the Slavin et al. (1993) studies. In both investigations, as the degree

of energy transfer was allowed to increase, the values for mechanical work

and power decreased. Furthermore, this relationship was consistent across all

running speeds examined.

In their study on cross-country skiing, Norman and Komi (1987) found

a high negative correlation between the amount of energy transfer and the

mechanical work required to move one kg of body mass one meter (a value

termed the "mechanical task cost"). Of additional interest from the Norman

and Komi (1987) research, was their use of "mechanical task cost" (MTC). Not

only was MTC a way of comparing gross mechanical cost across speeds and

subjects, it was employed as a method of comparing effectiveness of

locomotor technique. Furthermore, the authors were original in their

contention that low MTC values were desirable since they were indicative of

a reduction in the mechanical cost to move a given distance.

The approach of Norman and Komi (1987) provides a good vehicle for

evaluating the gross mechanical cost of locomotor activities. However, little

is known regarding the MTC of running over a wide range of submaximal

speeds. Furthermore, existing information on the metabolic cost of running

relative to distance traveled is incomplete for the reasons mentioned

previously. Few studies have systematically examined both the metabolic

and mechanical cost of running and no study has expressed them relative to

the distance traveled. Further examination of the relationship of these

variables is needed. Evaluation of the variables on a per-unit-distance-
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traveled basis may allow for the determination of running speeds most

economical from a metabolic and/or mechanical standpoint. In addition,

simultaneous calculation of the metabolic and mechanical costs may suggest

whether or not metabolic responses are being affected by mechanical

parameters.

Statement of the Purpose

The purpose of this study was to determine the influence of running

speed on metabolic cost expressed relative to distance traveled (metabolic task

cost), on gross mechanical cost (mechanical work and power), and on the

gross mechanical cost expressed relative to distance traveled (mechanical task

cost). Steady-state net oxygen consumption normalized for body mass and

running speed was used as a measure of net metabolic task cost (MBTC).

Mechanical work and power were calculated from segmental energy analysis

using the following three algorithms: a) the no-transfer approach of Norman

et al. (1976), the no between-segment transfer method of Pierrynowski et al.

(1980), and the total transfer scheme of Winter (1979). For the assessment of

mechanical cost relative to distance traveled, mechanical power values were

normalized for body mass and speed to generate measures of mechanical task

cost.

Hypotheses

For the variables of net metabolic task cost (MBTC) and mechanical

task cost it was hypothesized that high intersubject variation would exist

resulting in the absence of a minimum value being demonstrated across
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speeds. For the relationship between speed and mechanical cost, it was

hypothesized that mechanical work would increase with speed, regardless of

transfer algorithm.

Definitions

Ventilatory threshold is the point where the ventilatory equivalent for

oxygen increases without a concomitant increase in the ventilatory

equivalent for carbon dioxide.

Mechanical power is the mechanical work per cycle time.

Mechanical task cost is mechanical power normalized for body mass

(kg) and running speed (mmin-1). It represents the mechanical cost to move

1 kilogram of body mass 1 meter.

Mechanical work is the sum of the absolute changes in energy level of

the body throughout a stride cycle.

Metabolic task cost is the measured oxygen consumption (ml/kg/min)

divided by running speed (mmin-1). It represents the metabolic cost to move

1 kilogram of body mass 1 meter.

Oxygen consumption ( VO2 in ml/kg/min) is the volume of oxygen

consumed by the body per minute divided by body mass.

Running cycle is the fundamental unit of the running gait. The cycle

will be defined as beginning at left heel contact and ending at the subsequent

left heel contact.

Running economy is the steady state oxygen consumption (in

ml/kg/min) for any given submaximal running speed.
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Steady state is the oxygen consumption below that corresponding with the

ventilatory threshold where i/02 is constant. It represents the oxygen

consumption level where an equilibrium exists between energy demand and

ATP production from cellular respiration.

Scope of the Study

The proposed investigation was delimited to the following: a) twelve

trained male runners, able to run at a level speed of 240 mmin-1 while being

below their ventilatory threshold and b) running economy bouts of speeds

ranging from 140 mmin-1 to 240 mmin-1.

Limitations

Calculation of potential and kinetic energies of body segments requires

knowledge of the inertial characteristics of the segments. Direct

determination of inertial characteristics of body segments for each individual

is not feasible. However, body segment parameter data obtained from

cadavers can be individualized using the subject's body mass and segment

lengths. While body mass can be measured easily, segment length must be

estimated from body landmarks. Therefore, errors may occur in the precise

determination of segment endpoints.

The second limitation involved with mechanical energy calculations

concerns the degree to which energy transfers occur. Between-adjacent-

segment and within-segment transfers have been demonstrated (Quanbury,

Winter and Reimer, 1975; Winter, Quanbury and Reimer, 1976). However,

the degree to which energy transfers occur between non-adjacent segments is
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unknown. Finally, the segmental energy method fails to account for

contribution of elastic energy to segmental energy level change.
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Chapter II

Review of Literature

The Oxygen Cost of Submaximal Treadmill Running

Recent literature detailing the oxygen cost of running will be

summarized in this chapter, with emphasis given to the following areas: a)

the use of indirect calorimetry to measure metabolic cost, b) the linearity of

the relationship between running speed and oxygen consumption (V02 ), c)

the expression of oxygen consumption per unit of distance traveled, and d)

the factors influencing oxygen consumption during running. The review

will be limited to those studies using treadmill running.

The Use of Indirect Calorimetry to Measure Metabolic Cost

In assessing the oxygen demand of running through indirect

calorimetry, steady state conditions must exist. Steady-state conditions

require that ATP production come solely from cellular respiration (Brooks

and Fahey, 1984, p. 48). Therefore, anaerobic glycolysis and phosphagen

breakdown must not contribute to the ATP being generated. Wasserman,

Van Kessel and Burton (1967) and Whipp, Seard and Wasserman (1970) have

provided support for this, showing that at nonsteady-state exercise, anaerobic

metabolism contributes to the energy produced. Therefore, at nonsteady state

workloads, indirect calorimetry underestimates actual energy cost since the

contribution of anaerobic energy sources is undetermined (Whipp and

Wasserman, 1972).
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With indirect calorimetry, protein also is assumed to be a negligible

energy substrate. Research has shown an increased reliance on protein as an

energy source with an increase in workload (Fe lig and Wahren, 1971) and

during prolonged low intensity exercise (Ahlborg, Fe lig, Hagenfeldt, Hendler

and Wahren, 1974). In addition, increased oxidation of both alanine and

leucine during exercise has been demonstrated (White and Brooks, 1981).

Nonetheless, the contribution of amino acids to overall energy expenditure

during mild and moderate exercise is low in comparison to carbohydrates and

fats (Lemon and Nagel, 1981).

Steady-state exercise as defined by Anshel (1991, p. 145) is "constant

submaximal exercise below the lactate threshold where oxygen consumption

is meeting the requirement for ATP synthesis". Therefore, attaining steady-

state exercise is dependent upon oxygen uptake kinetics and identification of

steady state is dependent on lactate threshold determination.

Concerning oxygen uptake kinetics, Wasserman et al. (1967)

determined that the time required to reach a steady-state condition increased

with increasing workload. In their investigation, a steady-state in oxygen

consumption was reached within 4 minutes when the workload used was

slightly below the "anaerobic" threshold. Their finding of an increased time

to steady state with increasing workload was supported by Gilbert,

Auchincloss and Baule (1967). Whipp and Wasserman (1972) again reported

an increased time to steady state with increased workrate during cycle

ergometry and found that with workrates between 50 and 100 Watts steady-

state conditions were achieved within 3 minutes. The time for oxygen

consumption to reach one-half its highest value during constant load exercise

increased from approximately 25 to 40 seconds when workrates increased

from 50 to 100 Watts. Furthermore, in a comparison of two subjects, it was
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reported that the subject with a greater aerobic capacity had higher oxygen

consumption values prior to reaching steady state than did the less fit subject.

This was indicative that reliance on anaerobic energy sources was dependent

on fitness level. Thus, the more conditioned athlete generated ATP from

aerobic sources to a greater extent than did the less conditioned athlete.

Collectively, results from the aforementioned research indicate that when

exercise is performed at a level which is below the "anaerobic" threshold,

steady state conditions are reached in 3 to 4 minutes.

Brooks (1985) defined the lactate threshold as the workrate at which a

nonlinear accumulation of lactate begins to occur. An important concept

surrounding the lactate threshold is that it is lactate accumulation, not solely

production, which is being assessed. Isotopic tracer studies have provided

valuable information regarding this concept. Stanley et al. (1985) measured

systemic lactate appearance and disappearance rates during graded exercise on

six subjects infused with a lactate tracer. Results demonstrated that both

appearance and disappearance rates increased exponentially with oxygen

consumption and that lactate appearance and disappearance were positively

related to arterial lactate concentration. Although increases in both

appearance and disappearance rates were found, lactate accumulation was due

to lactate appearance rate increasing more rapidly than lactate disappearance

rate. The results of Stanley et al. (1985) were supported by Mazzeo, Brooks,

Schoeller and Budinger (1986) during steady state exercise at intensities of

approximately 50% and 75% of maximal oxygen uptake. Blood lactate

concentration was found to be an inadequate estimator of lactate production

during exercise, since exercise resulted in increased lactate turnover.

Therefore, a relatively complex interaction exists between the rate of

lactate appearance, lactate disappearance and lactate turnover, which
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collectively determines the the lactate breakpoint. Nonetheless, the point of

nonlinear accumulation of blood lactate does reflect an increased contribution

of anaerobic energy sources to ATP production. Furthermore, nonmetabolic

CO2 production the from buffering of increased hydrogen ions, generated

from the dissociation of lactic acid, creates a disparity between the cellular

respiratory quotient and the respiratory exchange ratio determined from

exhaled air. This, in turn, invalidates the use of indirect calorimetry for

accurately measuring metabolism (Brooks and Fahey, 1984, p. 48).

While blood lactate concentration is not reflective of muscle lactic acid

concentration, it does provide a direct measure for determining the lactate

threshold. However, noninvasive detection using ventilatory measures also

have been employed. The use of ventilatory measures to detect the lactate

threshold is based on the increase in expired ventilatory volume required to

eliminate excess CO2 produced from buffering of lactic acid by the bicarbonate

buffer system.

Wasserman, Whipp, Koyal and Beaver (1973) assessed the usefulness

of several ventilatory measures for determining the "anaerobic" threshold

during a progressive exercise test. Of the parameters measured, an increase in

end tidal 02 without a concomitant decrease in end tidal CO2 was found to be

a sensitive measure of the threshold. Nonlinear increases in both expired

ventilatory volume and the volume of CO2 produced also were adequate

threshold markers. Finally, respiratory exchange ratio (RER) was determined

to be a rather insensitive indicator of the "anaerobic" threshold. The finding

that RER was an insensitve marker of the "anaerobic" threshold was

supported by Davis, Vodak, Wilmore, Vodak and Kurtz (1976) as they found

that an RER value of approximately 0.9 corresponded to a measured blood
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lactate threshold. Therefore, using the criteria of an RER below unity was not

sufficient in identifying the "anaerobic" threshold.

Caiozzo et al. (1982) compared various gas exchange indicies of the

"anaerobic" threshold using repeated incremental work tests similar to that of

Wasserman et al. (1973). Results based on both the accuracy of identifying the

threshold workload determined with blood lactate analysis and test-retest

reliability indicated that the use of a systematic increase in the ventilatory

equivalent for 02 without a corresponding increase in the ventilatory

equivalent for CO2 was the most sensitive gas exchange marker of the lactate

threshold. These results also were supported by Davis (1985).

It is evident from the preceding discussion that various approaches

may be used to identify the point above which steady state conditions cannot

be assumed. Several teams of researchers have found the noninvasive

ventilatory measures of "anaerobic" threshold and the blood lactate threshold

to coincide (Wasserman et al., 1973; Davis, Vodak, Wilmore, Vodak and

Kurtz, 1976; Caiozzo et al., 1982). However, other investigators have shown

dissociation between the two thresholds. Hagberg et al. (1982) used McArdle's

disease patients, who lack muscle phosphorylase and therefore the capacity

for lactate production during exercise, to study the relationship between the

ventilatory and blood lactate thresholds. The data revealed that a ventilatory

inflection point occurred at approximately 81% of maximal oxygen

consumption in the McArdle's patients, despite blood lactate concentrations

which were not above resting levels. Therefore, a causal relationship

between blood lactate threshold and ventilatory threshold was contended.

Whipp (1983) questioned the results of Hagberg et al., noting that the

alterations in gas exchange indicies were likely caused pain induced from the

exercise.
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Hughes, Turner and Brooks (1982) also discredited a causal linkage

between the two thresholds. In their investigation, they found ventilatory

threshold to shift to a lesser workload and blood lactate threshold to shift to a

greater threshold during glycogen depleted cycling as compared to cycling

with normal glycogen levels.

Further discreditation of a causal relationship between the thresholds

was provided by Gaesser and Poole (1986). Following 3 weeks of training at

70% to 80% of maximal oxygen uptake, a significant increase in blood lactate

threshold was reported. However, no significant change in ventilatory

threshold was found.
Green, Hughson, Orr and Ranney (1983) compared responses of muscle

and blood metabolites and ventilatory adjustments to graded exercise. It was

demonstrated that a disparity existed between the ventilatory and blood

lactate thresholds. Increases in anaerobic glycolysis in the muscle were found

to precede blood lactate accumulation, which in turn prefaced the ventilatory

threshold.
It may be concluded that the ventilatory threshold and blood lactate

threshold can be coincidental. However, coincidental occurrance is not a sole

indicator of causality. Nonetheless, with subjects who possess normal

nutritional status and who are free of metabolic disease, ventilatory threshold

provides an adequate non-invasive indication of the lactate break point.

Therefore, the use of ventilatory threshold was employed in the present

research.
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Linearity of the Relationship Between Running Speed and V4i

Numerous investigations have examined the association between

running speed and metabolic co§t. The oxygen cost of running for trained

and untrained male and female subjects was examined by Bransford and

Howley (1977). Four groups of ten subjects were used, with group placement

dependent upon gender and training status. Untrained subjects completed at

least four submaximal trials with each trial using a separate speed ranging

from 144 mmin-1 to 225 mmin-1. Trained subjects also completed four trials,

however, their range of running speeds extended to 307 mmin-1. Although

the range of speeds was the same for subjects in any given group, running

speeds used for a particular trial varied between subjects within a group. All

trials were 7 min in duration with expired air being collected during the final

2 min. Steady state values were assumed if respiratory exchange ratios (RER)

were below 1.0. From the oxygen consumption values during the

submaximal runs, regression equations were computed for each group of

subjects. Analysis of covariance was employed to compare the slopes of the

regression lines of each group.

From the data, it was demonstrated that for any individual subject, a

linear relationship was present between oxygen consumption and running

speed. Therefore, oxygen consumption increased linearly with speed

regardless of gender or training status. No differences in the slopes of the

regression lines were found between groups, indicating that the rate of

increase in oxygen consumption for an increase in speed was essentially the

same for the four groups. However, a trend was apparent, with the trained

and untrained men having greater slopes (0.203 and 0.204, respectively) than

the trained and untrained females (0.182 and 0.151, respectively).



18

Furthermore, oxygen consumption for a given running speed was

significantly lower for the trained males than any of the other groups and was

significantly higher for the untrained females than for any other group.

Support for linearity of the relationship between running speed and

oxygen consumption was provided by Conley and Krahenbuhl (1980). Using

12 highly trained male runners, the aerobic demand for running at speeds of

241, 268 and 295 mmin-1 was assessed from 6 min runs with an RER less than

unity used as criteria for attainment of steady state conditions. Mean oxygen

consumption values reported for the three test speeds were 44.7, 50.3 and 55.9

mlkg-1min-1. In addition, a linear regression equation adequately described

the relationship between oxygen demand and running speed for speeds

between 241 and 295 mmin-1. The slope of the regression line (0.209) was

similar to that found by Bransford and Howley (1977) for their trained male

subjects (0.203). In addition, since the subjects were homogeneous with

respect to maximal oxygen consumption, running economy for the test

speeds was found to account for 65.4 percent of the variance in 10 kilometer

racing performance.

In a study similar in methodology to the one described above, Conley,

Krahenbuhl, Burkett and Millar (1981) examined the relationship between

submaximal oxygen consumption and running speed with 14 trained females

running at speeds of 177, 196 and 215 mmin-1. As with their earlier study

using male runners, a linear regression equation described the relationship

between speed and oxygen consumption. However, the slope of the

regression line was 0.207 which was somewhat steeper than the 0.182 slope

found for trained females by Bransford and Howley (1977). Perhaps due to the

heterogeneity of the subjects, correlation coefficients between running
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economy and 10 kilometer race times were only 0.16, 0.15 and 0.14 for the 177,

196 and 215 mmin-1 speeds, respectively.

The oxygen demand of running at the submaximal speeds of 215, 241,

268, 295 and 322 mmin-1 was determined by Costill, Thomason and Roberts

(1973) using 16 trained male runners. Three submaximal runs were

completed by each subject at speeds requiring 60 to 90 percent of the maximal

oxygen uptake. Since subjects differed in maximal oxygen consumption, not

all subjects ran at all test speeds. A linear relationship between oxygen

consumption and running speed was demonstrated, with the slope of the line

fitting the data being 0.252. In addition, large intraindividual variation in

running economy was found, resulting in the conclusion that the oxygen

demand for running at given submaximal speeds was not an effective means

for characterizing distance running ability. However, when oxygen

consumption when running at the submaximal speeds was expressed as a

percentage of maximal aerobic capacity, a high correlation coefficient (r = 0.94)

was found with 10 mile run time. The results of the Costill et al. study are

not surprising, since the subjects displayed heterogeneity with regards to

maximal aerobic capacity.

The submaximal oxygen consumption of 10 trained males and 10

trained females was compared by Daniels, Krahenbuhl, Foster, Gilbert and

Daniels (1977). Using 6 to 8 min runs at speeds of 202, 215, 241 and 268

mmin-1, no significant difference in oxygen consumption was found

between the two groups despite a trend for females to have higher

submaximal oxygen demands. Also, men tended to show less variability in

running economy as speed increased. Since no difference was found between

groups, data were pooled and regression equations were derived to explain

the relationship between running speed and oxygen consumption. A linear
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regression equation was found adequate for describing the relationship.

However, a second order curve fit the data significantly better. To further

assess the oxygen consumption - speed association, three separate regression

formulas were derived for speed ranges of 150 to 204 mmin-1, 178 to 225

mmin-1 and 204 to 250 mmin-1 on a subgroup of 5 males and 5 females.

Regression lines tended to be flatter for speed ranges using running speeds

below 200 mmin-1. It was suggested that the differences in slopes were due to

higher oxygen demands as a result of mechanical difficulties incurred while

running at the low speeds. Based on the results, the authors advised against

comparing regression curves constructed for running speeds and oxygen

consumption where differences in speed ranges exist.

Other studies supporting a linear relationship between oxygen

consumption and running speed include Menier and Pugh (1968), who

studied four Olympic racewalkers running at speeds from 133 mmin-1 to 350

mmin-1, Costill and Winrow (1970) evaluating two ultramarathon athletes

running at speeds from 181 mmin-1 to 263 mmin-1, and Falls and

Humphrey (1976) studying seven female physical education students with test

speeds ranging from 133 mmin-1 to 242 mmin-1.

Oxygen Cost of Running Expressed Relative to Distance Traveled

Additional investigations examining the relationship between oxygen

consumption and running speed have expressed oxygen consumption on a

per unit of distance traveled basis. Therefore, a linear increase in net oxygen

consumption with speed, where the graph goes through the origin, as was

found in the aforementioned studies, would be represented by a constant

oxygen cost across speeds when expressed relative to distance traveled. Thus,
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by normalizing for running speed the influence of speed on oxygen cost is

eliminated.
Such findings were reported by Margaria, Cerretelli, Aghemo and Sassi

(1963) for two male middle distance athletes running at speeds from 10 to 21

kmhr-1 on a level treadmill. A net caloric cost of running of approximately

1 kcalkg-1km-1 was found, with the value being independent of running

speed. The net caloric cost was calculated by subtracting resting metabolic cost

from the gross metabolic cost during exercise.
The independence of running speed to metabolic cost per unit distance

was supported by Fellingham, Roundy, Fisher and Bryce (1978). In their

investigation, 24 athletes participated as subjects and were divided into four

blocks of six subjects each based on maximal oxygen consumption values.

The net cost during a one mile run was assessed across three running speeds

(5, 7 and 9 miles/hr). However, only the 5 and 7 miles/hr speeds were used

for calculating energy cost per distance traveled as it was felt by the authors

that a steady state assumption was not tenable at the 9 miles/hr speed. From

the data it was demonstrated that the caloric cost for both speeds was 1.5

kcalkg-1mile-1, which was similar to the 1.6 kcalkg-1mile-1 reported by

Margaria et al. (1963). The lower values were attributed to higher resting

metabolic costs in their subjects compared to Margaria et al. The total net cost

of the run, which included the net cost of the run plus the net cost of recovery

to pre-exercise resting values also was calculated and expressed relative to

distance traveled. It was demonstrated that total net caloric cost was

significantly influenced by maximal aerobic capacity. At the highest running

speed, subjects with lower aerobic capacities tended to have higher caloric

costs. However, at the lowest running speed, subjects with the lower aerobic

capacities used fewer calories. In explaining the latter of these findings, the
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authors hypothesized that the 5 miles/hr speed may have resulted in a

mechanically inefficient gate for the more highly trained subjects, thereby

resulting in increased energy costs. Further, based on the results, the authors

hypothesized that if total net energy cost curves were examined for each

subject the shape of the curves would be similar across individuals, with an

increase in cost due to speed being evident. The speed at which the increase

occurred, however, would be directly related to maximal aerobic capacity.

Similar results to those of Margaria et al. (1963) were found by Pugh

(1970). Using four trained runners and speeds ranging from 8 to 21.5 kmhr-1

a net caloric cost of 0.95 kcalkg-1km-1 was reported. However, it was noted

that wily two of the four subjects displayed a linear relationship between

oxygen consumption and running speed. This would suggest that the cost to

run a given distance was not independent of running speed for all subjects.

In accordance with Pugh's (1970) results, a speed-dependent increase in

the net energy cost required to travel a given distance was found by Dill

(1965). Using three trained male runners and speeds ranging from 150 to 350

mmin-1, net cost increased from 0.17 mlkg-1m-1 at the slowest speed to 0.20

mlkg-1m-1 at the highest speed. The 0.20 mlkg-1m-1 value was consistent

with the energy cost value reported by Margaria et al. (1963), however, resting

metabolic costs were calculated from a value based on supine rest by Margaria

et al. and standing rest by Dill. Therefore, the magnitude of the net values in

Dill's study would be comparatively less than net values obtained had a

supine rest value been employed. Dill hypothesized that differences in the

dependency of oxygen cost with running speed, compared to that reported by

Margaria et al., may have been due to performance variation between the

subjects and to the fact that not all subjects ran at the same speeds.
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Van der Walt and Wyndham (1973) showed a trend for oxygen cost

relative to distance traveled which was opposite of that reported by Dill (1965).

Using six untrained male subjects running at speeds of 8.0, 9.7, 11.3 and 12.9

kmhrl , oxygen cost per kilometer decreased with increasing running speed.

The authors concluded that differences in their results compared with results

of Margaria et al. (1963) were due to the contribution of anaerobic energy

sources at the higher running speeds in the untrained subjects.

The caloric cost to run one mile was determined by Howley and Glover

(1974) with eight males and eight females acting as subjects. Running speeds

were self selected by the subjects and averaged 195 ± 25 mmin-1 for the men

and 137 ± 4 mmin-1 for the women. Results showed that the net caloric cost

for running one mile was significantly higher for women than for men.

Nonetheless, values for the two groups were averaged and a net cost of 0.93

kcalkg-l.km-1 (1.48 kcalkg-1mile-1) was reported. This value was slightly

below the value of 1.0 kcal-kg-l.km-1 reported by Margaria et al. (1963) and the

value of 0.95 kcalkg-1km-1 reported by Pugh (1970) and would have been

lower still had the value for the males only been used for comparative

purposes.
Higher metabolic costs for women running one kilometer as compared

to men running one kilometer also was reported by Bahmbahni and Singh

(1985). In the study, self selected running speeds averaging 143.7 ± 6.9

mmin-1 and 154.9 ± 12.2 mmin-1 were used by 12 female and 12 male

physical education students, respectively. Mean gross caloric cost normalized

for body mass and distance traveled was 1.32 ± 0.24 kcalkg-1km-1 for women

and 1.16 ± 0.15 kcalkg-1-km-1 for men. Significant differences also were found

for net energy cost, with the average for females being 1.05 ± 0.18
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kcalkg-1km-1 and the average for males being 0.92 ± 0.08 kcalkg-1km-1. The

lower net cost for the males in this study compared to those in the previously

reviewed investigations may have been due to the resting metabolic cost

being measured while subjects were standing as opposed to laying down.

Despite differences in methodologies for measuring resting energy costs and

differences in the range of running speeds used, relatively similar net energy

costs to those of Margaria et al. (1963), Pugh (1970) and Howley and Glover

(1974) were attained. However, neither Howley and Glover nor Bhambhani

and Singh reported whether energy cost per distance traveled was constant

across speeds.

In a recent study, Brueckner et al. (1991) assessed the effect of running

distance on the energy cost per unit of distance traveled. Oxygen

consumption of 10 trained runners was measured before and after runs of 15,

32 and 42 km. The three distance runs were performed on a track. The

oxygen consumption determinations were made during treadmill running

immediately prior to and immediately following the distance runs. Speeds

were kept constant for the three distance runs and speeds for the treadmill

runs were equivalent to those used on the track. The distance runs were

performed in duplicate by each subject. Rest intervals between successive

trials were 15, 13 and 30 days for the 15, 32 and 42 km runs, respectively. Both

the number of trials on the treadmill and distance covered during the run

affected the oxygen cost per unit of distance traveled. When the effects of

treadmill habituation were factored out through regression analysis by

accounting for the number of sessions on the treadmill, an increase in oxygen

consumption of between 0.21 to 0.24 ml/kg/km for each kilometer traveled

was found with increasing running distance. It was noted, however, that the

oxygen cost per unit of distance traveled varied widely among subjects.
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Therefore, both intraindividual and interindividual variations in running

economy were displayed by the subjects.

Factors Influencing YO, During Submaximal Treadmill Running

Intraindividual variation in running economy, as seen in the

Brueckner et al. (1991) study, is affected by a number of nonbiological factors.

Shieb (1986) found that stride-to-stride variability in running kinematics was

minimized following at least 45 minutes of treadmill running practice in

experienced overground runners who were novice to the treadmill. While

Brueckner et al. noted that their subjects were familiarized with treadmill

running, no indication of the time for accommodation was given. Research

suggests that alterations in stride length and stride rate affect the oxygen cost

of running (Hogberg, 1952; Knuttgen, 1961; Cavanagh and Williams, 1982).

Therefore, changes in those parameters may have been responsible for a

portion of the variation in running economy witnessed by Brueckner et al.

Footwear represents another contributing factor affecting running

economy. Catlin and Dressendorfer (1979) examined the effects of two

different shoe types, each varying in weight by 0.35 kg, on oxygen

consumption. Seven marathon runners participated as subjects, running at

paces ranging from 201 to 303 mmin-1. When the subjects wore the heavier

of the two shoe models, energy expenditure was significantly greater.

Frederick (1985) noted that a portion of the increase in energy demand

found by Catlin and Dressendorfer (1979) may have been due to different

cushioning properties between the two models of shoes used. Therefore,

Frederick devised a mechanical model from which the increased power

required to carry additional weight on the feet could be predicted. From the
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predictions, an estimation of increased aerobic demand of one percent for

each 100 gram weight added to the foot was made.

The effects of increased lower extremity mass on oxygen consumption

was investigated by Martin (1985) by adding either 0.25 or 0.50 kg loads to each

thigh or each foot. While both thigh loading and foot loading resulted in

significantly higher oxygen demands, the effects of foot loading were twice as

great. With the 0.50 kg addition to each foot, a 7.2 percent increase in oxygen

consumption occurred. Furthermore, a 26 percent increase in the mechanical

work of the foot was found with the heaviest foot loading condition.

Therefore, it was concluded that the increased metabolic cost was directly

related to the increase in mechanical work.

Several biological factors also have been implicated with increased i/02

during submaximal running. Fatigue was suggested as a factor adversely

affecting running economy by Daniels (1985). In examining this supposition,

Cavanagh et al. (1985) found a decreased oxygen demand for running at 268

mmin-1 in two Olympic marathon runners with an increase in time

following a race. Morgan, Martin, Baldini and Krahenbuhl (1990), however,

found no change in running economy or mechanical work in 16 male

distance runners at a test speed of 200 mmin-1 up to 4 days following a 30

minute run performed at a velocity equal to 85 percent of the subjects'

velocity at maximal aerobic capacity. Given the larger subject pool and the

more rigid controls used in obtaining the running economy values in the

Morgan et al. study, it would appear that, in fact, fatigue does not adversely

affect running economy.

Increased temperature also has been associated with increased

metabolic cost. Evidence of this was demonstrated in isolated rat skeletal

muscle mitochondria and liver mitochondria following exhaustive exercise
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(Brooks, Hittleman, Faulkner and Beyer, 1971a, 1971b). Increases in whole

muscle tissue and rectal temperature by 8.1°C and 5.1°C, respectively also were

found as a result of exhaustive exercise in rats (Brooks, Hittleman, Faulkner

and Beyer, 1971c). It was reported by Brooks et al. (1971c) that, due to the Q10

effect, the increase in temperature resulted in an increase in oxygen

consumption. The increase in temperature and its effect on oxygen

consumption is significant, however, only following prolonged exhaustive

exercise. Due to the short duration and limited intensities involved in

running economy studies, the effects of increased body temperatures should

not be of consequence.

Intraindividual variation in running economy has significant

implications for determination of the metabolic task cost of distance running.

If reliable values are to be obtained, variations from the aforementioned

sources (treadmill accomodation, footwear, fatigue) must be minimized. In

addition, there must be knowledge of the stability of running economy with

those influencing factors controlled.

Morgan, Martin, Krahenbuhl and Baldini (1991) attempted to assess the

stability of running economy and running mechanics while controlling for

treadmill accommodation, footwear, fatigue and circadian variation. Using

data from two studies employing a total of 31 runners, oxygen consumption,

stride kinematics and mechanical work were measured during two runs at

200 m-min-1 performed 1 to 3 days apart. No differences were found in stride

kinematics or mechanical work across days, and kinematic variables were

found to be reliable from stride to stride. Variation in running economy was

1.86% of the mean oxygen consumption, with the corresponding average

coefficient of variation being 1.32%. Based on the results, it was concluded

that an analysis of one stride was sufficient for obtaining individual or group



28

biomechanical data. Furthermore, the use of one trial was deemed adequate

for assessing running economy given that large within-subject variability is

not suspected and that a reasonable sized subject pool is used. However, the

authors recommended that to obtain accurate data for running economy and

running mechanics, subjects should be evaluated following 30 to 60 minutes

of treadmill accommodation, wearing the same footwear, in a nonfatigued

state and tested at the same time of day.

Judging from the Morgan et al. (1991) study, it would appear that

running economy is a relatively stable measure. However, conclusions from

that investigation were based on only two running sessions using trained

subjects. To further investigate the stability of running economy, Williams,

Krahenbuhl and Morgan (1991) measured the oxygen demand of 10

moderately trained runners at speeds of 161, 188 and 215 mmin-1 over a 4

week testing period. In all, each subject was evaluated over 20 running

sessions, with footwear, treadmill accommodation, fatigue, and time of day

being controlled across sessions. The results indicated that 90% of the

variation in running economy is accounted for using two consecutive days of

testing and that the value increases to 98% when five consecutive testing days

are used. This finding was consistent across the three running speeds. It was

concluded that when the nonbiological variables are controlled for, stable

running economy values can be obtained on moderately trained runners

from an average of measurements determined over two testing sessions.

Mechanical Parameters of Submaximal Treadmill Running

While the physiological responses to running have been well

addressed, little information exists which relates the physiological and
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mechanical responses of submaximal running. However, when assessments

of this relationship have been made, three basic approaches have been

utilized. Williams (1985) summarized two of the methods as follows: a) one

in which mechanical variables are manipulated and the resulting effect on

metabolic cost is measured and b) one where athletes are grouped according

to physiological profiles and measurements on mechanical parameters are

correlated with physiological grouping. The third category classifies studies

which generally evaluate global measures of the physiological and

mechanical parameters. Physiologically, whole body oxygen consumption is

determined and mechanically, an estimate of mechanical power is made. The

following will summarize the recent literature utilizing the three approaches.

For the first two approaches, the review will be limited to those studies

dealing with submaximal running. For the third approach, other speeds and

modes of ambulation are included, with emphasis placed on methodological

concerns of mechanical energy analysis.

Effects of Mechanical Variable Manipulation on Metabolic Cost

Studies employing the first of the three methods typically have

involved manipulations of stride length (SL) and/or stride frequency (SF) and

their effect on oxygen consumption. Optimal SL and SF was determined for

running speeds of 14, 16, 17 and 18 kilometers per hour (kmhr-1 ) by Hogberg

(1952) on one trained male runner. For each speed, an optimal SL and SF was

found where oxygen consumption was minimized. This optimum stride

length was close to the freely chosen stride length. Furthermore, Hogberg

noted that increases in SL above optimal resulted in larger increases in

oxygen consumption than decreases in SL below optimal.
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Knuttgen (1961) also examined the SL and oxygen consumption

relationship. His subject ran at 11 speeds between 9.0 and 16.5 kmhr-1 using

a freely chosen SL at each speed and at 9 speeds between 9.0 and 11.66 kmhri
using the SL freely chosen at 9.0 kmhr-1 . Knuttgen supported Hogberg's

(1952) finding that greater increases in oxygen cost were associated with

greater deviations in SL above the optimal SL.

Cavanagh and Williams (1982) measured oxygen consumption of 10

trained male runners running at 3.83 meters per second (ms-1) using freely

chosen SL and stride lengths which were plus or minus 6.7%, 13.4% and 20%

of leg length. As with previous studies, an optimal SL was found for each

individual with the mean difference between optimal SL and freely chosen

SL being 4.2 centimeters. Curves of oxygen consumption versus SL displayed

a minimum region indicating that small changes in SL away from the

optimum did not result in significant increases in oxygen consumption.

Furthermore, when SL was either increased or decreased, the effects on

oxygen uptake were similar. This differed from both Hogberg's (1952) and

Knuttgen's (1961) results where increases above optimal SL caused greater

increases in oxygen uptake than did decreases in SL.

These studies point to the conclusion that at a given distance running

speed an optimal value for the mechanical variable SL exists where oxygen

cost is minimized. Recent work by Cavanagh and Kram (1989) on 12 male

distance runners found that at five running speeds from 3.15 to 4.12 m-s-1

stride frequency increased only 4%. Therefore, their data suggest that there

may be a preferred SF that is utilized across distance running speeds which

provides for most economical running.
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The Relationship of Mechanical Variables to Running Economy

The primary research endeavor employing the second of the

previously mentioned methods for examining the relationship between

mechanical and physiological parameters was conducted by Williams and

Cavanagh (1987). Thirty-one trained runners were divided into three groups

based on their oxygen uptake while running at a submaximal speed of 3.57

ms-1 (running economy). Numerous kinematic and kinetic variables were

measured while the subjects ran at the test speed (3.57 ms-1). Of the

kinematic variables, the most economical group showed greater shank angle

at foot strike, smaller plantar flexion angle after toe-off, greater forward trunk

lean, and lower minimum knee velocity during foot contact than either one

or both of the other two groups. Of the kinetic variables, the most economical

group showed smaller initial vertical impact peaks and more energy transfer

between the legs and the trunk than the least economical group. A multiple

regression analysis of the mechanical variables on running economy found

that 54% of the variance in oxygen uptake at the test speed was explained by

three biomechanical variables, one of which was a measure of mechanical

power. The authors noted that the inclusion of a mechanical power variable

was significant, since mechanical power is affected by all segmental

movements. Therefore, it represented global differences in mechanics

between the economy groups.

Global Measures of Mechanical and Physiological Variables
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A number of studies fall into a third category of experiments which

address the relationship between mechanical and physiological variables. As

mentioned, these studies generally examine the global measures of

mechanical power and whole body oxygen consumption.

As noted by Williams and Cavanagh (1983), the calculation of

mechanical power is primarily one of the following two types: a) the center of

mass approach, and b) the segmental approach. The center of mass approach

utilizes movements of the body's center of mass either alone or in

combination with segmental movements relative to the center of mass. The

segmental approach calculates changes in the instantaneous potential and

kinetic energy levels of the segments throughout a movement cycle. An

additional kinetic based approach for calculating power also has been

employed. In the kinetic based model, instaneous total body power is

calculated by summing the instantaneous joint powers over a ruuning stride.

Joint power is determined by multiplying the net joint moment by the

angular velocities of the segment being influenced by the joint moment

(Martin, Heise, and Morgan, 1993; van Ingen Schenau and Cavanagh, 1990).

Depending on the method used, values calculated for mechanical power will

vary. Due to the multiple speeds used and the necessity of collecting

simultaneous metabolic and mechanical data in this study, a kinematic based

model will be employed. Therefore, the review to follow focusses on

completed research using the kinematic methodology.

The center of mass approach. Vertical and forward displacements of

the body's center of mass were used by Cavagna, Thys and Zamboni (1976) in

their calculation of mechanical power during walking and running. Using

data from horizontal and vertical ground reaction forces, values for

horizontal and vertical work were derived and total work was obtained by
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summing those values. Total mechanical work was found to increase

linearly with running speed. However, vertical work was relatively constant

and independent of forward velocity. In addition, energy exchange from

potential to kinetic and vice versa was minimal in running.

Fukunaga, Matsuo, Yuasa, Fujimatsu and Asahina (1978) also

calculated mechanical power from center of mass displacement on eight

sprinters running at speeds from 3 to 9 ms-1. Mechanical work done in a

forward direction was obtained from the product of the average forward force

and forward displacement of the center of mass. Work done against gravity

was determined from multiplying average vertical force and vertical

displacement of the center of mass. Power values were taken by dividing

mechanical work by time. Total mechanical power ranged from 70

calkg-l.min-1 at 3 ms-1 to 134 calkg-1min-1 at 9 ms-1. Work caused by

velocity in the forward direction was the principle contributor to the range of

power values found across speeds. Work done against gravity was

independent of speed, thereby supporting the results of Cavagna et al. (1976).

The authors hypothesized that the total external work done in running at

speeds below 5 ms-1 was primarily attributable to work done against gravity

since at those speeds stride length is responsible for velocity changes.

However, at higher running speeds, the greater influence of step frequency on

velocity changes makes work due to forward displacement a larger

contributor to total mechanical work.
Calculations of mechanical power from cine film data using segmental

movements in combination with center of mass movement was performed

by Fenn (1930). From segmental movements, relative to the body's center of

mass, segmental potential energy, translational kinetic energy, and rotational

kinetic energy were calculated. Net mechanical work was then determined by
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adding together the sums of the increases in the potential and kinetic energy

curves. Decreases in energy level were assumed to represent dissipation of

energy into heat. For running at a speed of approximately 8.5 ms-1 a power

value of 2200 Watts was reported. Of further interest was the relationship

made between mechanical cost and physiological cost. An estimation of

metabolic power during sprinting was made from oxygen consumption

during recovery and was calculated to be approximately 9700 Watts.

Therefore, external mechanical work represented over 20 percent of the total

energy turnover.
Additional research using center of mass displacement in combination

with segmental movement relative to the center of mass was conducted by

Cavagna, Saibene and Margaria (1964). As with Fenn's (1930) work, only

positive work was included in the calculations. In examining running speeds

of 11, 15, 18 and 20 kmhr-1 , it was determined that total mechanical work

increased with increasing running speed. However, when expressed per unit

of distance traveled, total mechanical work was approximately 0.4 to 0.5

kcalkg-1km-1 and was independent of running speed.

Employing methodologies similar to his previous studies, Cavagna

and Kaneko (1977) calculated mechanical work in running at speeds up to 33

kmhr-1 . In accordance with Cavagna et al. (1964), total mechanical work was

found to increase with increasing running speed. However, work per unit of

distance traveled also increased with increasing running speed as opposed to

remaining constant as was reported previously by Cavagna et al. (1964). In

addition, mechanical efficiency was determined by dividing total mechanical

work by net metabolic energy expenditure. Efficiency increased linearly with

running speed. The authors assumed this increased efficiency was due to an
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increase in storage and subsequent utilization of elastic energy by the muscles

with increasing running speed.

The relationship between mechanical power output, running speed

and step frequency was addressed by Kaneko, Matsumoto, Ito and Fuchimoto

(1987). Running speeds of 150, 210 and 270 mmirri were used, and seven

step frequencies ranging from approximately 2 stepssec-1 to 4 stepssec-1 for

each running speed were evaluated. External mechanical power from

forward and vertical displacement of the body's center of gravity was

calculated from force readings using methods similar to Fukunaga et al.

(1978). Internal mechanical power was calculated using the method of Fenn

(1930) and total power was taken as the sum of external and internal power.

Results showed that external power decreased with increasing step frequency

at all running speeds. This was mediated by work done against gravity

decreasing with increasing step frequency while work in the forward direction

remained constant. Internal mechanical power was found to increase with

step frequency, whereas, total power displayed a minimum value at

approximately 3 stepssec-1. The response of oxygen consumption was similar

to that of total power, with minimum values being reported at a step

frequency of approximately 2.9 stepssec-1 for all running speeds.

The approaches used to calculate mechanical work in the

aforementioned studies are not without criticism. Winter (1978) noted that

the center of mass approach, in which time integrals of horizontal and

vertical ground reaction force data are used, fails to account for reciprocal

movements of the limbs. For example, two segments may change positions

in opposing directions yet not result in displacement of the body's center of

mass. Therefore, although energy level changes occurred in the segments,

the center of mass method would not reflect the changes. The resultant effect
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of using the center of mass approach is that total body energy will necessarily

be lower than the sum of the segmental energies. Cavagna and Kaneko (1977)

also were aware of this problem and calculated the underestimation in

running to be 12.5 percent. Winter (1979) compared Cavagna and co-workers'

approach with a segmental method for calculating total body energy during

walking and found values to be 16.2 percent lower using the center of mass

method. Since the center of mass method assumes that the center of mass

represents the sum of the segment energies, from the explanation above it is

evident that the assumption was not being met. An additional problem with

the method was that rotational kinetic energies of the segments were not

accounted for (Winter, 1978).

The method of calculating mechanical energy in which segmental

movements in relation to the center of mass are used (Fenn, 1930) also has

been criticized. Winter (1978) indicated that by summing only the increases

in potential and kinetic energy of each segment, exchanges of energy forms

within a segment and energy exchange between adjacent segments was

ignored, thereby leading to overestimations of total energy.

The segmental approach. Modelling the body as a series of linked

segments, Norman, Sharratt, Pezzack and Noble (1976) calculated total body

mechanical work during treadmill running. By summing the absolute value

of changes in a segment's instantaneous energy level for its potential energy,

its translational kinetic energy and its rotational kinetic energy over a stride

cycle, a value termed "pseudowork" was obtained.

The three subjects in the Norman et al. study ran at 50, 66 and 100

percent of their maximal oxygen consumption, with corresponding speeds

ranging from approximately 10 kmhr-1 to approximately 19 kmhr-1 . Values

for "pseudowork" rates varied considerably between subjects, especially at the
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two highest speeds. Variation also was seen with net aerobic work; however,

those variations did not appear to coincide with corresponding variations in

"pseudowork" rates.

Winter (1979) furthered the approach of Norman et al. (1976) for

calculating mechanical work and power segmentally. Similar to Norman et

al., changes in instantaneous energy level of a segment's potential,

translational kinetic and rotational kinetic energies were determined from

cine film data. However, rather than separately adding the absolute value for

energy changes for each segment, Winter summed the potential and kinetic

energies within a segment over a stride cycle to obtain total segment energy

and then added together the total segment energies to attain total body energy.

Finally, the absolute changes of the total body energy curve over time were

summed to give mechanical work. The difference in Winter's method to

that of Norman et al. is that Winter's approach allows for complete exchange

of energy forms within a segment and for complete transfer of energy

between any segments. The Norman et al. method does not provide for either

within segment or between segment energy exchange. Therefore, the

approach of Norman and co-workers overestimated mechanical work and

power.

The question of how the inclusion or omission of energy transfers

affects calculated mechanical work values was addressed by Pierrynowski,

Winter and Norman (1980) while studying horizontal treadmill walking.

Three methods for calculating mechanical work were used: a) the method of

Norman et al. (1976), b) the method of Winter (1979) and c) a method in

which the total energy of a segment at each instant in time was determined,

thereby giving a total segment energy curve across the stride cycle. Absolute

changes of a segment's curve were then added and subsequent summing



38

across segments resulted in a total body work value that accounted for

transfer of energy within a segment but not between segments.

Results for the six subjects who walked at an average speed of 1.54 ms-1

demonstrated that the method of Norman et al. for calculating mechanical

work rates gave the highest values (500.9 ± 12.6 Watts) followed next by the

method allowing only for within segment energy exchanges (340.2 ± 10.7

Watts), and lastly by Winter's method (165.7 ± 13.5 Watts). Therefore, energy

transfer accounted for approximately 335 Watts with 161 Watts coming from

transformation of energy forms within segments and 174 Watts from transfer

of energy between segments. Muscular work, both concentric and eccentric,

accounted for only 167 Watts (33 percent) of the total observed work rate.

The contribution of energy transfer in mechanical work was assessed a

second time by Pierrynowski, Norman and Winter (1981); however, this latter

study examined load carriage during walking. Despite slight differences in

activities between the two studies, results were similar with energy transfer

accounting for 67 percent of the observed work rate and muscular work

representing 33 percent of the work rate. Therefore, in both of Pierrynowski

and co-workers studies only 33 percent of the "pseudowork" rate had an

associated metabolic cost.

The contribution of energy transfers to changes in positive work and

power during running was assessed by Shorten, Wootton and Williams

(1981). Four algorithms were used for the work and power calculations, each

being different in the degree of energy transfer allowed. The no-transfer

method of Norman et al. (1976), the within-segment transfer method of

Pierrynowski et al. (1980), the total transfer scheme of Winter (1979), and an

alogithm allowing within-segment and between adjacent segments were

used. In the investigation, four subjects ran at four speeds ranging from 3.58



39

to 4.92 ms-1. Two additional speeds (5.36 ms-1 and 5.88 ms-1) also were ran

by 3 and 2 of the subjects, respectively. Highest work and power values at all

speeds occurred with the no-transfer method, followed in order by the

within-segment method, the within and between-adjacent segment method,

and the total transfer method. For all speeds, the reduction in work and

power due to energy transfers averaged 72%. The majority of the reduction

was due to between-segment transfers, which accounted for a 55% decrease at

the lowest speed and a 61% decrease at the highest speed. Across the speeds

run by all subjects, power increased 59% using the Norman et al. method,

64% using the Pierrynowski et al. method, 69% using the within and

between-adjacent segment scheme, and 57% using Winter's total transfer

approach. Metabolic energy demand also was measured by Shorten et al. and

was found to be more highly correlated with mechanical power than with

running speed. For the association between metabolic cost and mechanical

power, correlation coefficients ranged from 0.87 to 0.92 for the four transfer

algorithms used in the calcualtion of mechanical power. Despite between

segment energy transfers becoming more important to the reduction in

mechanical work as running speed increased, at each speed, highest running

economy was associated with highest within-segment energy transfers.

Slavin, Hintermeister, and Hamill (1993) also examined the influence

of energy transfers to mechanical work. In the study, the four algorithms

used by Shorten et al. (1981) were used as well as an algorithm by Williams

and Cavagnagh (1983) which allowed transfers within-segments and between

segments of the same limb and trunk. Twelve runners were studied at 3

running speeds ranging from 3.58 ms-1 to 4.88 ms-1. In addition, the

influence of foot strike pattern (FSP) was evaluated. Six of the runners were

natural forefoot strikers while the remaining six were natural heelstrike
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runners. All subjects were required to run the test speeds once with their

preferred FSP and once with their non-preferred FSP. Regardless of FSP, the

order of highest to lowest work values was the same as that reported by

Shorten et al. The additional transfer algorithm used by the Slavin group,

resulted in work values which fell between the between adjacent-segment

and the total transfer algorithm values. For both FSP's, mechanical work was

reduced 70% at the lowest running speed and 79% at the highest running

speed with the allowance of complete transfers. Within-segment transfers

were responsible for 15% to 20% of the reduction at each speed. Between-

segment transfers comprised 50% of the reduction at the lowest speed and

64% of the reduction at the highest speed. Therefore, energy transfers

between segments were most influential at reducing work, especially at the

higher running speeds.
From the studies comparing the methods used to estimate mechanical

work, it is evident that energy transfer can have a substantial effect on the

calculated values. Since within segment energy exchanges have been shown

to exist (Winter, Quanbury and Reimer, 1976) and since between segment

energy exchanges have been demonstrated (Quanbury, Winter and Reimer,

1975), an algorithm for mechanical work which allows for total energy

exchange (e.g. Winter 1979) would seem most applicable for human

movement studies. Nonetheless, Williams and Cavanagh (1983) questioned

a number of the assumptions inherent in Winter's approach.

The first point of contention was that of energy transfer between

remote body segments. With Winter's approach, if an upper limb increased

its energy level by an amount equal to a decrease in energy of a contralateral

lower limb during a given time period in which all other segment energy

levels did not change, a complete transfer of energy from the lower limb to
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the upper limb would have occurred. Williams and Cavanagh questioned

the extent to which energy exchange could occur due to the distance between

segments.

The second area of concern brought forth by Williams and Cavanagh

was how negative work was being taken into account. For energy level

changes to occur, work must be done. Increases in energy level are

representative of positive work and decreases in energy level are

representative of negative work (Norman and Komi, 1987). During human

ambulation on level ground where a cyclic pattern exists, equal amounts of

positive and negative work occur (Zarrugh, 1981). However, each has a

different associated efficiency and therefore, a different metabolic cost (Abbot

and Big land, 1953). Williams and Cavanagh observed that in Winter's

method, different efficiencies for positive and negative work were not

factored into the mechanical power equation.

The final concern with the total transfer algorithm of Winter centered

around the contribution of negative work to energy transfer. Williams and

Cavanagh maintained that with energy transfer between segments, a decrease

in energy level in one segment, which may be caused in part by eccentric

muscular action, contributes to the increase in energy level of another

segment. Therefore, an indirect metabolic cost (that associated with eccentric

muscular activity) is incurred with an increase in energy level through

energy transfer. Williams and Cavanagh maintained that Winter's total

transfer approach cancels out all of the negative work during the transfer

rather than including a portion of it in the total mechanical work calculation.

To address their questions concerning the segmental methods for

estimating mechanical power, Williams and Cavanagh (1983) studied 31

trained subjects running at a speed of 3.57 ms-1. The authors calculated
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mechanical power using a model which could be adjusted for the following

variables: a) the amount of energy transfer allowed, b) differences in relative

efficiencies of positive and negative work, c) the fraction of negative work

that is the result of eccentric muscular action and d) the amount of positive

work attributable to elastic energy storage. For comparative purposes,

mechanical power also was calculated using the segmental methods of

Norman et al. (1976) and Winter (1979).

It was shown that the assumptions used for energy transfer and for cost

of positive and negative work were the most significant factors in

determining values for mechanical power. The portion of negative work

attributed to eccentric muscular activity was manipulated in their equation

from 60 percent to 100 percent; however, altering the value had little effect on

total mechanical power. When the subjects were separated into three groups

based on running economy at 3.57 ms-1, no significant differences between

groups were found for total cycle net positive power. However, of the

methods used, only Winter's (1979) total transfer algorithm showed trends

for the most metabolically economical group to be the most mechanically

efficient.

The variables manipulated by Williams and Cavanagh (1983) did allow

for quantified estimations of the influence of factors causing ambiguity in the

segmental approach for calculating power. The effect of varying the amount

of energy transfer allowed has been adressed in this review. The fraction of

negative work resulting from eccentric muscular action alone is difficult to

assess. Williams and Cavanagh noted that some portion of negative work

may come from other sources, such as muscle viscosity and/or ligamentous

restraints to joint ranges of motion. However, the relative contribution of

each cannot be directly assessed. The remaining variables adjusted by
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Williams and Cavanagh in their investigation (i.e., the efficiencies of positive

and negative work and the contribution of elastic energy to positive work)

have been studied by other researchers.

Abbot, Big land and Ritchie (1952) measured the costs of positive and

negative work during cycle ergometry exercise at three workrates. In their

experiment, two ergometers were connected in such a way that as one subject

pedalled forward doing positive work on one cycle, a second subject resisted

as the pedals rotated backwards on the second cycle. Therefore, the second

subject did an equal amount of work as the first, but in the negative direction.

Regardless of pedalling cadence or resistance, oxygen consumption was

higher for the forward pedalling cyclist. This was indicative of a greater cost

of positive work as compared to negative work. Positive work was 2.4, 3.7

and 5.2 times as costly as negative work for the three workrates with

respective pedal cadences of 25, 35 and 52 revolutions/min.

Positive and negative work costs of step test exercises were assessed by

Nagel, Balke and Naughton (1965). Fractionated metabolic costs for standing,

stepping forward, stepping down and stepping up were determined for step

rates of 12 steps/min and 18 steps/min and step heights of 3, 8, 10, 20, 30 and

40 cm. It was demonstrated that for each step rate and step height, negative

work was approximately one-third as costly as positive work. Therefore, the

results differed from those of Abbot et al. (1952). Concerning the mechanisms

responsible for the difference, Abbot et al. commented that when comparing

positive and negative work, tasks should be employed in which limb

movements and temporal patterns are mirror images for the two directions.

Therefore, walking backwards down stairs was suggested as being appropriate

rather than stepping down in the forward direction, as was done in the Nagel

et al. study. Differences in the relative costs of positive and negative work
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between the two studies may have been a result of the different tasks

employed.

In an attempt to assess the cost of pure positive and pure negative

work, Aura and Komi (1986) devised a sled apparatus in which controls could

be employed so that only concentric or eccentric work would be performed at

any one time. With the apparatus, the negative work of squatting down or

the positive work of standing up was measured. Mechanical work was

calculated using force-time records from a force plate attached to the sled and

metabolic cost was determined from sampled expired air. Average

efficiencies of 17.1% ± 2.2% and 80.2% ± 31.8% for positive and negative work,

respectively, were reported.

Values for positive and negative work efficiencies during running

were estimated by Margaria et al. (1963). Uphill running was used for positive

work calculations and downhill running was used for negative work

calculations. Efficiency values of 25% and 118% for positive and negative

work, respectively, were suggested as appropriate.

Evidence for the importance of elastic energy contribution to positive

work was provided by Cavagna, Dusman and Margaria (1968). Isolated

sartorius and gastrocnemius muscles from toad and frogs and intact forearm

flexors of humans were studied. From the data it was demonstrated that

greater positive external work was performed when muscle shortening

immediately followed muscle stretching as compared to following isometric

contraction. Increased positive work was related to increased muscle length,

increased speed of muscle shortening and decreased time between stretching

and shortening. It was concluded that the excess work performed was due to

the release of stored elastic energy from muscle stretching.
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Further support for the role of elastic energy storage and release was

provided by Cavagna, Heglund and Taylor (1977). Studying kangaroos

hopping at speeds ranging from 10 kmhr-1 to 30 kmhr-1 , work efficiency

was found to increase from 24% to 76% from the slowest to the fastest speed.

An increased reliance on stored elastic energy with increasing hopping speed

was suggested as the cause for the change in efficiency.

Asmussen and Bonde-Peterson (1974) quantified the effect of stored

elastic energy use in humans. The authors instructed a single subject to

perform two methods of knee bends for both full knee bends and knee bends

to 90 degrees of flexion. For the first method, the subject squatted down and

immediately rebounded to the standing position. For the second method, the

subject squatted down to a bench, paused and returned to the standing

position. Therefore, the effects of elastic energy storage and reuse were

negated in the latter method. Work was calculated from the product of

vertical distance traveled and body mass while oxygen consumption was

determined from collected expired air. From the data it was determined that

efficiency was higher when rebounding was allowed (39.4% and 41.0% for full

and half knee bends, respectively) than when no rebounding was permitted

(26.1% and 21.9%).

From the preceding discussion, it can be concluded that: a) positive

work is more costly than negative work, b) increased work output without a

corresponding increase in metabolic cost can occur due to elastic energy

utilization, and c) elastic energy is utilized most effectively when high rates

of eccentric loading are quickly followed by rapid concentric contractions. A

consenus regarding the relative costs of positive and negative work and

regarding the contribution of elastic energy to positive work has not been
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reached. Furthermore, the application of results from the tasks used when

studying these variables to that of running is questionable.

From the review of the methodologies used to calculate mechanical

work and power, it is apparent that a number of the assumptions involved

are contentious. Nonetheless, Norman and Komi (1987) preferred the

approach described by Winter (1979) stating that its value is due in part to its

capability of providing a global measure of mechanical cost which can be

related to metabolic cost or performance. Therefore, the effectiveness of

technique of a particular movement pattern may be assessed.

For that purpose, Norman and Komi (1987) employed the methods

described by Winter (1979) in their study of the diagonal stride cross country

skiing technique during world championship competition. Slight

adaptations to Winter's method were made, however, since comparisons of

skiers possessing different body masses and different skiing velocities were

required. Mechanical work rate was normalized for speed and body mass,

resulting in a value termed the mechanical task cost (MTC). Mechanical task

cost provided a measure of the work required to move one kilogram of body

mass one meter. In addition to MTC calculations, the approach of

Pierrynowski et al. (1980, 1981) was used, whereby the contribution of energy

transfer to total work was examined.

Results of the analyses showed that with both level and grade skiing,

energy transfer accounted for 72 percent of the "pseudowork" rate both for

athletes finishing in the top 10 and for athletes finishing between 30th and

60th place. For mechanical task cost during level skiing, the authors reported

high positive correlations between mechanical work rates and MTC (r = 0.87)

and high negative correlations with energy transfers (r = -0.97). Similar

trends were found with grade skiing; however, the correlation between MTC
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and mechanical power decreased to 0.66 and the correlation between energy

transfer and MTC fell to 0.90. Despite the decreased correlations with grade

skiing, the importance of between and within segment energy transfer in

reducing MTC was apparent.

While it was not feasible for Norman and Komi to collect metabolic

data, they did express the view that for a given workload it was desirable to

minimize both the MTC and the metabolic cost rather than to be concerned

with high work efficiency ratios.

As a means of circumventing the inability to collect metabolic data

during competition, Norman and Komi described a method to estimate a

metabolic task cost (METC) from the MTC data by partitioning the MTC into

positive and negative work components. Each component was then divided

by its respective, assumed positive or negative work efficiency yielding a

METC value. Furthermore, by multiplying the METC value by velocity and

by employing the relationship of one Joule equaling 0.049 ml of oxygen

(Astrand and Rodahl, 1986 p. 299) metabolic rates could be estimated.

The approach of estimating metabolic rates from mechanical energy

analyses was used by Norman, Ounpuu, Fraser and Mitchell (1989).

Analyzing skiers using the diagonal technique on an uphill section of the

1988 Calgary Winter Olympic 30 km ski race, mean estimated metabolic rates

of approximately 83 mlkg-1min-1 ± 14 mlkg-1min-1 were found.

Considering the cardiorespiratory development of the elite athletes studied

and the fact that the analysis was representative of an uphill section of the

course, the estimates appear to have been reasonable.

Measured metabolic costs and estimated mechanical work costs for a

wide range of running speeds were recently assessed by Luhtanen, Rahkila,

Rusko and Viitasalo (1990). Seven subjects ran at each of seven or eight
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speeds ranging from 157 mmin-1 to 353 mmin-1. Oxygen consumption and

blood lactate were measured and mechanical work was estimated using two-

dimensional analysis and the approach of Winter (1979) for each running

speed. Total energy cost (Joulessec-1) was computed by combining anaerobic

and aerobic energy sources. In doing so, the energy equivalents of 1

mmo11-1 blood lactate equalling 3.15 ml 02 for anaerobic work and 1.0 ml 02

equalling 0.3488 Joulessec-1 for aerobic work were employed. Positive

mechanical work increased significantly with running speed. However, the

metabolic energy cost of positive work increased also with running speed,

resulting in the efficiency of positive work being the highest at the lowest

speed. When expressed relative to distance traveled, positive mechanical

work was constant up to a running speed associated with the aerobic

threshold. The aerobic threshold was defined as the running speed where

blood lactate level was 2.0 mmo1.1-1. At a speed 0.5 m-s-1 above the aerobic

threshold, positive work per distance traveled increased to a maximum

value, beyond which it decreased significantly. The efficiency of positive

work per unit of distance traveled decreased at speeds above the aerobic

threshold. Total gross efficiency relative to distance traveled increased

slightly with increasing speed, until a speed corresponding to the "anaerobic"

threshold. The "anaerobic" threshold was identified as a blood lactate

concentration of 4 mMol. At speeds above the "anaerobic" threshold, gross

efficiency (determined using the energy equivalent of 1 mMol of blood lactate

equal to 3.15 ml 02 ) decreased significantly. Based on the results, it was

concluded that efficiency of running decreased with increasing speed.

Furthermore, the speed of running at the "anaerobic" threshold was thought

to represent a critical level for mechanical work. Both the positive work and
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the total work per meter traveled decreased significantly at and beyond the

"anaerobic" threshold.
The works of Shorten et al. (1981) and Lutahnen et al. (1990) were

important in furthering research efforts assessing the relationship between

mechanical and physiological parameters. However, their conclusions

implied that increases in mechanical work and work efficiency are desirable.

This line of reasoning was questioned by Norman and Komi (1987), as noted

previously. In addition, the lack of strict controls, such as those reported by

Morgan et al. (1991) and Williams et al. (1991), limits the reliability of the

findings.

Summary

A number of research efforts have been directed at relating mechanical

and physiological energy costs during running. However, many of these are

somewhat limited in scope due to the following reasons:

1. Assessments generally have been performed while using only one

or several running speeds.
2. Many investigations have failed to apply controls aimed at

attenuating intraindividual variation in running economy, thereby limiting

the reliability of the results.

3. Strict adherence to the assumptions underlying the use of indirect

calorimetry to accurately reflect metabolism has on occasion been lacking.

Therefore, the validity of some of the physiological energy measurements is

in question.

4. Conclusions have been drawn from comparisons with other studies

in which different running speeds and speed ranges have been used.
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5. Estimations of mechanical energy costs often have been subject to

the limitations inherent in two-dimensional analysis using one camera.

Also, many of the studies are based on center of mass approach rather than

the segmental approach.
These limitations suggest a need for further research detailing the

relationship between physiological and mechanical energy requirements

during running at submaximal speeds.
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Chapter III

Methods

Over the past two decades, the increased interest in running has served

as an impetus for research examining the physiological and mechanical

responses to running. Physiologically, an important thrust has been an

understanding of the influence of running speed on metabolic cost.

Mechanically, the influence of speed on kinematic descriptors of running and

on force magnitudes and patterns has received substantial attention. Despite

these research efforts, conclusive statements concerning the influence of

speed on both the metabolic and mechanical costs to the body are subject to

argument. In this study, the influence of running speed on both the

metabolic cost to the body and on the mechanical cost to the body was

assessed. Metabolic cost was determined from steady state oxygen

consumption (V02) values. Oxygen consumption values also were

normalized for body mass and running speed in order to make comparisons

of metabolic costs across speeds, on a per-unit-distance-traveled basis.

Mechanical cost was determined from segmental energy analysis. From the

energy analyses, whole body mechanical work and power were calculated

using three algorithms each different with respect to the amount of energy

transfer allowed. Mechanical power also was normalized for body mass and

running speed provided an estimate of mechanical cost which was compared

across speeds, on a per-unit-distance-traveled basis.

Methods employed in this investigation are presented in this chapter.

Information regarding subjects, physiological measures, biomechanical data

acquisition and analysis, and statistical procedures are provided.
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Subjects

Twelve male subjects between the ages of 21 and 39 participated in the study.

All subjects were experienced runners, actively participating in training

programs. Testing criteria required that subjects be capable of running at a

speed of 240 mmin-1 without exceeding their ventilatory threshold.

Solicitation of subjects occurred via word-of-mouth and posted notices and

advertisements around Oregon State University and surrounding

communities. Prior to their participation, all subjects were verbally informed

of the nature of the study and required to read and sign an informed consent

document approved by the Oregon State University Institutional Review

Board for the use of Human Subjects .

Protocol for Physiological Measures

Maximal Oxygen Consumption Test. To obtain a valid measurement

of the metabolic energy cost of running using the techniques of indirect

calorimetry, all adenosine triphosphate (ATP) molecules generated by the

body for energy must come from cellular respiration. Since the contribution

of anaerobic energy sources cannot be accounted for, subjects must be at

steady-state conditions and be deriving energy from cellular respiration when

energy cost is assessed. At the outset of participation in the study, each subject

performed a maximal oxygen uptake test on a motor driven treadmill. The

twofold purposes of the test were to assess maximal aerobic capacity and to

determine individual ventilatory threshold. The protocol used employed

one-minute stages. The test began at a speed of 161 mmin-1. Speed was

increased 13.4 mmin-1 per stage until a speed of 241 rn-min-1 was reached.
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No further speed increases occurred following the stage at 241 mmin-1 and

0% grade. However, treadmill grade was then increased 1.0% per stage until

the subject reached volitional exhaustion. Attainment of VO2 max was

confirmed through the achievement of two of the following criteria: a) an
increase in work rate without a concomitant increase in oxygen consumption,

b) a respiratory exchange ratio (RER) exceeding 1.1, and c) heart rate

approaching age-predicted maximum.

Oxygen consumption was measured throughout the test via open

circuit spirometry and indirect calorimetry using a Sensormedics 2900

metabolic measurement system (Sensormedics Corporation, Yorba Linda,

CA). Exhaled air was automatically sampled from a seven liter mixing

chamber at 20 second intervals for determination of oxygen (02) and carbon

dioxide (CO2) percentage's. Exhaled ventilatory volume was measured by a

mass flowmeter. Prior to each test, the gas analyzers of the metabolic cart

were calibrated using two known gas mixtures. The mass flowmeter was

calibrated with a 3 liter syringe.

Determination of Ventilatory Threshold. The detection of ventilatory

threshold proceeded using the dual ventilatory equivalent criterion

recommended by Caiozzo et al. (1982). With this detection scheme, the

ventilatory threshold is defined as the point at which the ventilatory

equivalent for oxygen increases without a concomitant increase in the

ventilatory equivalent for carbon dioxide. The dual ventilatory equivalent

detection method was shown to have the highest correlation with blood

lactate threshold determined from venous sampling compared to gas

exchange detection methods using expired ventilatory volume, carbon

dioxide production, and respiratory exchange ratio (Caiozzo et al., 1982).
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Level Economy Runs. A variable of interest in the current study was

the metabolic energy demand of submaximal running. This variable can be

quantified by measuring the steady state i/02 expressed relative to body mass

and time (i.e. running economy). In this investigation, the influence of

running speed on running economy was assessed. In order to make

comparisons across speeds, running economy was normalized for running

speed. The resultant value was termed the metabolic task cost (MBTC) and

was expressed in milliliters of oxygen per kilogram body mass per meter of

distance traveled (rn.lkg-1m-1). In effect, MBTC represented the metabolic

cost required to move one kg body mass one meter.

To assess the cost associated primarily with exercise, the calculation of

MBTC was performed using a net i702 measurement. A standing rest i702

was subtracted from the exercise VO2 to obtain the net cost value. Upon

arrival to the laboratory, the subjects sat or stood quietly for 15 minutes, after

which an 8-minute standing rest i702 measurement was obtained. Values

from the final 5 minutes of the measurement period were averaged to

provide the standing rest measurement.
Steady state VO2 was measured at each of the following six running

velocities which were performed in acsending order: 140, 160, 180, 200, 220

and 240 mmin-1. The speeds were chosen because they represent a relatively

wide range of common distance running paces. All economy runs were 8

minutes in duration and were performed on the same day using a non-

continuous protocol. Following each economy run, a 10 minute rest time

was provided to allow physiological parameters to approach pre-exercise

levels. Oxygen consumption data were collected using the metabolic

measurement system described previously for the VO2 max test. The

metabolic cart was calibrated prior to data collection at each running speed.
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Data were obtained at 20 second intervals and values over the final five

minutes of the runs were averaged. Immediately prior to the set of six runs,

body mass was determined.

When assessing the influence of running speed on running economy,

consideration must be given to ensuring that the measured metabolic cost is

in fact representative of the influence of speed. Therefore, confounding

factors which increase intraindividual variation in running economy must

be controlled. In an attempt to minimize intraindividual variation in

running economy, the recommendations of Williams, Krahenbuhl and

Martin (1991) and Morgan, Martin, Krahenbuhl and Baldini (1991) were

followed. Williams et al. (1991) determined that 90% of the intraindividual

variation in running economy is accounted for by replicating testing over two

days. Therefore, the running economy tests described previously were

performed in duplicate over two testing days. Morgan et al. (1991)

recommended that controls should be imposed on the factors of circadian

variation, footwear, fatigue, and treadmill accommodation to reduce

intraindividual variation in running economy. Consequently, each
individual's economy sessions were performed at the same time of day. In

addition, subjects performed their economy sessions wearing the same

footwear for each bout. Subjects were asked to refrain from strenuous

exercise within 24 hours of their lab visits. Each subject was accommodated to

the treadmill through their participation in an initial accommodation session

and in the ,702 max-ventilatory threshold test. This provided 45 minutes of

treadmill running practice, which was found sufficient to minimize stride to

stride variability in experienced overground runners who were novice to the

treadmill (Schieb, 1986).
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Testing Sequence. On their initial visit to the lab, subjects were

informed of the nature of the study, asked to read and sign the informed

consent document, and initiated to the treadmill with 30 minutes of

submaximal running. Approximately two days later, subjects completed their

VO2 max-ventilatory threshold test. Four to seven days following the VO2

max-ventilatory threshold test, subjects ran their first economy session. The

second economy session was performed a mind;mum of one day and a

maximum of three days after the first economy bout.

Protocol for Biomechanical Measures

Video Recording. A second variable of interest in the study is the

mechanical cost of submaximal running. Total body mechanical energy was

determined from segmental energy analysis. Mechanical work and power

were calculated from the sum of potential and kinetic energy level changes of

the segments over the time required for a running cycle. Three separate

algorithms were used in the investigation for the calculation of work and

power. Each of the algorithms was different in the manner in which energy

level changes of the segments were summed. Therefore, each algorithm was

unique in the degree of energy transfer allowed. By normalizing mechanical

power for body mass and running speed, comparisons of mechanical cost

were made across speeds, on a per-unit-distance-traveled basis. The

mechanical cost variable was termed the mechanical task cost (MTC) and

expressed in joules per kilogram body mass per meter of distance traveled

0.kg-1.m-1) The MTC was an estimate of the mechanical cost to move one

kilogram body mass one meter.



57

To track segment displacement and subsequently calculate segmental

energies during running requires that a film or video record be made of the

running. In this study, two dimensional (2D) techniques were used for video

analysis. Two Panasonic AG-450 super VHS video cameras operating at a

frame rate of 30 Hertz (Hz) (60 video fields per second) were employed.

While the cameras provided a nominal frame rate, image clarity was

improved with use of an electronic shutter with a time of 0.004 seconds. For

each economy run, a 20 to 30 second video recording was obtained during

minute five. Subjects continued breathing into the mouthpiece during

filming as recent evidence indicates that running style and mechanical power

output are not substantially affected by wearing respiratory equipment (Sfler,

1991).

Prior to each economy session, estimated body segment endpoints were

marked with one-inch diameter circular dots of retro-reflective tape. Joint

markers were placed on the right and left lateral sides of the body at the

following locations: a) top of the head, b) chin level, mid-neck

(approximately C7-T1 level), c) shoulder joint, d) elbow joint, e) wrist joint, f)

center of hand, dorsal side, g) hip joint, h) knee joint, i) ankle joint, and j) toe

of the shoe. A 7 segment model was used for each side of the body,

employing body segment parameter data from Dempster (1955), and trunk

segment modifications of Hinrichs (1990). Body segment parameter data is

located in Table 1.

The use of multiple cameras for filming cyclic events such as running

requires that the cycles chosen for analysis from each camera be the same.

Failure to synchronize the cameras may result in the analysis of different

running cycles from the different camera views. To circumvent this problem,

the cameras were synchronized with an identifying event. For each trial, after
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Table 1

Body Segment Parameter Data

CM Location as

a % of Segment

Segment Length

Segment Mass

as a % of Total

Body Mass

k about CM

as a % of

Segment Length

Foot 50.0 1.45 47.5

Shank 43.3 4.65 30.2

Thigh 43.3 10.00 32.3

Upper Arm 43.6 2.80 32.2

Forearm + Hand 68.2 2.20 46.8

Head 55.0 8.10 49.5

Trunk 43.83 49.70 50.0

the cameras have been started, a hinged board was clapped together. The site

for the "clap-board" was chosen so that both cameras had a clear view of board

contact. The series of running cycles used for analysis began with a specified

number of left heel contacts following the "clap-board" impact.

Video recordings were merged from left and right sagittal views

resulting in a 12 segment model being used to represent the body. The 2D

techniques employed for data analysis did not account for mediolateral

movements. While running is essentially a planar activity in the trunk and

lower extremities, slight horizontal arm motion does occur near the end of

the forward arm swing. Hinrichs, Cavanagh and Williams (1987) reported

mean horizontal excursion for the center of mass of the arms to be

approximately 6 centimeters. Thus, while horizontal arm movement is

present, it is of small magnitude. Consequently, it was felt that three-
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dimensional techniques would not have significantly improved the analysis

while it would have added cosiderable complexity.

Video Analysis. Two strides were digitized for each subject at each

running speed. Analysis of video records was accomplished using the Peak

Performance Video Analysis System (Peak Performance, Englewood, CO). In

the analysis of running, coordinate data contains certain frequencies which

are in multiples (harmonics) of the running cycle frequency. Different

anatomical coordinates have different ranges of harmonics but a majority of

the harmonics were a result of the running motion. However, some higher

level harmonics were likely due to factors other than the locomotor pattern

itself (e.g. camera movement and digitizing errors). These higher harmonics

which are not a result of the fundamental movement are representative of

noise added to the signal. In order to attenuate noise, coordinate data were

smoothed using a 4th order Butterworth recursive, low pass digital filter.

With this filter type, signals below a critical frequency level (cutoff frequency)

are left unattenuated while signals above the cutoff frequency are severely

attenuated. Selection of the cutoff frequency determined the amount of noise

that was allowed to be passed unattenuated and determined the amount of

signal distortion that was allowed. Cutoff frequencies for each segment

endpoint in both the horizontal and vertical direction was individually

determined using the residual analysis method of Wells and Winter (1980).

Cutoff frequencies in the horizontal direction ranged from a low of

approximately 3 in the head and neck to a high of approximately 8 in the foot.

In the vertical direction, cutoff frequencies ranged from 5 to 7 for all points.

Energy Calculations. Filtered data obtained from the video recordings

ultimately were used to calculate the gross mechanical cost of running. In the

procedures employed, mechanical cost was determined from total body
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mechanical energy and work. Total body mechanical energy was calculated

using a segmental approach. Instantaneous potential and kinetic energy

levels of the segments were summed to give total body energy. From changes

in the energy curves across a running cycle, mechanical work was calculated.

The magnitudes of the potential and kinetic energies of the segments

vary depending on the degree to which the component energies are allowed

to change form within a segment and/or transfer from one segment to

another. If within-segment and between-segment energy transfers are

allowed, the total work will be less since there will be less energy level

change. Subsequently, total body mechanical work will be lower, as it is

calculated from changes in the total body energy curve.

Although within segment and between segment energy transfers have

been demonstrated (Winter, Quanbury and Reimer, 1976; Quanbury, Winter

and Reimer, 1975) the degree to which the transfers occur is still in question

and a definitive method for calculating mechanical work does not exist.

Various computational procedures have been used for obtaining a value for

mechanical work (Norman et al., 1976; Winter, 1979; Pierrynowski et al., 1980;

Williams and Cavanagh, 1983). Each of the approaches is unique in the

degree to which energy transfers are allowed. In this investigation, the no-

transfer approach of Norman et al., the no between-segment transfer

approach of Pierrynowski et al., and the total transfer approach of Winter

were used. For all algorithms, the basic approach involved determination of

each segment's instantaneous potential energy (PE), translational kinetic

energy (TKE), and rotational kinetic energy (RKE) throughout a running

cycle. The component energies were difined as follows:
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PE = mgh

TKE =
1

mv
2

RICE 2 lio2

where m = segment mass, g = acceleration due to gravity, h = vertical height

above an arbitrary point, v = translational velocity of mass center, I = segment

moment of inertia about segment mass center and o) = segment angular

velocity.

The calculation of mechanical work involved differences in the three

algorithms in regards to how the component energies were summed across

the running cycle. For the no transfer work algorithm (NTW), the absolute

changes of the instantaneous energies of each segment were calculated and

summed across all segments (i) and all video pictures (j). Mathematically, the

equation used was:

(1APE,, .1 +1ATKE,i I +1ARKEi,j1)
i=1 j=1

For the no between-transfer work algorithm (NBTW), the total

instantaneous energy of each segment was calculated, then the absolute

changes of the segmental energy curve was summed over the running cycle.

Further summing across the 12 segments in the model resulted in the NBTW

value. The mathematical equations employed were:

E, = m,gh, + 1
m,v,

2 ± 1 2

2
12 n

i=1 j=1

Complete transfer of energy forms within a segment and between all

segments was provided for in the total transfer work algorithm (TTW). In

the TTW approach, the sum of the instantaneous segmental energies was

obtained providing a total body energy curve. The sum of the absolute



changes in the curve across the running cycle resulted in the TTW value.

Mathematically, the formulae were:
1 1

Ei = migh. +-2 m"v
2 + I w2 .2 "

j=1

12

(AEi,j)
i=1
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The units for the mechanical work values were in Joules. To obtain

values for mechanical power (Watts), the mechanical work values were

divided by stride time. The mechanical task cost variables (J.kg-l.m-1) were

obtained by normalizing mechnical power for body mass and running speed.

Statistical Analyses

For the metabolic variables of gross VO2 , net VO2 , and MBTC,

differences in means between the first and second submaximal running bouts

were evaluated using separate 2 (bout) x 6 (speeds) analysis of variance

(ANOVA) procedures with repeated measures. When the analyses revealed

no difference between bout one and bout two the data were averaged and

simple regressions were performed to describe the response of the variable

across speeds. For the mechanical variables of cycle rate and cycle length,

differences in means between the 4 analyzed strides (strides 1 and 2, day 1;

strides 1 and 2 day 2) were evaluated using separate 4 (strides) x 6 (speeds)

analysis of variance (ANOVA) procedures with repeated measures.

Mechanical work, power, and MTC variables calculated with each transfer

algorithm, differences in means between the 4 analyzed strides and between

the three algorithms were assessed through separate 3 (algorithm) x 4 (strides)

x 6 (speeds) ANOVA with repeated measures procedures. Bonferroni post-

hoc analyses were performed when differences were detected between
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algorithms and/or strides. When the analyses revealed no difference

between strides it was concluded that bouts 1 and 2 were equal. Therefore, the

data from both bouts were averaged and simple regression was performed to

describe the response of the variables across speeds. In the regression

analyses, both linear and second order polynomial models were fit to the data.

However, the linear models best described the relationship between running

speed and the dependent variables.
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CHAPTER IV

Results and Discussion

The purpose of this investigation was to assess the influence of

running speed on the metabolic cost expressed relative to distance traveled

(metabolic task cost, MBTC), on the gross mechanical cost (mechanical work

and power), and on the mechanical cost expressed relative to distance

traveled (mechanical task cost, MTC). The results of the study are based on

the oxygen consumption and mechanical power responses of twelve trained,

male distance runners to 8-minute running bouts at speeds of 140, 160, 180,

200, 220, and 240 m/min. For each subject, the six running bouts were

performed in ascending order of speed with a 10-minute rest period

separating the runs. The protocol was duplicated on a subsequent day. The

MBTC variable was calculated by normalizing net if02 (exercise VO2 minus

standing rest i702) for running speed. The mechanical work and power

variables were calculated from segmental energy analyses using three

algorithms, each different in terms of energy transfer allowed. Mechanical

task cost was obtained by normalizing mechanical power for body mass and

for running speed. Analysis of variance procedures with repeated measures

were used to examine whether mean differences were present between the

two running bouts. Regression analyses were performed to examine whether

differences in the metabolic and mechanical variables existed across treadmill

speeds. For all statistical analyses, a significance level of alpha = 0.05 was

used.
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Subject Characteristics

Twelve male distance runners volunteered for participation in the

study. Each subject met the two following requirements: (a) the subject was

currently engaged in a running program, and (b) the subject was able to run at

a speed of 240 mmin-1 and be at an oxygen consumption (V02) level which

was below his iT02 at ventilatory threshold (i/O2v-r) . Table 2 provides the

subject characteristics of age, height, weight, maximal oxygen consumption

(V02max), and VO2VT. Appendix D contains the subjects' i/02vr and V02

attained at the 240 mmin-1 running speed during trial one and trial two.

Results Pertaining to Metabolic Data

Attainment of steady-state conditions were assessed through regression

analyses. Oxygen consumption values obtained at 20-second intervals over

the final five minutes of the eight-minute bouts at each speed were

evaluated for the presence of a significant slope. None of the subjects

displayed a significant increase or decrease in i/02 within the final five

minutes of each bout (p>0.05).

Separate analysis of variance procedures with repeated measures were

used to determine if mean differences existed in the two running bouts.

There were no significant differences between trial one and trial two for the

variables of gross i/02 (p=0.84), net .S/02 (p=0.92), and MBTC (p=0.86).

Therefore, in each instance the data were averaged and simple regression was

performed to describe the response of the variables across speeds.

Furthermore, no significant difference existed in standing rest i/02 between
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trial one (4.58±0.56 m1kg-1min-1) and trial two (4.56±0.37 mlkg-1min-1) as

determined from paired t-test results (p=0.90).

Table 2

Descriptive Characteristics of Subjects (n=121

Subject Height (cm) Weight (kg) Age (yrs) i702rnax

m1 kg-1 min 1

702VT

m1 kg 1 min-1

Si 168 61 26 73.3 58

S2 175 73 30 57.4 49

S3 175 76 21 62.5 51

S4 178 66 27 58.3 49

S5 185 84 34 58.4 47

S6 180 65 27 67.7 55

S7 183 71 33 58.1 47

S8 183 73 39 58.3 50

S9 170 54 26 66.2 58

S10 183 80 25 60.2 48

Sll 191 82 25 66.4 57

S12 173 74 33 62.4 52

Mean 179 72 29 62.4 52

SD 6.73 8.84 5.04 5.01 4.31
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A simple linear model best described the relationship between gross

02 and running speed. A significant (p<.001) positive linear regression

slope (131=0.154±0.010) existed for gross i702 across the six running speeds.

Means and standard deviations for gross i702 are provided in Table 3.

Individual subject responses of gross i702 at each speed is provided in Figure

1. The regression results for gross i702 and speed are located in Figure 2 and

Table 4.

A simple linear model best described the relationship between net i702

and speed. A significant (p<.001) positive linear regression slope

(fh=0.154±0.010) was observed for net i702 across the six running speeds.

Means and standard deviations for net i702 at each of the six running speeds

are located in Table 3. Individual subject responses of net i702 at each speed

is provided in Figure 3. The regression results for net i702 and speed are

provided in Figure 4 and Table 5.

A simple linear model using the combined trial data best described the

relationship between MBTC and running speed. A significant regression

slope was not observed for MBTC across the six running speeds

(B1=-0.00006±0.00005) (p=.25). Means and standard deviations for MBTC at

each of the six running speeds are provided in Table 3. Individual subject

responses of MBTC at each speed is provided in Figure 5. The regression

results for MBTC and speed are shown in Figure 6 and Table 6.
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Table 3

Group Means and Standard Deviations for Metabolic Variables Across the Six

Running Speeds

Variable

VO2G

S.D.

VO2N

S.D.

MBTC

S.D.

Speed (mmin-1)

140 160 180 200 220 240

28.5 30.9 33.6 37.1 40.0 44.0

2.54 2.84 3.00 3.28 3.14 3.41

24.0 26.4 29.0 32.5 35.4 39.4

2.53 2.89 3.04 3.29 3.14 3.42

0.171 0.165 0.161 0.162 0.161 0.164

0.018 0.018 0.017 0.017 0.014 0.016

VO2G=Gross oxygen consumption (mlkg-lmin-1, VO2N=Net oxygen

consumption (exercise minus standing rest, mlkg-1min-1), MBTC=Metabolic

Task Cost (rnlkg-1m-1)
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Figure 1. Individual responses of gross oxygen consumption at each running

speed
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Figure 2. Regression curve and regression equation for gross oxygen

consumption versus speed.

Table 4

Regression Results: Gross Oxygen Consumption versus Speed

Parameter Value Std. Error t-Value p-Value

Intercept 6.43

Slope 0.154 0.01 14.94 <0.001
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Figure 3. Individual responses of net oxygen consumption at each running

speed.
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Figure 4. Regression curve and regression equation for net oxygen

consumption versus speed.

Table 5

Regression Results: Net Oxygen Consumption versus Speed

Parameter Value Std. Error t-Value p-Value

Intercept 1.86

Slope 0.154 0.01 14.83 <0.001
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Figure 5. Individual responses of MBTC at each running speed
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Figure 6. Regression curve and regression equation for metabolic task cost

versus speed.

Table 6

Regression Results: Metabolic Task Cost versus Speed

Parameter Value Std. Error t-Value p-Value

Intercept 0.176

Slope -0.00006 0.00006 -1.16 0.25
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Discussion of Metabolic Results

The Relationship Between Oxygen Consumption and Running Speed

The results displayed a significant linear relationship between i702

(both gross and net) and running speed. This relationship is supported by

previous research (Menier and Pugh, 1968; Costill and Winrow, 1970; Costill,

Thomason, and Roberts, 1973; Falls and Humphrey, 1976; Bransford and

Howley, 1977; Daniels et al., 1977; Conley and Krahenbuhl, 1980; Conley et al.,

1981). However, many of these earlier studies suffered from the following

methodological limitations:

1. The subject cohort was not tested at comparable running speeds.

Therefore, the relationship between i102 and running speed was constructed

from different subjects running at different speeds rather than the same

group of subjects running at identical speeds (Bransford and Howley, 1977;

Costill, Thomason and Roberts, 1973).

2. The i102 and speed relationship was constructed on speed ranges as

limited as 38 m/min (Conley et al., 1981)

3. The validity of the measured oxygen cost could be questioned due to

a non-rigorous assessment of whether or not subjects were deriving ATP

primarily from aerobic metabolism by running below their "anaerobic

threshold" (Bransford and Howley, 1977; Conley and Krahenbuhl, 1980;

Conley et al., 1981).

One of the aims of the current investigation was to overcome the

methodological weaknesses present in previous studies. To control for the

first of the aforementioned limitations, this study required that all subjects

ran at each of the six test speeds. Therefore, the response of i702 to speed was
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evaluated for the entire subject pool across identical speeds ranging from 140

mmin-1 to 240 mmin-1 (5.22 mileshour-1 to 9.00 mileshour-1). This

approach increased the number of data points present at any particular speed

and provided the only means of evaluating the response of the whole group

to the six running speeds.

To ensure that the range of speeds was relatively large and

representative of common distance running paces, all subjects were required

to run at six speeds. The speeds ranged from 140 mmin-1 (5.22 mph) to 240

mmin-1 (9.00 mph) in 20 mmirri increments. To control for the

assumption that energy requirements were met from cell respiration during

testing, subjects were required to be able to perform their run at the 240

mmin-1 speed at a 102 which was below their TO2VT

The results displayed a significant linear relationship between i702

(both gross and net) and running speed. This relationship is supported by

previous research (Menier and Pugh, 1968; Costill and Winrow, 1970; Costill,

Thomason, and Roberts, 1973; Falls and Humphrey, 1976; Bransford and

Howley, 1977; Daniels et al., 1977; Conley and Krahenbuhl, 1980; Conley et al.,

1981). However, differences are apparent between the slope of the current

regression line and the slopes found in the previous research. The

appropriateness of comparing regression slopes describing the relationship

between iIO2 and speed seems to be dependent on the following two factors:

(a) the initial speed used in constructing the regression line and (b) whether

or not all subjects were tested at identical speeds. Furthermore, the validity of

the measured oxygen cost also is of concern. A non-rigorous assessment of

whether or not subjects were deriving ATP from cellular respiration can

result in regression lines not representative of true metabolic responses.
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With regard to the first factor, the selection of running speeds used

when determining the i702-speed relationship was shown to influence the

slope of the regression line generated. Daniels et al. (1977) tested 20 runners at

speeds of 202, 215, 241, and 268 mmin-1 and found a linear regression

equation adequately described the relationship between i702 and running

speed with an associated slope of 131=0.211. However, for a subgroup of 10

runners tested at speed ranges of 150 to 204 mmin-1, 178 to 225 mmin-1, and

204 to 250 mmin-1 the corresponding slopes of the regression lines were

13i=0.147, 131=0.201, and gi=0.228. Therefore, the unit increase in i702 per unit

increase in speed was different for the same group of subjects depending on

the speeds tested. Daniels noted that regression lines constructed from speed

ranges which included speeds below 200 mmin-1 were flatter than those

when all speeds were above 200 mmin-1. In the current investigation, the

initial speed used in construction of the regression line was 140 mmin-1. The
associated slope of the line was gi=0.154, which was similar to the slope

(g1=0.147) found by Daniels et al. when using an initial speed of 150 mmin-1.

The lower the initial speed used in forming the regression line, the

greater the relative influence of resting i702 on the gross oxygen cost.

Therefore, the relationship between net VO2 and speed was assessed to

determine if the relatively higher proportional influence of resting V02 at

the lower speeds was causing a reduction in the slope of the regression line.

The relationship between net iIO2 and speed (4i=0.154) was identical to the

relationship found between gross 7,02 and speed. The flatness of the

regression line was not attributable to a larger relative influence of resting

costs on gross i702 . With the Daniels et al. study, it was suggested that the

presence of flatter slopes when slow initial speeds were employed was due to

changes in running kinematics at the slow speeds compared to the faster
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speeds. They hypothesized this resulted in a correspondingly greater oxygen

cost at the slow speeds. The mechanical analysis conducted in the present

study addresses Daniel's supposition and will be covered in the discourse to

follow.

With regard to the second of factor affecting regression slope

comparisons, not testing all subjects at identical speeds may alter the

corresponding regression slope. Failure to use the same subjects at all test

speeds eliminates the control over interindividual differences in running

economy. Daniels (1985) noted that iT02 may vary 20% to 30% between

subjects running at the same speed. Due to the possibility of large

interindividual variation in running economy, the regression line generated

for the i702 -speed relationship could be expressed differently depending on

the speeds at which each subject ran. If the data used for the upper end of the

regression slope are obtained from runners who are more economical than

the runners whose data were used to construct the lower end of the

regression line, the corresponding slope would be reduced in comparison to

slopes formed using data from the same subject cohort across all speeds.

Alternatively, slopes could be steeper if the above situation is reversed.

The differences in slopes between the trained male runners of

Bransford and Howley (1977) (131=0.203) and the trained male runners in the

current study (131=0.154) may be attributable, in part, to their failure to test all

subjects at identical speeds. The researchers required that subjects ran at least

four speeds within the speed range (approximately 200 rnmin-1 to 300

mmin-1). Therefore, the results are based on a maximum speed range of 100

mmin-1. This does not preclude the possibility that some of the subjects ran

across a much smaller speed range. However, this was not made clear in the

published report. This allowed for the influence of interindividual
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differences in running economy to affect the relationship between i702 and

speed. Had the entire cohort of subjects completed identical fixed speeds, the

association between running speed and i702 may have differed from that

reported. In addition, the use of higher initial speeds also may have been

responsible for the difference in the slopes of the regression lines for the

trained male runners between the two studies. However, relatively low

initial speeds (approximately 150 mmin-1) were used for the untrained

women in Bransford and Howley's study. The increase in i702 per unit

increase in speed for the untrained female group was similar to that found

presently for trained male runners (131=0.151 vs. 131=0.154). Despite the

similarities in initial speeds, the slopes for the trained women (13i=0.182) and

untrained men (131=0.204) differed from the current slope. Again, the

differences in slopes between the studies may be a function of Bransford and

Howley not running all subjects at identical speeds.

A similar effect to that described above for the data of Bransford and

Howley is possible with the data from Costill et al. (1973). The Costill group

tested 16 trained male subjects across speeds ranging from 215 mmin-1 to 322

mmin-1. A linear relationship was reported between i702 and speed.

However, the slope of the regression line describing the ,T02-speed

relationship was higher than the slope in this investigation (131=0.252 vs.

131=0.154). As with the Bransford and Howley (1977) study, the subjects of

Costill and co-workers did not run at identical speeds. Furthermore, the

initial speed was higher than what was used in the current study. Therefore,

differences in the influence of interindividual variation in running economy

and in initial testing speeds likely accounted for the discrepancy between the

regression slopes found in their study and the slope reported presently.
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A number of previous studies did maintain identical speeds for all

subjects. Conley and Krahenbuhl (1980) found a linear model best described

the relationship between speed and i102 in a group of 12 highly trained male

runners using speeds of 241, 268, and 295 mmin-1. The slope of their

regression line (131=0.209) was similar to that found by Bransford and Howley.

It would appear that the difference in slope found by Conley and Krahenbuhl

and the current project was due to differences in the initial running speeds

examined and to their use of a more limited range of speeds.

The results of Conley et al. (1981) failed to support the conclusion that

the use of slower running speeds results in flatter regression curves.

However, their results did confirm the recommendation of Daniels et al.

(1977) that regression slopes not be compared where different speed ranges

were employed. Using 14 trained female runners and speeds of 177, 196, and

215 mmin-1, a linear regression equation with a slope of 131=0.207 was

reported for the association between i/02 and running speed. This steeper

slope may be a function of the narrow speed range (38 mmin-1) used.

Interpretation of the regression results should be limited to the speed range

employed and not extrapolated above or below the range. Had the Conley et

al. study used speeds and a speed range comparable to the present study, the

regression slopes may have been similar.

The final concern of this investigator with the methodologies

employed by previous researchers relates to the validity of the measured

oxygen cost. The use of open-circuit spirometry for measuring metabolic rate

necessitates that energy (ATP) production come from cellular respiration. An

increased involvement of phosphagen breakdown and anaerobic glycolysis as

seen in non-steady state exercise invalidates the assumption that the

measured i702 is representative of the energy demand for the exercise task
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(Brooks and Fahey, 1984). Failure to ensure that subjects are running under

their "anaerobic threshold", where anaerobic glycolysis is not contributing to

ATP production, would result in an underestimation of true energy costs

(Bransford and Howley, 1977). The most common means used by earlier

researchers for determining steady state conditions was a respiratory exchange

ratio (RER) below 1.0 (Bransford and Howley, 1977; Conley and Krahenbuhl,

1980; Conley et al., 1981). However, the RER was shown to be an insensitive

indicator of the "anaerobic threshold" (Davis et al., 1976). Also, the Davis

group reported that the RER value corresponding to a measured blood lactate

threshold was approximately 0.9. This suggests that simply using a RER

below unity is not sufficient in identifying steady-state. Previous studies

using RER to determine the existence of steady state conditions may have

underestimated the true oxygen costs. The subsequent effect on regression

curves would be a falsely low slope. While this does not explain the

differences between earlier results and the findings of the current research

(since most previous studies reported a steeper slope), it does raise a question

as to whether true metabolic costs were obtained in previous research.

The validity of the measured oxygen consumption values in the

present study was controlled by requiring that the subjects be able to run at the

highest speed tested at a V02 which was below their i702v-r. Ventilatory

threshold (VT) for the current subjects occurred at a mean value of 82% ± 3%

of VO2max. While the percentage of VO2max at which VT occurs is quite

variable for trained runners of similar maximal aerobic capacities, the present

value is consistent with the literature. However, comparisons are difficult

due to differences in the protocols used in testing. Those differences not

withstanding, Mazzeo and Marshall (1989) reported VT occurred at 72% of

VO2max for a group of six trained runners (VO2max = 67 mlkg-1min-1).
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Powers, Dodd, Deason, Byrd and McKnight (1983) found VT to occur at a

lower percentage of VO2max (61%) for nine experienced distance runners

(VO2max = 69 mlkg-l.min-1). Higher values for the percent of VO2max at

which VT occured was reported by MacDougal (1977). For nine endurance

athletes (VO2max = 69 mlkg-1min-1), VT was found at approximately 86% of

'/02max. Despite similar maximal aerobic capacities, VT occurred at between

61% and 86% of VO2max in the earlier studies. The current results fall within

the range of values reported for trained endurance athletes.

Metabolic Cost Per Unit of Distance Traveled

Metabolic cost per unit of distance traveled was independent of

running speed, with a mean cost of 0.164±0.004 mlkg-1m-1. The

independence of metabolic cost per distance traveled and running speed is

supported by previous research (Margaria et al., 1963; Pugh, 1970; Fellingham

et al., 1978). However, comparisons with previous studies is difficult because

earlier work suffered from the following methodological limitations: a) very

small sample sizes were employed (Margaria et al., 1963, Dill, 1965, Pugh,

1970), b) not all subjects were tested at identical speeds (Margaria et al., 1963,

Dill, 1965, Pugh, 1970, Van der Walt and Wyndham, 1973), c) speeds were

used where the existance of steady-state conditions was tenuous (Margaria et

al., 1963, Dill, 1965, Pugh, 1970), and d) a limited number of running speeds

were tested ( Fellingham et al., 1978). In addition, differences in the

definitions of resting costs among the studies complicates the comparisons.

The use of supine or seated measures during rest or the failure to identify the

procedures employed makes magnitude related comparisons difficult.
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The Margaria group found the net caloric cost of running per distance

traveled to be constant and independent of speed (approximately 1

Kcalkg-1km-1). Although not directly reported by Margaria et al., Dill (1965)

noted that this was equivalent to an oxygen cost of 0.20 mlkg-l-m-1. Thus,

oxygen cost per distance traveled was somewhat higher than what is reported

here. When a caloric equivalent of 5 Kcal iter 02-1 was applied to the present

data, an approximate caloric cost of 0.82 Kcalkg-1 -lcm-1 resulted. Differences

in the magnitude of the measures between the two studies may be attributable

to differences in resting costs. In the present investigation, a standing rest

To02 value was subtracted from the exercise i702 to attain a net cost. It was

not stated in the Margaria et al. paper how net values were obtained. If lower

resting costs were used, higher net exercise costs would result. Furthermore,

the analysis by Margaria et al. is based on only two subjects. It is difficult to

speculate whether metabolic cost per distance and running speed would have

remained independent had more subjects been tested. Also, the report of

Margaria et al. failed to note whether each subject ran at identical speeds

throughout the range of speeds tested. As noted previously for the

assessment of the relationship between gross and net i/02 and speed, the

influence of interindividual differences in running economy could affect the

response of the regression line. In the case of MBTC, if the data points from

the upper end of the regression curve are from subjects more economical in

comparison to subjects comprising the data points at the opposite end of the

regression curve, a speed-dependent decrease in cost per distance would be

expressed. The shape of the regression curve could change depending on the

speeds at which the individual subjects were tested.

Comparison of the present findings with those of Pugh (1970) also is

troublesome due to sample size inequalities and the problems of not testing
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all subjects at identical speeds. Using two subjects, Pugh found a constant

caloric cost of 0.95 Kcal-kg-1km-1 across a speed range of 133 mmin-1 to 358

mmin-1. While it was not the intent of the present study to assess caloric

cost, an estimated value of 0.82 Kcalkg-1km-1 was found. While the cost

found by Pugh is somewhat higher in magnitude than present estimates,

differences in the influence of resting costs may have been a contributing

factor, since no mention was made as to whether net or gross costs were

assessed in the Pugh study. Similarities in metabolic demand between the

two studies is evident due to the constancy of the measures across speeds.

However, the constancy displayed in the Pugh study may have been

influenced by the subjects running at speeds where steady-state conditions did

not exist. A speed of 358 mmin-1 equates to a 4:30 mile pace. While the

subjects were capable of maximal oxygen uptakes of greater than 75

mlkg-lmin-1 and three mile race times of under 14 minutes, it is

questionable whether they could run at such speeds and be below their

"anaerobic threshold". Since the researchers did not assess where individual

thresholds occurred, the influence of this factor is not known. Had subjects

been above their threshold, then true oxygen costs would have been

underestimated (Bransford and Howley, 1977). Subsequently, the metabolic

cost per distance would have been underestimated for the higher speeds.

Relating the current results to those of Fellingham et al. (1978) also is

difficult since only two running speeds (134 mmin-1 and 188 mmin-1) where

steady-state conditions could be confirmed were examined. A cost of

approximately 1 Kcalkg-l.km-1 was reported by the Fellingham group.

Calculation of MBTC in comparable units to the present study resulted in

values of 0.232 mlkg-lm-1 and 0.221 mlkg-1m-1 for the 134 and 188 mmin-1

speeds, respectively. Again, differences in resting costs may account for the
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disparity in magnitude between the values calculated for the Fellingham et al.

group and the present values. No reference was made by the Fellingham

group as to whether resting costs were obtained from a supine, seated or

standing position. However, in the Fellingham et al. study, all subjects were

tested at each of the speeds assessed. Furthermore, the constant metabolic cost

per distance found in this study covered a speed range that included speeds

similar those of Fellingham et al. The similarity of results between the

current study and the studies of Margaria et al., Pugh, and Fellingham et al.

(despite methodological differences) would suggest that the independence of

cost per distance traveled and running speed is robust.

Dill (1965) reported a trend for a speed-dependent increase in metabolic

cost per distance for running speeds between 156 mmirri and 348 mmin-1

for two male runners. Since the subjects did not run at identical test speeds,

the aforementioned problems surrounding this limitation were possible.

Despite this, an examination of the graphed results from Dill revealed that

the cost per distance traveled increased only slightly (from 0.17 mlkg-1m-1 to

0.18 mlkg-1m-1) for speeds ranging from 156 rnmin-1 to 240 mmin-1. When

speeds were extended to 348 mmirri for one of the runners, a cost of 0.20

mlkg-1m-1 was reported. The values for the net metabolic cost per distance

traveled found by Dill were slightly higher than what is reported in the

current study. Resting costs were measured in identical fashion in both

studies, so differences between the MBTC values are not likely due to effects

from resting costs. However, the possibility that their subjects had lower

resting costs and hence a higher MBTC measure cannot be eliminated. The

high speeds used in the Dill study also raises questions concerning steady-

state assumptions. An RER below unity was used to confirm steady-state

conditions. As previously noted, RER is an insensitive indicator of the
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"anaerobic threshold". The results of a speed dependent increase in MBTC

seen by Dill would have been magnified if steady-state conditions were not

met at the higher speeds and true metabolic costs were underestimated. Van

der Walt and Wyndham (1973) reported a speed-dependent decrease in

oxygen consumption per distance run across a speed range of 133 mmin-1 to

215 mmin-1. They speculated that the response was due to an increased

reliance on anaerobic energy sources at the higher running speeds and a

subsequent underestimation of true energy costs. Subjects in the current

study were able to run at the highest test speed aerobically. Therefore, the

difference in conditioning level between the subjects of Van der Walt and

Wyndham and the subjects participating in this investigation likely explain

the conflicting results. Maximal oxygen consumption values were not

provided by Van der Walt and Wyndham nor was any indication given as to

how steady-state conditions were assessed.

Although the results from the pooled data of this investigation

support previous findings of an independence between metabolic cost per

distance traveled and running speed, individual trends indicate that speeds

exists where cost is minimized. During trial one, 8 of the 12 subjects

displayed their minimum cost per distance at either 220 mrnin-1 or 240

mmin-1 running speed. The most common speed for the highest cost per

distance was 140 m-min-1. Seven of the subjects had their highest cost at that

speed. The difference in cost per distance traveled from the highest cost to the

lowest cost for a given subject ranged from 0.004 mlkg-lm-1 to 0.042

mlkg-lm-1. The mean difference in highest to lowest cost was 0.018 ± 0.012

mlkg-lm-1. Therefore, during trial one, the intersubject variation in MBTC

was large. For trial two, 9 of the 12 subjects displayed their lowest MBTC at

either 180 mmin-1 or 200 mmin-1. Conversely, the highest MBTC for 10 of
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the 12 subjects occurred at either 140 mmin-1 or 240 mmin-1. For any given

subject, the difference from highest to lowest MBTC ranged from 0.004

ml/kg/m to 0.047 mlkg-1m-1. The mean difference in highest to lowest

MBTC was 0.015 ± 0.012 mlkg-1m-1. As with the first submaximal trial,

intersubject variation in MBTC was high. The individual MBTC values and

ranges for trial one and trial two are located in Appendix D.

The differences in individual responses from trial one to trial two are

difficult to explain since strict controls were employed to reduce intrasubject

variation in running economy. Testing was replicated over two testing days

in accordance with the results of Williams et al. (1991). The Williams group

reported that 90% of the intraindividual variation in running economy is

accounted for by duplicate testing. In addition, Morgan et al. (1991) reported

that controlling for footwear, circadian variation, fatigue, and treadmill

accommodation reduces intaindividual variation in running economy.

Therefore, each subject performed his testing at the same time of day, wore

the same footwear for each session, was asked to refrain from exercise within

24 hours of his lab visit, and was accommodated to the treadmill with at least

45 minutes of treadmill running. The varied responses between individuals
indicates that the regression equation formulated to describe the response of

MBTC for the group is unsatisfactory in predicting individual responses

across speeds. For the group as a whole, however, the failure to find MBTC

dependent on speed suggests that it is no more costly energetically to run a

given distance at 240 mmin-1 than it is at 140 mmin-1. Therefore, when

running solely for caloric expenditure where time is of no consequence, the

perceived comfort of the running gait may be the deciding factor influencing

the selection of running pace for a given distance.
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Results Pertaining to Mechanical Data

In this study, simultaneous right and left sagittal view video records of

two strides were digitized for each running speed and for each of the two

submaximal running bouts. From the digitized records of the trials, values

for the kinematic descriptors of cycle rate (CR) and cycle length (CL) were

obtained. Total body mechanical work was calculated using three algorithms,

each different in the amount of energy transfer permitted within and between

body segments. The most restrictive approach (no transfer work, NTW)

(Norman et al., 1976) did not allow for energy to transfer forms within a

segment nor did it allow energy transfer between segments. The next most

restrictive method (no between-transfer work, NBTW) (Pierrynowski et al.,

1980) did not allow for energy transfer between body segments but did allow

for energy to transfer forms within a segment. The least restrictive approach,

(total transfer work, TTW) (Winter, 1979) provided for complete transfer of

energy between segments and within a segment. Total body mechanical

power was calculated from each of the mechanical work values. Therefore,

the values are representative of mechanical power assuming no energy

transfers (no transfer power, NTP), assuming no between segment energy

transfer (no between transfer power, NBTP), and assuming complete transfer

of energy between segments and within a segment (total transfer power, TTP).

Mechanical task cost (MTC) also was calculated from the work values

obtained using the three transfer algorithms and are identified as no transfer
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MTC (NTMTC), no between segment transfer MTC (NBTMTC), and total

transfer MTC (TTMTC).

Values for mechanical work, mechanical power, and mechanical task

cost were determined using a kinematic approach. Based on body segment

endpoint positions throughout a running cycle, instantaneous segment

potential energy (PE), translational kinetic energy (TKE), and rotational

kinetic energy (RICE) were calculated with the use of body segment parameter

data (Table 1). Instantaneous segmental energies were summed to give

instantaneous total body energy (TOTAL). Figure 7 shows a typical energy

curve for a running cycle. Mechanical work and power were determined by

taking the absolute sum of the changes in energy across the running cycle.

A total of four strides were analyzed for each subject at each speed.

Values for all the kinematic variables were entered into separate, 4 x 6

repeated measures analysis of variance (ANOVA) tests to determine if

differences in the means existed between the four strides analyzed (i.e. stride

one and two on day one and stride one and two on day two). If no differences

were revealed between the strides, then it was concluded that the values for

the variables did not differ from stride to stride within a day or between days.

An average value of the four strides was then obtained and simple regression

was performed to describe the response of the variables across speeds. From

the repeated measures ANOVA procedures, no significant differences were

found between the four strides analyzed for CR (p = 0.99), CL (p = 0.99), NTW

(p = 0.99), NBTW (p = 0.99), TTW (p = 0.97), NTP (p = 0.99), NBTP (p = 0.99)

and TTP (p = 0.95), and NTMTC (p = 0.99), NBTMTC (p = 0.98), and TTMTC (p

= 0.82). Therefore, with each analysis, the data from the four total strides were

averaged and simple regression was performed. Means and standard

deviations of the variables for each stride are located in Appendix E.
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Simple linear models best described the relationships between the

dependent variables and speed. Cycle rate and cycle length increased as

running speed increased. Significant (p < 0.001) positive regression slopes

existed for CR (131 = 0.001±0.0002) and CL (131= 0.011±0.0003). For mechanical

work, both NTW (Bi = 2.80±0.59; p < 0.001) and NBTW (Bi = 1.56±0.33;

p < 0.001) increased with increasing running speed. However, TTW did not

change significantly across the six running speeds (p = 0.26). The responses of

individual subjects for NTW, NBTW, and TTW and running speed are

located in Figures 8, 10, and 12, respectively. The regression graphs for NTW,

NBTW, and TTW versus speed are located in Figures 9, 11, and 13,

respectively. For mechanical power, NTP (131 = 4.50±0.69;p < 0.001),

NBTP (131 = 2.51±0.38; p < 0.001), and TTP (131 = 0.66±0.28; p = 0.02) all increased

with increasing running speed. Significant negative regression slopes existed

for NTMTC (131 = -0.008±0.001; p < 0.001), NBTMTC (Bi = -0.005±0.001; p <

0.001), and TTMTC (B1 = -0.008±0.001; p < 0.001) across the six running speeds.

Figures 14, 16, and 18 provide the individual subject responses for NTMTC,

NBTMTC, and TTMTC and running speed, respectively. The regression

graphs for NTMTC, NBTMTC, and TTMTC versus speed are located in

Figures 15, 17, and 19, respectively. Means and standard deviations for the

mechanical variables at each of the six running speeds are provided in Table

7. Table 8 provides the regression results for the mechanical variables versus

speed. Individual values are located in Appendix F.

In addition to assessing if differences existed in the mean values for the

variables for each stride and for each speed, the degree of uncertainty

surrounding the measures was examined. Coefficients of variation (CV) were

calculated for each variable, at each speed, for the four analyzed strides. For

any variable at any speed, CV never exceeded 2.5%. Therefore, the
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uncertainty surrounding the measures was at greatest 2.5% of the mean

value. Group means, standard deviations, and coefficient of variations across

the four analyzed strides for each running are located in Appendix G.

Table 7

Group Means and Standard Deviations for Mechanical Variables (Per Cycle)

Across the Six Running Speeds.

Running Speed

Variable 140 m.miril 160 mmin-1 180 mmin-1 200 m-min-1 220 m.miril 240 mmin-1

CR (Hz) 1.32±0.06 1.34±0.06 1.35±0.05 1.37±0.06 1.38±0.05 1.40±0.05

CL (m) 1.77±0.08 2.00±0.08 2.22±0.08 2.43±0.10 2.65±0.10 2.87±0.11

NTW (J) 741±156 807±169 860±172 913±182 972±188 1024±189

NBTW (J) 420±88 456±94 483±95 513±101 545±105 578±107

TTW (J) 325±75 341±79 346±74 346±70 355±67 355±65

NTP (W) 969±172 1072±189 1154±200 1243±210 1338±224 1422±227

NBTP (W) 549±97 605±106 648±110 698±116 750±126 803±129

TTP (W) 424±84 453±90 464±87 472±82 489±80 493±80

NTMTC * 5.78±0.55 5.59±0.46 5.35±0.43 5.19±0.38 5.08±0.40 4.95±0.40

NBTMTC * 3.27±0.30 3.16±0.25 3.01±0.24 2.91±0.21 2.85±0.23 2.80±0.23

TTMTC * 2.53±0.32 2.35±0.30 2.15±0.23 1.97±0.19 1.86±.018 1.72±0.21

* NTMTC, NBTMTC, and TTMTC are in units of Jkg-1m-1
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Table 8

Regression Results For Mechanical Variables Versus Speed

Variable Intercept Slope SE t-value p-value R2

CR 1.21 0.001 <0.001 4.32 <0.001 0.21

CL 0.25 0.011 <0.001 34.92 <0.001 0.95

NTW 354.57 2.80 0.59 4.74 <0.001 0.24

NBTW 203.55 1.56 0.33 4.71 <0.001 0.24

TTW 292.40 0.28 0.24 1.14 0.26 0.02

NTP 344.29 4.50 0.69 6.56 <0.001 0.38

NBTP 198.86 2.51 0.38 6.54 <0.001 0.38

TTP 340.60 0.66 0.28 2.34 0.02 0.07

NTMTC 6.90 -0.008 0.001 -5.61 <0.001 0.31

NBTMTC 3.92 -0.005 0.001 -5.82 <0.001 0.33

TTMTC 3.64 -0.008 0.001 -9.88 <0.001 0.58

The Relationship Between Metabolic and Mechanical Variables

To assess the relationship between the metabolic variables and the

mechanical variables, regression analyses were performed for power

normalized for body mass versus gross V02 and MBTC versus the

mechanical task cost MTC. Significant positive relationships existed for

NTPkg-1 versus gross V02 (p < 0.001;131 = 0.31± 0.03), NBTPkg-1 versus gross
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NI02 (p < 0.001; fh = 0.17± 0.02), and TTPkg-1 versus gross i702 (p < 0.001;131 =

0.06 ± 0.01) found between W and V02 (p = 0.72) or P and if02 (p = 0.66).

Figures 20, 21, and 22 provide the regression results for the NTP/kg,

NBTPkg-1, and TTPkg-1 versus V02, respectively. Table 9 contains the

regression results for the power variables normalized for body mass versus

gross V02. Second order polynomial best described the relationship between

MBTC and the mechanical task cost variables using the restricted transfer

algorithms. The regression between MBTC and NTMTC was significant (p =

0.004), however, only 15% of the variance in MBTC was accounted for when

the quadratic relation to NTMTC was used. A similar result was found for

the relationship between MBTC and NBTMTC, as the second order

polynomial was significant (p = 0.01) but accounted for only 12% of the

variance in MBTC. A significant linear association was found between the

MBTC and TTMTC (p = 0.001) with only 14% of the variance in MBTC being

explained by TTMTC. The regression graphs for MBTC versus NTMTC,

NBTMTC, and TTMTC are provided in Figures 23, 24, and 25, respectively.
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Figure 20. Regression curve and regression equation for NTP per kilogram

body mass versus gross oxygen consumption.
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Figure 21. Regression curve and regression equation for NBTP per kilogram

body mass versus gross oxygen consumption.
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Figure 22. Regression curve and regression equation for TTP per kilogram

body mass versus gross oxygen consumption.
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Table 9.

Regression Results for Power Variables per Kilogram Body Mass Versus Gross

Oxygen Consumption.

Variable Intercept Slope SE t-Value p-value R2

NTP/kg 5.71 0.31 0.03 9.14 <0.001 0.54

NBTP/kg 3.34 0.17 0.02 8.90 <0.001 0.53

TTP/kg 4.24 0.06 0.01 4.60 <0.001 0.23

Discussion of Mechanical Results

The increase in running speed from 140 m-min-1 to 240 mmin-1

represented a 71 percent change. The increase in speed was accomplished by

an increase in both CR and CL. Cycle length displayed a greater rate of

increase across the running speeds. Therefore, the percent change in CL was

substantially larger than the percent change in CR (62% vs 6%). This

indicated that the control of speed for the speed range utilized was more

dependent on increasing the length of stride rather than increasing the tempo

of the stride. Similar findings were reported by Cavanagh and Kram (1989).

For running speeds of 189, 201, 214, 230, and 247 rnmin-1, cycle length

increased from 2.27 to 2.85 meters while CR increased from 1.38 to 1.44 Hz.

The corresponding percent changes were 28% for CL and 4% for CR. The

pattern of CL increasing at a greater rate than CR is supported in the existing

literature for speeds below 420 mmin-1 (Dillman, 1975; Luhtanen and Komi,

1978; Williams, 1990). The mean values for CR and CL are similar to those
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reported by Luhtanen et al. (1990). At speeds of 157, 182, 209, and 247 mmin-1

Luhtanen and co-workers reported mean cycle rates of 1.34, 1.34, 1.38 and 1.41

Hz. In the present study, for the speeds of 160, 180, 200 and 240 mmin-1 mean

cycle rates were 1.34, 1.35, 1.37 and 1.39. Cycle lengths in the Luhtanen study

were 1.96, 2.30, 2.56, and 2.94 meters while current cycle lengths averaged 2.00,

2.22, 2.43, and 2.87 meters.

Aside from differences in speeds used in previous studies, comparisons

of characteristics such as CR and CL are straightforward. Much more difficult

are comparisons of mechanical work and power. Differences in

computational procedures (as discussed in Chapter 2) and little existing

information assessing the influence of speed on mechanical power limit the

possible associations. The reader also is alerted to the limitations of the

kinematic-based approach used for calculating mechanical work and power in

the present investigation. The kinematic-based no transfer algorithm

(Norman et al., 1976), within segment only algorithm (Pierrynowski et al.,

1980), and the complete transfer algorithm (Winter, 1979) were employed in

this study. While within-segment energy exchanges have been demonstrated

(Quanbury et al., 1975; Winter et al., 1976) the extent to which exchanges occur

between non-adjacent segments is unknown. Unaccounted for in the current

methodology was the contribution of elastic energy storage and utilization.

Researchers (Cavagna et al., 1968; Asmussen and Bonde-Peterson, 1974;

Cavagna et al., 1977) have suggested that stored energy in the elastic

components of muscles contribute to positive external work generation

without additional metabolic cost. Therefore, elastic energy can contribute to

positive energy levels change. The inability to account for the influence of

elastic energy likely leads to an overestimation of the work performed.
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The three methods for calculating mechanical work resulted in

significantly different mechanical work values within a speed and different

responses across running speeds. Using the no-transfer method, mechanical

work increased 38% across speeds from 741 Joules at 140 mmin-1 to 1024

Joules at 240 mmin-1. A similar response was seen with the no-between-

transfer method, as mechanical work increased 38% from 420 Joules at the

lowest speed to 578 Joules at the highest speed. Use of the total-transfer

method failed to result in a significant increase in mechanical work across

speeds, as work increased only 9% from 325 Joules at 140 mmin-1 to 355

Joules at 240 mmin-1. Therefore, when the degree of energy transfer was

limited, mechanical work demonstrated a speed-dependent increase.

However, when complete transfer was allowed, mechanical work was

independent of running speed. The independence of mechanical work

(calculated with the total transfer method) and speed was in contrast to the

findings of Luhtanen et al. (1990). At running speeds ranging from 157 to 247

mmin-1 Luhtanen's group reported positive mechanical work to increase

with an increase in running speed. Mechanical power, which simply

represents mechanical work normalized for stride time, also displayed a

speed-dependent increase in the Luhtanen et al. study increasing from 346 to

615 Watts across speeds. In the present study a small but significant increase

in TTP was found, increasing from 424 Watts at the slowest speed to 493

Watts at the fastest speed due to the reduction in stride time as running speed

increased. The total transfer algorithm of Winter (1979), body segment

parameter data from Dempster (1955), and multiple running cycles were used

by the Luhtanen group. Therefore, computational difference between the

studies do not likely explain the variation in work and power values. The

Luhtanen study did assume symmetry of left and right body sides, which was
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not assumed in this study. However, it is not felt that this could explain the

speed dependent increase in work found in the previous study compared to

the independence of speed and total body mechanical work reported here. It

was demonstrated that for the present group of runners, energy transfers were

of increased significance for conserving energy and work as running speed

increased. When algorithms were used which limited energy transfers,

mechanical work increased as running speed increased. However, when

complete transfer of energies were allowed, there was an independence of

speed and mechanical work. The running styles of the subjects of the

Luhtanen group may not have been as dependent on energy transfers at the

higher running speeds. Therefore, as speed increased, so did mechanical

work, despite complete transfer of energies being allowed by the algorithm

employed. Since the degree to which energy transfers influenced work values

was not assessed in the Luhtanen et al. study, differences between the study

and the present one are left to supposition.

A comparison of kinematic based mechanical work algorithms was

performed by Slavin, Hintermeister, and Hamill (1993). Among the

algorithms employed in their study were the three used currently, although

the range of running speeds (215 mmin-1 to 293 rnmin-1) employed by the

Slavin group was higher than the range used presently. Furthermore, two

different foot strike patterns (heel strike and forefoot strike) were evaluated.

Nonetheless, the results of the two studies were similar. The no transfer and

no-between transfer algorithms displayed the highest work values within a

particular speed and showed greater increases across running speeds than did

the total transfer method. Use of the total transfer algorithm resulted in no

significant change in mechanical work across running speeds. Therefore, in

the present study, as in the Slavin et al. study, the response of mechanical



117

work to changes in running speed was affected by algorithm choice. The

reduction in mechanical work with the allowance of energy transfers

increased with speed, ranging from a 56% reduction at 140 mmin-1 to 66%

reduction at 240 mmin-1. At each running speed the majority of the

reduction in mechanical work was due to within-segment energy transfers.

Within-segment transfers consistently accounted for 44% of the reduction in

mechanical work. The influence of between-segment transfers increased as

running speed increased. At the slowest running speed, 13% of the reduction

in mechanical work was due to between-segment transfers while at the

highest running speed, between-segment transfers accounted for 22% of the

reduction in mechanical work. These results were indicative that while

within-segment transfers contributed most to energy conservation, between-

segment transfers were increasingly more important as running speed

became faster. The Slavin et al. group also found the reduction in mechanical

work to be greater as running speed increased. The reduction in mechanical

work, for both foot strike patterns, was approximately 70% at the slowest

running speed and 79% at the highest running speed. Of the two types of

energy transfers, the researchers reported a larger influence of the between-

segment transfers for reducing mechanical work values than for the within-

segment transfers. For both foot strike patterns, within each of the three

speeds tested, 15% to 20% of the reduction in mechanical work was accounted

for by within-segment energy transfers. Approximately 50% of the reduction

in mechanical work was due to between-segment transfers at the slowest

speed compared approximately 64% at the highest running speed. Differences

between the two studies in the relative influence of within-segment and

between segment energy transfers are difficult to explain. Subjects in the

Slavin et al. study were highly skilled distance runners with a mean personal
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best 10 kilometer run time of approximately 32 minutes. An informal survey

of the present group of subjects revealed personal best 10 kilometer run times

ranging from 32 to 36 minutes. The higher skill level and possible differences

in the running style of the subjects in the Slavin et al. study may have

contributed to the differences in within and between segment transfers.

Shorten, Wootton, and Williams (1981) calculated mechanical work

and power output via the three algorithms employed currently on 4 highly

trained runners over speeds ranging from 215 m-min-1 to 349 m-min-1. In

their calculations, only positive changes in the energy curve were used to

represent mechanical work and power. Highest power values were found

with the no transfer algorithm followed by the no-between transfer method

and the total transfer method. The reduction in power due to energy

transfers was consistent across speeds, averaging 72%. In support of the

present findings an increase was found in the contribution of between

segment transfers to work and power reductions with an increase in running

speed. However, the relative influence of between segment transfers to the

reduction in mechanical work and power was higher in the Shorten et al.

paper, ranging from 55% at the lowest speed to 61% at the highest speed. It is

suspected that differences in the running styles of the subjects accounts for the

relative differences in the contribution of within and between-segment

energy transfers in reducing mechanical work and power.

The profound influence of energy transfers on mechanical work and

power values also was demonstrated by Williams and Cavanagh (1983) on 31

well trained subjects and one running speed (214 mmin-1). Among the

algorithms employed were the three used presently. In accordance with other

published literature (Slavin et al., 1993; Shorten et al., 1981) a 69% reduction

in mechanical power was realized from the no transfer condition to the total



119

transfer condition. At the running speed in the present project (220 inmin-1)

which was nearest the speed used by Williams and Cavanagh, a 64%

reduction in mechanical power was demonstrated. However, differences

existed in the relative contributions of within-segment and between-segment

energy transfers to the overall reduction in mechanical power. The majority

of the reduction in power (54%) in the Williams and Cavanagh paper was

attributable to between-segment energy transfers. Within-segment transfers

accounted for the remaining 15%. At the 220 mmin-1 speed in this study,

within-segment transfers contributed 44% of the 64% reduction in power and

between-segment transfers contributed the remaining 20%. Technique

differences between the subjects of the two studies may explain this

discrepancy.

The differences in the relative contributions of within-segment and

between-segment energy transfers in reducing mechanical work and power

values in the current study and in the studies discussed above are perplexing.

For between-segment transfers to occur, an increase in mechanical energy in

one segment would be coincident with a decrease in mechanical energy at

another segment. If this were not the case, the increase in mechanical energy

could be due to muscular forces. Theoretically, a higher metabolic cost would

be incurred due to increased activation of the musculature. Williams and

Cavanagh (1983) reported that between-segment energy transfers were

important for the reduction in mechanical power and/or i702. However, the

difference in net i702 values that existed for the current subjects running at

220 mmin-1 speed (V02 = 35.42±3.11) and the subjects of Williams and

Cavanagh who ran at 214 mmin-1 (V02 = 39.00±2.05) demonstrated that the

present subjects were more economical. Shorten et al. (1981) found higher

within segment energy transfers to be negatively associated with i/02 at each
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running speed examined. This may explain some of the differences in results

between the current study and those of Williams and Cavanagh. Williams

and Cavanagh (1987) noted that the mechanical characteristics of running are

individualistic. The differences in the relative contributions of within-

segment and between-segment energy transfers in this study and the other

aforementioned investigations might be explained by differences in running

styles of the subjects of the two studies. Although trained runners were

employed in each investigation, this does not preclude the possibility that

differences existed in the running patterns.

On a per-unit-distance traveled basis, mechanical cost was assessed

through the mechanical task cost variables. Mechanical task cost decreased as

running speed increased for each transfer algorithm. The speed dependent

decrease in mechanical task cost was a result of mechanical power displaying

a lower percentage increase across speeds than was the percent increase in

running speed. Therefore, it became mechanically more economical to run a

given distance as running speed increased. As previously discussed, between-

segment energy transfers became more important as running speed increased.

The allowance of both within-segment and between-segment energy transfers

resulted in an independence of speed and mechanical work. When

normalized for stride time TTP displayed a slight but significant increase with

running speed. However, the most profound increases in power and the

highest correlations between power and running speed existed for the

algorithms limiting energy transfers. In accordance with the mechanical

power results, the largest decrease in mechanical task cost (32%) occurred with

the total transfer algorithm (TTMTC). A 14% decrease existed for both

NTMTC and NBTMTC across running speeds. Therefore, disregarding

energy transfers, to run a given distance it was at least 14% more economical
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at the highest running speed than at the lowest running speed. This may

suggest a beneficial change in running kinematics with running speed for the

subjects of this investigation.

The present findings failed to support those of Luhtanen and co-

workers (1990) who, using the total transfer algorithm of Winter (1979),

found mechanical task cost to remain constant across a speed range of 157 to

209 mmin-1, and then increase when speed was increased to 247 mmin-1.

Therefore, the cost to transport the body a given distance was constant up to

the 209 mmin-1 speed. This would indicate that the segmental actions of the

runners in the Luhtanen et al. study did not adapt to a more mechanically

economical gait as speed increased. It also was examined as to whether the

speed dependent decrease in mechanical task cost in the current study and the

independence of mechanical task cost and speed in the Luhtanen et al. study

was due to the selection of running speeds. If the lower end of the running

speed range employed in the current study was causing a mechanically

uneconomical running gait, then mechanical task should display a non-

linear decrease. However, linear models best fit the data. The percent

decrease mechanical task cost was relatively constant between speeds ranging

from 2% to 4% of the total decrease using the limited transfer algorithms and

5% to 7% of the total decrease using the total transfer algorithm. The

differences between the present study and that of Luhtanen et al. in terms of

mechanical task cost were likely due to the highly individualistic nature of

running styles.

In the present investigation, the group responses were mirrored from

an individual standpoint. Using the no transfer and no between transfer

algorithms resulted in all subjects displaying a speed dependent increase in

mechanical work and power. Despite high intersubject variability in the



122

work and power values, all individuals displayed in the variables with

increased running speed. For the total transfer method, individual work and

power responses were much more variable resulting in an independence of

work and speed when the data were pooled. Therefore, the degree to which

between segment energy transfers influenced mechanical cost was

individualistic. However, when viewed from a per unit distance traveled

basis, mechanical cost generally decreased for each individual across running

speeds for all transfer algorithms. Thus, regardless of energy transfer, it was

mechanically more economical to run a given distance as running speed

increased for each individual.

Relationship Between Mechanical and Metabolic Costs

To assess the relationship between the metabolic and mechanical costs

of running regression analyses was performed between mechanical power

normalized for body mass and gross i702. For each transfer algorithm

employed, a significant linear relationship existed between the two variables.

The algorithms limiting energy transfers were most highly correlated with

TCO2 (NTPkg-1, r = 0.74; NBTP.kg-1, r = 0.73). Therefore, approximately 54% or

the variance in i702 could be explained by mechanical power normalized for

body mass when energy transfers were disallowed or restricted to transfer of

component energies within a segment. The association between i702

mechanical power using the total transfer method was weaker (TTP.kg-1, r =

0.48) than that seen with the other methods. The higher intersubject

variability of between segment transfers resulted in only 23% of the variance

in i702 being explained by the biomechanical variable of mechanical power.

Few comparisons are possible between the present results and those existing
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in the published literature due to a lack of existing information. Shorten et

al. (1981) found high correlations between positive mechanical power and

metabolic energy expenditure. Using the no transfer, no between transfer,

and total transfer algorithms correlation coefficients of 0.87, 0.88, and 0.92

respectively, were reported. Therefore, between 76% and 85% of the variance

in metabolic cost was explained by positive mechanical power. The closer

association between metabolic and mechanical costs in the study by Shorten

and co-workers may be due to the selection of higher running speeds where

such an association may be different. Furthermore, the four subjects used in

the investigation may have been more homogeneous in terms of training,

fitness and running economy, thereby reducing the intersubject variability

present. This factor seems plausible in light of the rather weak association

present between TTPkg-1 and i/02 in the current study and the strong

association that existed in the Shorten et al. study.

Using the restricted transfer methods, the association between

metabolic and mechanical costs was similar to that found by Williams and

Cavanagh (1987). Looking only at one speed (214 mmin-1), Williams and

Cavanagh found that 54% of the variance in i702 was explained by the

variable of shank angle at foot strike, maximum plantarflexion angle and net

positive power. In their calculation of mechanical power, complete energy

transfers were assumed and estimates of the influence of elastic energy were

applied. Since discrete kinematic measures were not included in the current

analysis, no conclusive statement can be made as to whether the relationship

between TTPkg-1 and iIO2 would have been stronger if other variables were

included in the regression procedures. What is particularly noteworthy is

that Williams and Cavanagh found a global measure of running mechanics

to be associated with metabolic cost. This was also found in the current study,



124

however, variability amongst the subjects in between-segment energy

transfers had a strong influence on the relationship. A higher coefficient of

variation existed for the amount of between-segment transfer than for the

amount of within-segment transfer (37.5% vs. 22%). Therefore, mechanical

power excluding between-segment energy transfer best explained the

variability in oxygen cost.

The relationships between metabolic cost and mechanical costs on a

per-unit-distance-traveled basis were quite weak. Small U-shaped

associations were found between MBTC and the restricted transfer

mechanical task cost variables. A linear association was found between

MBTC and TTMTC. However, only 12% (NBTMTC) to 15% (NTMTC) of the

variance in MBTC was explained through the use of the quadratic functions

of the restricted transfer mechanical task cost variables, and only 14% of the

variance in MBTC was explained by TTMTC. Thus, on a per-unit-distance-

traveled basis, there is little association between the metabolic and

mechanical costs. It appears that the more appropriate relationship is

between i702 and mechanical power.

While a cause-effect relationship cannot be made, it was apparent that

the lower metabolic costs seen with slower running speeds were coincident

with lower mechanical costs. For any given distance traveled, it was at least

14% more mechanically economical to run at 240 mmin-1 as compared to 140

mmin-1. This was not the case for the metabolic cost to run a given distance

as it showed no change across speeds. Two possible explanations are

provided. First, the reduction in mechanical cost may not have been

sufficient to elicit a reduction in the metabolic cost to run a given distance.

Second, the possibility exists that minimization of metabolic cost may be an

inherent physiological response. Support is provided by studies examining



125

the influence of stride rate and stride length on V02. Hogberg (1952) found

that for a single runner V02 was minimized when stride length used was at

or near the freely chosen stride length. Similarly, Cavanagh and Williams

(1982) reported that for a group of ten runners an optimal cycle length existed

for running at a speed of 230 mmin-1 where V02 was minimized. When

stride length was freely chosen, it was within 4.2 cm of the optimal stride

length and resulted in a V02 that was within 0.2 mlkg-l.min-1 of the

minimum V02 for the test speed. Two mechanisms were suggested by

Williams and Cavanagh (1982) to explain why individuals choose a CL that is

close to optimal. First, it was suggested that a CL is adopted to reduce

perceived exertion. Secondly it was hypothesized that CL is adapted through

training to best fit individual running styles. Cavanagh and Kram (1989)

found that as speed was increased from 189 to 247 mmin-1 CL increased 28%

while CR increased only 4%. It was suggested that a most economical CR may

exist for all distance running speeds. Thus, minimization of metabolic cost is

achieved through invariance of CR across speeds. The results of the present

study seem to support the hypothesis of Cavanagh and Kram. The reduction

in MTC with increases in speed may have been a result of maintaining a

minimization in metabolic cost. Thus it was a beneficial result of kinematic

alterations aimed at maintaining MBTC and CR across speeds.
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CHAPTER V

Summary, Conclusions, and Recommendations for Future Studies

Summary

The purpose of this investigation was to assess the influence of

running speed on the metabolic and mechanical costs of trained runners

expressed relative to distance traveled. Twelve trained male distance runners

ran for 8 minutes at each of 6 speeds. The speeds, run in ascending order,

ranged from 140 mmin-1 to 240 mmin-1 and were divided in 20 m-min-1

increments. Ten-minute rest periods were provided between runs at each

speed. Furthermore, the six runs were duplicated on a separate testing day.

Net oxygen consumption values obtained through standard open circuit

spirometry were normalized for running speed to provide the distance-

relative metabolic cost, termed Metabolic Task Cost (MBTC). This i/02 value

was expressed in mlkg-1m-1, which allowed for comparisons across running

speeds. The net VO2 value was determined by subtracting the mean V02 of

the final 5 minutes of a standing rest measurement from the mean V02 of

the final 5 minutes of exercise at each running speed. Prior to the acquisition

of data used for subsequent statistical analysis, each subject performed a

maximal oxygen consumption test on a motor driven treadmill. A

determination of the V02 at which ventilatory threshold occurred also was

made from the V02 max data using the dual ventilatory equivalent criterion

recommended by Caiozzo et al. (1982). With this detection scheme, the

ventilatory threshold is defined as the point at which the ventilatory

equivalent for oxygen increases without a concomitant increase in the
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ventilatory equivalent for carbon dioxide. Subjects were required to be able to

run at the 240 mmin-1 speed at a V02 which was below their V02 at

ventilatory threshold.
Mechanical cost was determined from analysis of video records of the

runs. Simultaneous right and left sagittal views of the subjects were obtained

during the fifth minute of the 8-minute trials. Subsequently, two strides were

digitized and a 7 segment model was constructed for each body side.

Coordinate data were smoothed using a 4th order, recursive zero-lag

Butterworth filter. Cutoff frequencies were determined for both the X and Y

directions using the residual analysis method of Wells and Winter (1980).

Right and left side data were merged resulting in a 12 segment model. From

positional changes in body segments and from estimated segment inertial

characteristics (Dempster, 1955) instantaneous segmental energies and total

body energy was calculated. Mechanical work and power were calculated

using three separate algorithms, each unique in the degree of energy transfers

allowed. First, a no-transfer method (Norman et al., 1976) did not allow for

transfer of component energies within a segment or transfer of energy

between body segments. Second, a no-between-transfer method

(Pierrynowsky et al., 1980) allowed transfer of component energies within a

segment but did not allow for transfer of energy between body segments.

Finally, the total transfer method of Winter (1979) assumed complete within

segment and between segment energy transfers. For each transfer algorithm,

total body mechanical power also was normalized for running speed,

providing the distance-relative mechanical cost termed Mechanical Task Cost

(MTC). This mechanical cost value was expressed in units of Jouleskg-1m-1

to allow for comparisons across speeds.
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To test for mean differences between the two running bouts, analysis

of variance procedures with repeated measures were employed for the

variables of gross TC12 , net i702 , metabolic task cost, cycle length, cycle rate,

mechanical work, mechanical power, and mechanical task cost. No

significant differences existed between trial one and trial two for any of the

variables. Therefore, trial data were averaged and simple regression was

performed to describe the response of the variable across speeds.

Both gross '702 and net i/02 increased linearly and significantly with

speed (p=0.0001). However, MBTC did not change with speed (p=0.1126) and

speed accounted for only two percent of the variability in MBTC. This

suggests that the metabolic cost to run a given distance was independent of

speed. The mean MBTC was 0.164 ± 0.004 mlkg-1m-1. Applying a caloric

equivalent of 5 Kcalliter 02-1 resulted in an estimated caloric cost of 0.82

Kcalkg-1m-1. Thus, for the trained runners in this investigation it was no

more costly to run a kilometer at 140 mmin-1 than it was to run a kilometer

at 240 mmin-1.

Cycle rate and cycle length increased significantly with speed (p<0.001).

The response of mechanical work to changes in running speed depended on

the algorithm used in the calculation of work. Mechanical work calculated

with the no-transfer method (NTW) and the no-between-transfer method

(NBTW) displayed significant increases with increases in running speed

(NTW, p<0.001; NBTW, p<0.001). Work calculated with the total-transfer

method (TTW) did not change across speeds (p=0.26). This indicated that

between segment energy transfers had a considerable influence on

mechanical work, particularly at the higher running speeds. Bonferonni

post-hoc analysis revealed that the three calculated work values at each speed

were significantly different from each other. The highest values were always



129

seen with the no-transfer method followed by the no-between-transfer and

the total transfer method, respectively. Mechanical power, which represent

mechanical work normalized for stride time displayed significant increases

with running speed for all algorithmic methods (NTP, p<0.001, NBTP,

p<0.001, and TTP, p=0.02). However, the largest increases in power and the

highest correlations with running speed existed for the limited transfer

algorithm methods. As with mechanical work, the three power values

calculated at each speed were significantly different from one another

(p<0.001). On a per-unit-distance-traveled basis, mechanical cost decreased

with running speed for each algorithmic method (p<0.001, all cases).

Furthermore, at each running speed the calculated mechanical task cost

variables were significantly different from each other (p<0.001). The largest

decrease in mechanical task cost across speeds (32% decrease) was seen with

the total transfer approach (TTMTC). The limited transfer methods (NTMTC

and NBTMTC) each displayed a 14% decrease across running speeds.

Therefore, regardless of energy transfers it was at least 14% more

mechanically economical to run at the highest running speed as compared to

the lowest speed.

To assess the relationship between metabolic and mechanical costs,

regression analyses were performed between i102 and mechanical power

normalized for body mass. For each transfer algorithm employed, a

significant linear relationship existed between the two variables (p<0.001, all

cases). The algorithms limiting energy transfers were most highly correlated

with i/02 (NTPkg-1, r = 0.74; NBTP.kg-1, r = 0.73). Therefore, approximately

54% of the variance in 'VO2 could be explained by mechanical power

normalized for body mass when energy transfers were disallowed or restricted
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to transfer of component energies within a segment. The association between

,TC:)2 mechanical power using the total transfer method was weaker (TTPkg-1,

r = 0.48) than that seen with the other methods, due to high intersubject

variability of between segment transfers. Thus only 23% of the variance in

T(i)2 was explained by the mechanical power normalized for body mass

calculated via the total transfer method. Nonetheless, the lower metabolic

costs seen with the slower running speeds were associated with lower

mechanical costs. On a per-unit-distance-traveled basis, regression analysis

was performed between MBTC and MTC calculated with each transfer

algorithm. Second order polynomial best described the relationship between

MBTC and the limited transfer MTC variables. However, weak U-shaped

association existed with only 15% (NTMTC) and 12% (NBTMTC) of the

variance in MBTC being explained with use of the quadratic relation to MTC.

A linear association was found between MBTC and TTMTC, however only

14% of the variance in MBTC was explained by TTMTC.

In summary, as a group the trained runners of this investigation

showed no difference in the metabolic cost to run a given distance across the

speed range of 140 mmirri to 240 m-min-1. The mechanical cost to run a

given distance decreased as speed increased from 140 m.min-1 to 240 mmin-1

for the group of trained runners regardless of the degree of energy transfer

allowed. When not assessed on a per-unit-distance-traveled basis,

mechanical work increased as running speed increased when energy transfer

was disallowed or restricted to exchange between component energies within

a segment. Therefore, between segment energy transfers were important in

reducing mechanical work, particularly at higher running speeds. In

comparison of the three algorithmic methods employed to calculate

mechanical work, the no-transfer method resulted in the highest work values
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followed in order by the no-between-transfer method and the total-transfer

method.
A direct linear association was found between the metabolic response

to running speed and the mechanical response to running speed as assessed

through V02 and mechanical power normalized for body mass. However, for

a given distance traveled, weak association were found between metabolic

and mechanical costs. At most 15% of the variability in the metabolic cost per

distance traveled was explained by the mechanical cost per distance traveled.

Conclusions

Within the limits of this study, it is concluded that:

1. For a cohort of runners alike in aerobic capacities, the metabolic cost

to run a given distance, based on group mean data, is independent of running

speed.

2. Values for mechanical work and power are dependent on algorithm

choice, with the highest values occurring when no transfer of energies are

allowed, followed in order by values where only exchange of component

energies are allowed and where total transfer of energies are allowed.

3. Mechanical work increases with increasing running speed when

energy transfers are restricted. However, when total transfer of energies are

allowed, there is no change in mechanical work.

4. The mechanical cost to run a given distance, based on group mean

data, decreases with running speed regardless of algorithm choice.

5. A direct linear association exists between oxygen consumption and

mechanical power, regardless algorithm choice in calculating mechanical

power.
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Recommendations for Future Studies

The current study was based on a defined subject cohort of 12 trained

male runners, all capable of running at a speed of 240 mmin-1 aerobically.

The assessment of the influence of speed on the metabolic and mechanical

costs of running was limited to subjects of comparable fitness levels and to

running speeds within the range of 140 mmin-1 to 240 mmin-1. The results

should not be generalized to other subjects or to speeds outside of the range

tested. While the speed range examined covered most common distance

running speeds, the response to speeds below 140 mmin-1 and above 240

m.min-1 is still undetermined. The use of more highly trained subjects

(capable of running faster than 240 mmin-1 aerobically and under steady state

conditions) would provide for such assessment.

In addition to the testing of more speeds, a question left unanswered by

the present research is how training pace influences the metabolic and

mechanical cost to run a given distance. Since average training paces were

not determined in this study, it is not known whether all subjects reached a

"normal" training pace within the range of speeds tested. The results of this

study indicate that there is an independence of speed and metabolic cost per

distance traveled. Mechanically, cost decreased throughout the speed range

examined. However, it is possible (yet untested), that subjects may become

more metabolically and mechanically economical at a particular speed

through repetitive training. Individual training paces could be determined

through treadmill testing and through documentation of training mileages

and times. Subsequent testing at speeds above and below the training pace,

could determine the association between training pace and metabolic and

mechanical economy. Furthermore, a training study could be implemented
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to determined if it is possible to develop improved economy at a particular

speed through repetitive training. The use of untrained subjects may be

useful in such an investigation as they would not be influenced by previous

training practices.

The use of higher speeds could be extended to include typical race

velocities of the subjects. A speed dependent decrease in the mechanical cost

per distance was revealed in the current study. However, it is unknown

whether the per-unit-distance mechanical cost would continue to decrease up

to and beyond race velocities. Nor is it known if mechanical task cost is

related to running performance. An examination of a more heterogeneous

group of runners may reveal an association between performance and

mechanical cost of running.

The current investigation was limited to male subjects. However, no

data exist that describes the influence of speed on metabolic and mechanical

economy of female runners. A duplication of the present study utilizing

female subjects is warranted for determination of gender differences in

economy across running speeds.

The present study attempted to further the knowledge base

surrounding the relationship between physiological and mechanical energy

requirements of running. An association between oxygen consumption and

mechanical power was evident. However, for a given distance traveled, the

association between metabolic and mechanical costs was weak. Williams and

Cavanagh (1987) noted that economical runners may have a unique

interrelationship among anatomical and physiological variables that dictates

economy of motion for the individual. However, this "template" cannot be

generalized to other runners. Variables such as mechanical work, mechanical

power, and mechanical task cost, which are influenced by all segmental
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movements, have the potential to provide a link between movement

mechanics and the physiological response to movement. However,

contributing factors such as energy transfers and elastic energy utilization

need further elucidation. Refinement of the techniques used in

determination of mechanical cost may help foster a better understanding of

the relationship between physiological and mechanical energy requirements.
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Appendix A

Statement of Informed Consent

The influence of velocity on the metabolic and mechanical task costs of
treadmill running

Investigators: Chad Harris, MS; Anthony
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Wilcox, Ph.D.; Gerald Smith, Ph.D.

Purpose: The purposes of this investigation are: a) to assess the influence of
running speed on energy expenditure expressed relative to distance traveled
(metabolic task cost) and b) to assess the influence of running speed on the
body's mechanics of motion during running (mechanical task cost).

Significance: No previous study has systematically examined both the
metabolic and mechanical cost of running and expressed them relative to the
distance traveled. Evaluating these variables in such a manner may allow for
the determination of running speeds most economical from the standpoint of
energy use and/or the standpoint of the body's mechanics of motion. In
addition, simultaneous calculation of the body's metabolic energy demand
and mechanical costs may suggest whether or not metabolic responses are
being affected by mechanical parameters.

Participation in this study will entail 5 laboratory sessions over a two week
time period. Depending on the session, 45 to 120 minutes will be required for
each visit.

The following have been explained to me in lay terms and I have been given
the opportunity to ask questions concerning the research objectives, testing
procedures, possible risks, and potential benefits of participation. I
understand the details involved in the following five sessions:

1. Treadmill accommodation (Session one)

At the beginning of my participation in the study, I will undergo a 20
minute accommodation session to running on the motorized
treadmill. Following an explanation of proper methods for mounting
and dismounting the treadmill, I will run at three submaximal speeds
for a total of 20 minutes. The speeds chosen will represent slow to
moderate jogging paces.
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Appendix A, (Continued)

2. Maximal oxygen consumption/Ventilatory threshold test (Session two)

Oxygen consumption measurement: The test will employ 1 minute
stages. Prior to the test, a 4 minute warm-up period will be given at a
speed of 6 miles per hour (mph) and 0% grade. The first stage of the
test will be conducted at the warm-up speed and grade (6 mph, 0%
grade). Speed will be increased 0.5 mph per stage for stages two
through seven, while treadmill elevation will remain at 0%. After
completing the seventh stage (9 mph, 0% grade), no further speed
increases will occur. However, treadmill grade will be increased 1% per
stage until I become to exhausted to continue. Throughout the test, my
oxygen consumption will be measured breath by breath. This will
require that I wear a noseclip and breathe room air through a
mouthpiece so that the volume and concentration of my exhaled air
can be determined. My heart rate will be continuously monitored
electrocardiographically.

The test should take approximately 20 minutes with only the final few
minutes being at a high intensity.

3. Submaximal exercise tests (Sessions three and four)

I will perform a total of 12 submaximal runs. Six of the runs will be
performed on one day. Each run will be 8 minutes in duration. A 10
minute time period will be provided between runs. Each run will be
performed at a different speed, with the first run being at a speed of 140
m/min (5.22 mph) and each additional run being 20 m/min (0.75 mph)
faster than the previous one. One to two days following the set of six
runs, the tests will be duplicated using identical procedures. Oxygen
consumption and heart rate data will be collected as described above.

During each submaximal run, I will be videotaped from the left and
right sagittal (side) views. Approximately 15 seconds of each run will
be recorded during minute five. Prior to the runs, selected anatomical
joint centers (mid-neck, shoulder, elbow, wrist, mid-hand, hip, knee,
ankle, and toe) will be marked by application of one inch circular
adhesive dots to my skin. The purpose of marking the body segment
end points is to allow for the measurement of segment lengths and for
the tracking of segment movements throughout the running cycle.
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5. Risks/benefits to the subject

Risks: I understand that the risk in maximal exercise testing is 0.5
deaths per 10,000 tests in large varied populations. The risks will be
considerably less, since I am from a low-risk segment of the population
(young and healthy) and have no known symptoms of heart disease.
Furthermore, trained laboratory personnel will administer the test and
monitor my electrocardiographic and physiologic responses to the test.
I can expect to experience fatigue during the final stages of the test, but I
can signal the test to be terminated when I fell reluctant to continue.

Benefits: I will benefit from my participation in the study by
contributing to the understanding of the influence of running speed on
the body's energy use and on the body's mechanics of motion. I will
also gain information concerning my aerobic capacity, and my
ventilatory threshold. Such information may be useful to me in
making decisions concerning my athletic training.

6. Anonymity

My anonymity will be maintained by assigning me a code number by
random selection upon entry into the study. Recording of all data will
be performed usuitg the code number rather than my name. I will not
be identified in any way in the presentation or publication of the
results of this study. The list containing my names and my code
number will be available only to the researchers in this study. Upon
completion of the study, the code list will be destroyed.

I understand their' will be videotaped during each of my 12
submaximal runs and that the videotapes will be kept as a permanent
record. Furthermore, I grant my permission for the videotapes to be
used by the investigators for future viewing and analysis.

7. Freedom of consent

I have been thoroughly informed and understand the nature and
purpose of this investigation. The researchers have made it clear that
they will addres,, all questions and concerns that I may have. My
participation in this study is completely voluntary. I am free to deny
my consent at any time without prejudice or loss of the benefits to
which my participation entitles me. Questions concerning my rights as
a subject can be directed to the Institutional Review Board for The
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Appendix A, (Continued)

Protection of Human Subjects at Oregon State University. I understand
that Oregon State University does not provide a research subject with
compensation or medical treatment in the event the subject is injured
as a result of participation in the research project. Questions
concerning the study may be directed to Chad Harris at 737-5933,
Anthony Wilcox at 737-5922 or Gerald Smith at 737-5928.

I have read the foregoing and agree to participate in this study.

Subjects Signature Date

Subject's Address



Name

Address

Phone

Age

Height

Weight

Appendix B

Medical Questionnaire

Circle the appropriate response

147

1. Do you smoke cigarettes?

Yes N o

2. If no, have you smoked cigarettes regularly in the last 5 years?

Yes N o

3. Have you ever been treated for diabetes mellitus?

Yes No

4. Do you have high blood pressure (above 160/90)?

Yes No

5. Do you have an elevated blood cholesterol (above 240 mg/di)

Yes No Do not know

6. Did either of you parents or any of your siblings have a heart attack,

bypass surgery, stroke, or diagnosis of coronary artery disease prior to age

55?

Yes No
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Table 10
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Individual Oxygen Consumption Values at 240 m /min for Trial One, Trial

Two; Ventilatory Threshold, and "TO,v'T as a percentage of VO?max

Subject
VO2at
240 m/min,
Trial One

VO2at
240 m/min,
Trial Two

VO2at
Ventilatory
Threshold

VO2VT as
Percent
VO2 max

Si 49.4 47.0 58.0 79.1
S2 48.5 46.7 49.0 85.3
S3 38.4 42.2 51.0 81.7
S4 43.4 43.6 49.0 84.0
S5 46.5 45.6 47.0 80.5
S6 45.1 45.2 55.0 81.2
S7 42.0 44.9 47.0 80.7
S8 37.5 38.5 50.0 85.8
S9 46.3 45.1 58.0 87.7
S10 44.7 44.5 48.0 79.7
Sll 39.9 42.5 57.0 85.8
S12 47.5 47.9 52.0 83.4

Mean 44.1 44.5 51.8 82.9
S.D. 3.9 2.5 4.2 2.8
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Appendix D
Table 11

Individual Raw Metabolic Data

Trial One
SUBJECT SPEED GROSS

VO2
NET
VO2

REST
VO2

GROSS
MBTC

MBTC

Si 140 30.56 26.31 4.25 0.2183 0.1879
S2 140 34.82 29.65 5.17 0.2487 0.2118
S3 140 27.70 23.04 4.66 0.1978 0.1645
S4 140 27.19 21.26 5.93 0.1942 0.1519
S5 140 29.02 25.36 3.66 0.2073 0.1811
S6 140 28.67 23.90 4.77 0.2048 0.1707
S7 140 28.04 23.64 4.4 0.2003 0.1689
S8 140 23.65 19.40 4.25 0.1689 0.1386
S9 140 28.91 24.18 4.73 0.2065 0.1727
S10 140 28.76 24.24 4.52 0.2054 0.1731
Sll 140 28.90 24.64 4.26 0.2064 0.1760
S12 140 29.82 25.42 4.4 0.2130 0.1816
Si 160 33.99 29.74 4.25 0.2125 0.1859
S2 160 37.49 32.32 5.17 0.2343 0.2020
S3 160 30.26 25.60 4.66 0.1891 0.1600
S4 160 29.58 23.65 5.93 0.1849 0.1478
S5 160 33.15 29.49 3.66 0.2072 0.1843
S6 160 29.95 25.18 4.77 0.1872 0.1574
S7 160 28.90 24.50 4.4 0.1807 0.1532
S8 160 25.79 21.54 4.25 0.1612 0.1346
S9 160 31.72 26.99 4.73 0.1983 0.1687
S10 160 31.42 26.90 4.52 0.1964 0.1681
/11 160 30.58 26.32 4.26 0.1912 0.1645
S12 160 32.93 28.53 4.4 0.2058 0.1783
Si 180 37.46 33.21 4.25 0.2081 0.1845
.S2 180 39.91 34.74 5.17 0.2217 0.1930
S3 180 32.09 27.43 4.66 0.1783 0.1524
S4 180 32.57 26.64 5.93 0.1810 0.1480
S5 180 35.75 32.09 3.66 0.1986 0.1783
S6 180 32.66 27.89 4.77 0.1814 0.1549
S7 180 30.62 26.22 4.4 0.1701 0.1457
S8 180 28.46 24.21 4.25 0.1581 0.1345
S9 180 34.04 29.31 4.73 0.1891 0.1629

S10 180 34.58 30.06 4.52 0.1921 0.1670
Sll 180 31.63 27.37 4.26 0.1757 0.1521
S12 180 36.17 31.77 4.4 0.2009 0.1765
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Table 11, (Continued)

Trial One
SUBJECT SPEED GROSS

VO2
NET
VO2

REST
VO2

GROSS
MBTC

MBTC

51 200 41.07 36.82 4.25 0.2053 0.1841
S2 200 42.36 37.19 5.17 0.2118 0.1860
S3 200 35.67 31.01 4.66 0.1784 0.1551
S4 200 38.50 32.57 5.93 0.1925 0.1629
S5 200 39.38 35.72 3.66 0.1969 0.1786
S6 200 36.77 32.00 4.77 0.1839 0.1600
S7 200 31.14 26.74 4.4 0.1557 0.1337
S8 200 30.94 26.69 4.25 0.1547 0.1334
S9 200 37.53 32.80 4.73 0.1877 0.1640
S10 200 37.71 33.19 4.52 0.1885 0.1659
511 200 34.62 30.36 4.26 0.1731 0.1518
S12 200 39.85 35.45 4.4 0.1993 0.1773
Si 220 44.64 40.39 4.25 0.2029 0.1836
S2 220 44.20 39.03 5.17 0.2009 0.1774
S3 220 '48.38 33.72 4.66 0.1745 0.1533
S4 220 40.68 34.75 5.93 0.1849 0.1580
S5 220 41.81 38.15 3.66 0.1901 0.1734
S6 220 40.79 36.02 4.77 0.1854 0.1637
S7 220 33.71 29.31 4.4 0.1532 0.1332
S8 220 34.77 30.52 4.25 0.1580 0.1387
S9 220 40.81 36.08 4.73 0.1855 0.1640
S10 220 39.69 35.17 4.52 0.1804 0.1599
S11 220 38.01 33.75 4.26 0.1728 0.1534
S12 220 41.98 37.58 4.4 0.1908 0.1708
Si 240 49.37 45.12 4.25 0.2057 0.1880
S2 240 48.48 43.31 5.17 0.2020 0.1805
S3 240 .8.38 33.72 4.66 0.1599 0.1405
S4 240 43.35 37.42 5.93 0.1806 0.1559
S5 240 46.47 42.81 3.66 0.1936 0.1784
S6 240 ',5.09 40.32 .4.77 0.1879 0.1680
S7 240 42.02 37.62 4.4 0.1751 0.1568
S8 240 37.54 33.29 4.25 0.1564 0.1387
S9 240 46.29 41.56 4.73 0.1929 0.1732
S10 240 44.74 40.22 4.52 0.1864 0.1676
Sll 240 39.85 35.59 4.26 0.1661 0.1483
S12 240 17.49 43.09 4.4 0.1979 0.1796
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Table 11, (Continued)

Trial Two
SUBJECT SPEED GROSS

VO2
NET
VO2

REST
VO2

GROSS
MBTC

MBTC

Si 140 28.93 24.83 4.1 0.2066 0.1773
S2 140 35.71 31.15 4.56 0.2551 0.2225
S3 140 26.47 21.81 4.66 0.1890 0.1558
S4 140 27.21 22.26 4.95 0.1943 0.1590
S5 140 28.44 23.91 4.53 0.2031 0.1708
S6 140 26.90 21.43 5.47 0.1921 0.1531
S7 140 26.45 22.15 4.3 0.1889 0.1582
S8 140 25.41 20.74 4.67 0.1815 0.1481
S9 140 28.26 23.92 4.34 0.2019 0.1709
S10 140 29.15 24.83 4.32 0.2082 0.1774
Sll 140 27.15 22.89 4.26 0.1939 0.1635
S12 140 29.00 24.39 4.61 0.2072 0.1742
Si 160 32.50 28.40 4.1 0.2031 0.1775
S2 160 37.11 32.55 4.56 0.2320 0.2035
S3 160 28.71 24.05 4.66 0.1795 0.1503
S4 160 28.89 23.94 4.95 0.1806 0.1496
S5 160 31.80 27.27 4.53 0.1988 0.1705
S6 160 30.70 25.23 5.47 0.1919 0.1577
S7 160 28.08 23.78 4.3 0.1755 0.1486
S8 160 26.23 21.56 4.67 0.1640 0.1348
S9 160 29.73 25.39 4.34 0.1858 0.1587
S10 160 31.28 26.96 4.32 0.1955 0.1685
Sll 160 29.11 24.85 4.26 0.1819 0.1553
S12 160 32.68 28.07 4.61 0.2042 0.1754
Si 180 35.97 31.87 4.1 0.1998 0.1770
S2 180 39.53 34.97 4.56 0.2196 0.1943
S3 180 31.64 26.98 4.66 0.1758 0.1499
S4 180 31.44 26.49 4.95 0.1747 0.1472
S5 180 34.66 30.13 4.53 0.1926 0.1674
S6 180 33.44 27.97 4.5.47 0.1858 0.1554
S7 180 30.71 26.41 4.3 0.1706 0.1467
S8 180 28.77 24.10 4.67 0.1598 0.1339
S9 180 32.58 28.24 4.34 0.1810 0.1569
S10 180 33.44 29.12 4.32 0.1858 0.1618
Sll 180 32.06 27.80 4.26 0.1781 0.1544
S12 180 36.31 31.70 4.61 0.2017 0.1761
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Table 11, (Continued)

Trial Two
SUBJECT SPEED GROSS

VO2
NET
VO2

REST
VO2

GROSS
MBTC

MBTC

Si 200 41.32 37.22 4.1 0.2066 0.1861
S2 200 42.07 37.51 4.56 0.2104 0.1876
S3 200 33.90 29.24 4.66 0.1695 0.1462
S4 200 34.69 29.74 4.95 0.1734 0.1487
S5 200 38.85 34.32 4.53 0.1943 0.1716
S6 200 36.74 31.27 5.47 0.1837 0.1564
S7 200 32.09 27.79 4.3 0.1605 0.1390
S8 200 33.11 28.44 4.67 0.1655 0.1422
S9 200 36.73 32.39 4.34 0.1836 0.1619
S10 200 37.17 32.85 4.32 0.1859 0.1643
S11 200 37.24 32.98 4.26 0.1862 0.1649
S12 200 39.99 35.38 4.61 0.1999 0.1769
Si 220 44.11 40.01 4.1 0.2005 0.1819
S2 220 44.35 39.79 4.56 0.2016 0.1809
S3 220 37.86 33.20 4.66 0.1721 P.1509
S4 220 38.63 33.68 4.95 0.1756 0.1531
S5 220 41.42 36.89 4.53 0.1883 0.1677
S6 220 40.49 35.02 5.47 0.1840 0.1592
S7 220 34.99 30.69 4.3 0.1590 0.1395
S8 220 35.43 30.76 4.67 0.1611 0.1398
S9 220 40.05 35.71 4.34 0.1821 0.1623
S10 220 40.91 36.59 4.32 0.1860 0.1663
Sll 220 39.44 35.18 4.26 0.1793 0.1599
S12 220 42.78 38.17 4.61 0.1945 0.1735
Si 240 46.98 42.88 4.1 0.1957 0.1787
S2 240 46.72 42.16 4.56 0.1947 0.1757
S3 240 42.15 37.49 4.66 0.1756 J.1562
S4 240 43.58 38.63 4.95 0.1816 0.1610
S5 240 45.63 41.10 4.53 0.1901 0.1713
S6 240 45.15 39.68 5.47 0.1881 -.1653
S7 240 44.89 40.59 4.3 0.1870 0.1691
S8 240 38.52 33.85 4.67 0.1605 0.1411
S9 240 45.11 40.77 4.34 0.1879 0.1699

S10 240 44.48 40.16 4.32 0.1854 0.1674
Sib 240 42.53 38.27 4.26 0.1772 0.1595
S12 240 47.85 43.24 4.61 0.1994 ).1802



153

Appendix E

Table 12

Group Means and Standard Deviations for Kinematic Variables at Each

Running Stride Across Speeds

Variable Stride/Day 140m/min 160 m/min 180m/min 200 m/min 220 min-Lin 240m/min

CR 1/1 1.31±0.06 1.34±0.07 1.34±0.06 1.37±0.06 1.38±0.06 1.40±0.06

(Hz) 2/1 1.31E3.06 1.34±0.06 1.36±0.06 1.37±0.08 1.38±0.06 1.40±0.06

1/2 1.32±0.06 1.33±0.05 1.35±0.05 1.37±0.06 1.38±0.06 1.38±0.06

2/2 1.32±0.06 1.34±0.06 1.35±0.04 1.37±0.07 1.39±0.05 1.39±0.05

CL 1/1 1.78±0.08 2.00±0.09 2.23±0.10 2.43±0.13 2.66±0.12 2.86±0.12

(m) 2/1 1.78±0.08 2.00±0.09 2.21±0.10 2.44±0.13 2.66±0.12 2.86±0.12

1/2 1.77±0.08 2.00±0.07 2.22±0.07 2.43±0.09 2.66±0.12 2.89±0.11

2/2 1.77E0.08 2.00±0.09 2.23±0.07 2.43±0.12 2.65±0.10 2.87±0.11

NTW 1/1 741±166 806±181 861±187 902±184 968±187 1018±198

(Joules) 2/1 743±155 810±179 855±189 906±193 972±188 1029±209

1/2 745±155 808±160 860±166 916±176 975±189 1027±186

2/2 737±156 806±165 864±160 927±183 971±193 1022±178

NBTW 1/1 422±94 456±101 487±103 506±99 544±105 578±112

(Joules) 2/1 416±88 456±101 476±101 507±107 542±104 582±119

1/2 426±85 458±89 485±93 516±98 551±107 580±105

2/2 416±88 453±92 484±91 521±104 541±109 574±99

TTW 1/1 325±77 338±87 349±85 342±74 359±66 359±75

(Joules) 2/1 317±71 337±85 334±77 340±82 351±63 351±78

1/2 335±77 349±73 352±77 351±69 365±75 361±68

2/2 322±83 340±77 348±72 352±66 345±71 348±66
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Table 12, (Continued)

Variable Stride/Day 140 m/tnin 160 m/min 180 m/min 200 m/min 220 m/znin 240 m/min

NTP 1/1 964±179 1069±198 1150±212 1229±212 1329±217 1421±236

(Watts) 2/1 971±169 1075±199 1151±210 1230±210 1337±218 1433±249

1/2 974±174 1075±186 1157±197 1249±207 1342±^28 1414±224

2/2 966±172 1069±185 1159±194 1263±216 1342±239 1419±220

NBTP 1/1 548±101 605±11 650±116 690±113 748±122 806±134

(Watts) 2/1 544±96 605±112 641±111 688±117 746±120 810±142

1/2 557±95 609±103 653±111 703±115 759±130 799±127

2/2 545±98 601±103 650±111 710±123 747±135 797±125

TTP 1/1 423±83 449±99 466±97 466±87 493±79 502±91

(Watts) 2/1 414±80 447±97 449±86 461±91 484±73 489±93

1/2 438±88 465±86 473±94 479±84 502±92 498±83

2/2 422±94 450±88 468±88 481±78 477±88 483±83

NTMTC 1/1 5.75±0.56 5.56±0.49 5.32±0.47 5.13±0.37 5.05±0.38 4.95±0.47

(J /kg/m) 2/1 5.80±0.52 5.60±0.50 5.33±0.44 5.14±0.36 5.07±0.37 4.99±0.51

1/2 5.82±0.61 5.61±0.49 5.37±0.48 5.22±0.40 5.09±0.42 4.93±0.38

2/2 5.77±0.60 5.57±0.45 5.38±0.46 5.28±0.42 5.09±0.47 4.95±0.36

NBT- 1/1 3.27±0.29 3.15±0.27 3.01±0.26 2.89±0.20 2.84 ±U.22 2.81±0.28

MTC 2/1 3.25±0.30 3.15±0.29 2.97±0.23 2.87±0.21 2.83±0.20 2.82±0.31

(J /kg/m) 1/2 3.33±0.33 3.18±0.27 3.03±0.28 2.94±0.22 2.88±0.26 2.78±0.21

2/2 3.26±0.33 3.13±0.25 3.02±0.27 2.97±0.25 2.83:i13.26 2.78±0.20

TTMTC 1/1 2.52±0.29 2.34±0.34 2.16±0.26 1.95±0.23 1.88±3.22 1.76±0.24

(J /kg/m) 2/1 2.47±0.30 2.33±0.35 2.08±0.23 1.93±0.23 1.84±0.16 1.71±0.27

1/2 2.61±0.38 2.42±0.28 2.19±0.30 2.00±0.22 1.90±{).21 1.74±0.22

2/2 2.51±0.40 2.34±0.28 2.17±0.27 2.01±0.18 1.81±0.21 1.69±0.25
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Appendix F

Table 13

Individual Four-Stride-Mean Raw Mechanical Data

SUBJECT SPEED CL CR NTW NBTW TTW
1 140 1.66 1.40 525 298 225
2 140 1.87 1.24 894 502 421
3 140 1.76 1.33 802 452 339
4 140 1.68 1.39 570 330 251
5 140 1.87 1.24 975 554 433
6 140 1.76 1.33 592 335 243
7 140 1.83 1.27 844 476 383
8 140 1.74 1.34 710 403 296
9 140 1.70 1.37 517 290 227
10 140 1.80 1.30 758 432 327
11 140 1.86 1.25 865 492 372
12 140 1.75 1.33 845 477 380
1 160 1.85 1.45 566 321 245
2 160 2.10 1.27 914 512 409
3 160 2.00 1.33 907 505 368
4 160 1.90 1.40 646 371 280
5 160 2.09 1.28 1055 596 455
6 160 1.97 1.36 626 353 236
7 160 2.05 1.30 867 488 368
8 160 1.99 1.34 759 429 272
9 160 1.92 1.39 575 325 260
10 160 2.04 1.31 858 480 360
11 160 2.11 1.26 1009 573 444
12 160 1.97 1.36 906 514 395

1 180 2.10 1.43 625 354 256
2 180 2.32 1.29 965 539 408
3 180 2.18 1.38 908 509 360
4 180 2.13 1.41 688 396 285
5 180 2.31 1.30 1114 618 454
6 180 2.21 1.36 676 379 252
7 180 2.26 1.33 941 534 405
8 180 2.25 1.33 905 510 321
9 180 2.13 1.41 590 328 243
10 180 2.24 1.34 878 487 337
11 180 2.32 1.29 1036 582 429
12 180 2.24 1.34 990 558 399



Table 13, (Continued)

SUBJECT SPEED CL CR NTW NBTW TTW
1 200 2.25 1.48 649 372 272

2 200 2.58 1.29 1048 582 414

3 200 2.40 1.39 955 543 323

4 200 2.32 1.44 750 421 296

5 200 2.53 1.32 1192 666 464

6 200 2.47 1.35 749 422 252

7 200 2.47 1.35 943 530 359

8 200 2.53 1.32 1015 571 364

9 200 2.30 1.45 624 351 254

10 200 2.44 1.36 914 502 342

11 200 2.53 1.32 1107 626 432

12 200 2.40 1.39 1007 566 385

1 220 2.46 1.49 696 396 275

2 220 2.78 1.32 1089 607 416

3 220 2.63 1.40 1046 582 349

4 220 2.57 1.43 804 451 295

5 220 2.74 1.34 1240 692 469

6 220 2.72 1.35 821 457 288

7 220 2.66 1.38 1017 570 392

8 220 2.80 1.31 1131 638 393

9 220 2.52 1.45 655 365 256

10 220 2.60 1.41 933 520 328

11 220 2.72 1.35 1118 634 380

12 220 2.65 1.39 1110 624 420

1 240 2.65 1.51 732 419 283

2 240 2.98 1.34 1095 607 369

3 240 2.85 1.40 1049 600 316

4 240 2.83 1.41 902 507 335

5 240 2.98 1.34 1337 748 498

6 240 2.97 1.35 883 489 306

7 240 2.92 1.37 1167 665 427

8 240 3.03 1.32 1214 691 399

9 240 2.75 1.45 713 404 279

10 240 2.82 1.42 987 554 311

11 240 2.85 1.40 1105 632 337

12 240 2.82 1.42 1106 623 399
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Table 13, (Continued)

SUBJECT SPEED NTP NBTP TTP

1 140 736 418 315

2 140 1111 624 524

3 140 1064 600 450
4 140 790 458 349

5 140 1212 688 538

6 140 785 444 322

7 140 1072 605 486
8 140 952 540 3%
9 140 709 397 311

10 140 983 560 424

11 140 1081 614 465
12 140 1127 636 507

1 160 818 464 355

2 160 1161 650 519

3 160 1209 674 490
4 160 907 521 393
5 160 1347 761 581

6 160 849 478 319

7 160 1131 636 479
8 160 1017 576 364
9 160 798 451 360

10 160 1125 630 473
11 160 1274 723 560
12 160 1228 697 536

1 180 892 505 366
2 180 1246 695 526

3 180 1252 702 497
4 180 972 559 403
5 180 1446 801 589

6 180 917 515 342
7 180 1248 709 537

8 180 1207 680 428

9 180 832 463 343
10 180 1177 653 452
11 180 1336 750 552

12 180 1328 748 535
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Table 13, (Continued)

SUBJECT SPEED NTP NBTP TTP

1 200 961 551 403

2 200 1353 750 535

3 200 1326 753 448

4 200 1076 604 424

5 200 1572 878 612

6 200 1010 569 339

7 200 1272 715 484

8 200 1338 753 480

9 200 903 507 366

10 200 1246 685 467

11 200 1459 825 569

12 200 1396 785 533

1 220 1038 590 409

2 220 1436 800 549

3 220 1460 813 487

4 220 1149 644 421

5 220 1663 928 628

6 220 1106 616 388

7 220 1403 787 541

8 220 1483 837 515

9 220 952 531 373

10 220 1318 734 463

11 220 1507 854 512

12 220 1539 865 582

1 240 1105 632 427

2 240 1468 814 495

3 240 1472 843 443

4 240 1273 715 472

5 240 1792 1003 667

6 240 1190 660 412

7 240 1601 912 585

8 240 1600 910 525

9 240 1037 588 406

10 240 1401 786 441

11 240 1550 886 473

12 240 1570 885 566
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Table 13, (Continued)

SUBJECT SPEED NTMTC NBTMTC TTMTC
1 140 5.17 2.93 2.24
2 140 6.52 3.66 3.08
3 140 6.00 3.38 2.54
4 140 5.13 2.97 2.27
5 140 6.18 3.51 2.69
6 140 5.18 2.92 2.12
7 140 6.47 3.65 2.88
8 140 5.59 3.17 2.30
9 140 5.62 3.15 2.48
10 140 5.27 3.00 2.28
11 140 5.65 3.21 2.46
12 140 6.53 3.68 2.98
1 160 5.03 2.85 2.20
2 160 5.96 3.34 2.66
3 160 5.97 3.33 2.42
4 160 5.16 2.96 2.23
5 160 6.01 3.40 2.53
6 160 4.90 2.76 1.84
7 160 5.97 3.36 2.48
8 160 5.23 2.96 1.84
9 160 5.54 3.13 2.51
10 160 5.27 2.95 2.21
11 160 5.83 3.31 2.58
12 160 6.22 3.53 2.75
1 180 4.88 2.76 2.02
2 180 5.69 3.17 2.40
3 180 5.49 3.08 2.18
4 180 4.91 2.82 2.04
5 180 5.74 3.18 2.28
6 180 4.70 2.64 1.75
7 180 5.86 3.33 2.47
8 180 5.51 3.11 1.93
9 180 5.14 2.86 2.13
10 180 4.90 2.72 1.88
11 180 5.43 3.05 2.26
12 180 5.98 3.37 2.44
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Table 13, (Continued)

SUBJECT SPEED NTMTC NBTMTC TTMTC

1 200 4.73 2.71 2.00

2 200 5.56 3.08 2.20

3 200 5.23 2.97 1.77

4 200 4.89 2.75 1.93

5 200 5.61 3.13 2.14

6 200 4.66 2.62 1.57

7 200 5.37 3.02 2.01

8 200 5.50 3.09 1.95

9 200 5.02 2.82 2.05

10 200 4.67 2.57 1.75

11 200 5.34 3.02 2.10

12 200 5.66 3.18 2.19

1 220 4.64 2.64 1.84

2 220 5.36 2.99 2.05

3 220 5.24 2.92 1.74

4 220 4.75 2.66 1.74

5 220 5.40 3.01 1.99

6 220 4.64 2.58 1.63

7 220 5.39 3.02 2.03

8 220 5.54 3.13 1.90

9 220 4.81 2.68 1.89

10 220 4.49 2.50 1.58

11 220 5.01 2.84 1.72

12 220 5.67 3.19 2.17

1 240 4.53 2.59 1.77

2 240 5.03 2.79 1.69

3 240 4.84 2.77 1.46

4 240 4.82 2.71 1.79

5 240 5.33 2.99 1.94

6 240 4.58 2.54 1.59

7 240 5.64 3.21 2.02

8 240 5.48 3.12 1.77

9 240 4.80 2.72 1.89

10 240 4.38 2.46 1.38

11 240 4.73 2.70 1.46

12 240 5.30 2.99 1.94
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Table 14

161

Means. Standard Deviations, and Coefficient of Variations Across the Four

itei -e_ Z 41 I. kA. AI 1 ri 1

Speed 140 m/min 160 m/min 180 m/min

Variable Mean S.D. CV% Mean S.D. CV% Mean S.D. CV%
CR 1.32 0.006 0.45 1.34 0.005 0.37 1.35 0.008 0.59
CL 1.77 0.006 0.34 2.00 0.000 0.00 2.22 0.010 0.45
NTW 741 3.42 0.46 807 1.91 0.24 860 3.74 0.43
NBTW 420 4.90 1.20 456 2.06 0.45 483 4.83 1.00
TTW 325 7.59 2.30 341 5.48 1.60 346 8.02 2.30
NTP 969 4.57 0.47 1072 3.46 0.32 1154 4.43 0.38
NBTP 549 5.92 1.10 605 3.27 0.54 648 5.20 0.80
TTP 424 10.01 2.40 453 8.26 1.80 464 10.42 2.20
NTMTC 5.78 0.031 0.54 5.59 0.024 0.43 5.35 0.029 0.54
NBTMTC 3.27 0.036 1.10 3.16 0.021 0.67 3.01 0.026 0.86
TTMTC 2.53 0.059 2.30 2.35 0.042 1.80 2.15 0.048 2.20

Speed 200 m/min 220 m/min 240 m/min

Variable Mean S.D. CV% Mean S.D. CV% Mean S.D. CV%
CR 1.37 0.00 0.00 1.38 0.005 0.36 1.40 0.010 0.72
CL 2.43 0.005 0.21 2.65 0.005 0.19 2.87 0.014 0.49
N,TW 913 11.18 1.20 972 2.89 0.30 1024 4.97 0.49
NBTW 513 7.23 1.40 545 4.51 0.83 578 3.42 0.59
T lW 346 6.13 1.80 355 8.79 2.50 355 6.24 1.80
NIP 1243 16.34 1.30 1338 6.14 0.46 1422 8.06 0.57
NBTP 698 10.53 1.50 750 6.06 0.81 803 6.06 0.75
TTP 472 9.78 2.10 489 10.86 2.20 493 8.60 1.70
NTMTC 5.19 0.071 1.40 5.08 0.019 0.37 4.95 0.025 0.50
N3TMTC 2.91 0.046 1.60 2.85 0.024 0.84 2.80 0.021 0.75
TTN4TC 1.97 0.039 2.00 1.86 0.040 2.20 1.72 0.031 1.80




