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Previously, Whipp et.al. (J. Appl. Physiol.: Respirat.

Environ. Exerc. Physiol. 50(1):217-221, 1981) demonstrated

the feasibility of determining four parameters of aerobic

function, identified as maximum oxygen uptake (MVO2), VO2 at

anaerobic threshold (ean), the time constant for oxygen

uptake kinetics (rVO 2 ) and work efficiency (ti), using a

short duration ramped bicyle ergometer exercise test.

Because of the importance of being able to measure these

parameters on a variety of measurement instruments a short

duration ramping treadmill protocol has been developed. The

ability of this protocol to determine the four aerobic

parameters has been validated against conventional methods.

The results of this investigation indicate that AVO2, ean,

'VO 2 and, r; may be obtained from a single, short-duration

ramping treadmill test.
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Chapter I

INTRODUCTION

Previously, Whipp and associates (6), introduced a

ramping protocol of continuously increasing work load on a

cycle ergometer for determining four parameters of aerobic

function (maximal oxygen uptake (AVO2), oxygen uptake at

anaerobic threshold (Dan), the time constant for oxygen

uptake kinetics (rVO2), and work efficiency (r)). The

determinations of "rVO2" and "r?" are based upon theoretical

linear first-order dynamic considerations and have been

verified practically (2,6). Several investigators (5) have

stressed the desirability of matching the duration of the

test to the patient's cardio-respiratory status in order to

avoid tests that are to brief, resulting in too early a

termination of work which might not allow a sufficient

quantity of data to be collected, and tests that are to long

which are likely to be prematurely terminated due to boredom

or discomfort of the subject. More recently, Davis et.al.

(2) has identified the feasibility of utilizing more than

one ramp slope to enable the testing of patients, as well as

low and high exercise fit [as defined by maximal aerobic

capacity (VO2max) ] populations for determining the four

aerobic parameters.

1
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Unfortunately, bicycling is still an unfamiliar

practice with the majority of the population in the United

States. Hence, an accurate measurement of aerobic

parameters may be compromised by unfamiliarity, as well as

the greater potential of producing local muscular fatigue

due to a reduced exercising muscle mass and the non-

specificity of exercise training. As a result, both patient

populations undergoing diagnostic evaluation and

participants from a wide age range within the healthy

population undergoing fitness evaluations prefer treadmill

testing. However, the information regarding the use of a

ramped protocol with a treadmill in determining the

pertinent aerobic functional data is relatively sparse.

The concept of using a non-steady state incremental

treadmill test has recently been verified by Fairshter

et.al. (3) in an investigation which indicated that short

duration incremental exercise tests, using both treadmill

and cycle ergometry, were both reliable and practical

methods for assessing exercise performance in healthy

individuals. Further, it has been found by Buchfuhrer

et.al. (1) that tests in which the incremental part of the

protocol is completed between 6 and 12 minutes duration

elicited the highest VO2max in healthy subjects, a finding

previously reported by Astrand and Saltin (4).

Unfortunately, the study by Fairshter et.al. (3) did not

verify the applicability of utilizing the ramping protocol
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as a means of determining other aerobic parameters (Oan,

rV02 , and r) identified by Whipp (6) with one exercise test.

Furthermore, these investigations incorporated some

modification of the protocol from that of Whipp (6) and

Davis (2). Hence, the intent of this investigation was to

determine if a treadmill ramp protocol developed in our lab-

oratory, which is similar to that of Whipp (6) and Davis (2)

using a cycle ergometer, reliably and validly determines the

four aerobic parameters ( V02 , Ban, rV02, and r). As

endurance type exercise training on a bicycle ergometer (7)

significantly alters maximal aerobic capacity (VO2max),

anaerobic threshold (Gan), time constant of oxygen uptake

kinetics (rVO 2 ) and human efficiency (ri) to perform work,

it becomes imperative, that in order to verify changes

of aerobic function due to endurance training, we document

and validate this technique on a variety of measurement

instruments. Subsequently, our ability to discern and

quantify specific changes, with respect to exercise training

and their relationship to other physiological manifestations

of training, becomes greatly simplified.

Statement of Problem

The purpose of this investigation was to develop and

validate a single, relatively short, and reproducible work

test on the treadmill from which the four aerobic

parameters, VO2, ean, rVO2, and n, could be determined.
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Null Hypotheses

1) There will be no difference between the ramp and

step-wise incremental work load protocols in

measuring maximal oxygen uptake (MVO2) .

2) There will be no difference between the gas

exchange (GE) determinants and arterialized venous

blood sampling (lactate) methods for determining

anaerobic threshold (Oan).

3) There will be no difference between the ramp

incremental work load protocol and the square-wave

increase in work load to a steady-state work

protocol in measuring the time constant for oxygen

uptake kinetics (rVO2).

4) There will be no difference between the ramp and

step-wise incremental work load protocols in

measuring work efficiency (n).

Limitations

1) Motivation of participants to cooperate and perform

to their best abilities.

2) As a result of work loads being weight dependent on

the treadmill it will be difficult to accurately

measure work efficiency.

Delimitations

The population was divided between healthy males (n=7)

and females (n=5) ranging in age from 22 to 29 years old.

In addition, the subjects varied in fitness levels ranging
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from low to high fit with respect to MVO2 (i.e. 34 mis of

02/Kg/min to 68 mis of 02/Kg/min) .

Definition of Terms

Maximal Oxygen Uptake (uVO2j: the highest oxygen uptake V02

achievable as evidenced by a failure of V0 2 to increase with

further increments in work rate thus resulting in a plateau

in V02.

Anaerobic Threshold (Oan): the highest V02 that can be

sustained without developing a metabolic acidosis or the V02

at which respiratory compensation for metabolic acidosis is

detectable.

Time Constant for Oxygen Uptake Kinetics (rVO2j: The offset

in time of the actual linear rise in V02 from that of the

start of the ramping increment in work load. It represents

the length of time it takes for 02 to be transported from

external sources by the pulmonary respiratory system to the

active tissue for use in cellular respiration.

Work Efficiency (n): The caloric equivalent of the external

work divided by the caloric equivalent of the oxygen

consumption for that work.
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Chapter II

RELATED LITERATURE

The measurement and evaluation of the human's ability

to perform work has been of interest to the exercise science

world for many decades. This is obvious from the number of

textbooks and literature available on this topic dating as

far back as the early 1900's (50). As a result, many

different methods have been designed to evaluate the human's

aerobic capacity during work (1,35). The exercise treadmill

test was first standardized by Taylor (29) in 1955 as a

discontinuous method and Shephard (27) presented the first

continuous method in 1968. Three standard modes of exercise

for the direct determination of maximal oxygen capacity

(VO2max) are running on the treadmill, cycle ergometry, and

the step test (1). In their classic textbook, "Textbook of

Work Physiology", Astrand and Rodahl (1) set forth five main

requirements for a suitable test for measuring VO2max.

These requirements were: a) the exercise should be involve

large muscle groups, b) the work load should be measurable

and reproducible, c) the results should be comparable and

repeatable, d) the test should be tolerated by all healthy

individuals, and e) the mechanical efficiency required

should be uniform in the population tested. Due to their

8
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ease in meeting most of these requirements, treadmill and

cycle ergometry methods have predominated as the methods of

choice over the years.

Physiology of Exercise

The stress of physical work results in an increase in

the body's metabolic rate over that at rest and requires the

transformation of biochemical energy from ingested foods

into mechanical energy for use in muscular contraction (31).

This increase in the metabolic rate requires increased 02

flow to the working muscle and results in a simultaneous

increase in CO2 produced which must be removed to prevent

the adverse effects of tissue acidosis. These changes in

cellular respiration require an interaction between the

systems that provide gas exchange between the muscle cells

and the atmosphere (pulmonary respiration) (35). A

schematic diagram summarizing the coupling of metabolic,

circulatory and ventilatory function was first presented by

Wasserman et.al. (35,37) in 1967 and expanded upon in the

1980's to its most current form as seen in Figure 1. It is

important that this coupling efficiently follows the

metabolic rate if it is to maintain tissue 02 supply, CO2

elimination, and arterial blood gas homeostasis during

exercise stress.

Exercise testing allows for the elucidation of three

separate domains in the gas exchange response dependent on

't.-Ppm
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the intensity and duration of the exercise. Figure 2

illustrates these three phases of gas exchange at the lungs

in response to constant load exercise (35). Phase I is

represented by an abrupt increase in minute ventilation

(VE), oxygen uptake (V02), and carbon dioxide production

(VCO2) while the gas exchange ratio (R) remains relatively

unchanged at the start of exercise. It is thought to be

related to the immediate increase in cardiac output

(pulmonary blood flow) at the onset of exercise and is,

therefore, also referred to as the cardiodynamic phase.

This phase generally lasts about 15 seconds. The start of

phase II is represented by a decrease in R accompanied by a

slow exponential increase in VE, V02 , and VCO2 towards a

steady-state. During this phase R changes biphasically and

also increases to a steady-state after its initial decrease.

This phase of gas exchange lasts about 2-3 minutes and is

believed to represent increased cellular respiration as well

as a further increase in cardiac output. Phase III is when

VE, V02, VCO 2 and R have reached steady-state if the work

level is below the anaerobic threshold (0an) or a slow drift

phase if the work level is above the Oan. This steady-

state phase represents the period when cellular respiration

is reflected in lung gas exchange and, therefore, R and the

respiratory quotient (RQ) of the cell are approximately the

same (32).
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The ability of the body to meet the requirements of

cellular respiration and its resultant changes in cardio-

respiratory function, in response to an increase in

metabolic rate, is best evaluated by measuring four aerobic

parameters: maximal oxygen uptake (MVO2), anaerobic

threshold (Oan), the rate constant for oxygen uptake

kinetics (rVO2), and work efficiency (n). These four

parameters are defined as follows:

yVO2 - the highest oxygen uptake obtainable with

continued increases in work rate resulting in a plateau in

V02 .

San - the highest oxygen uptake which can be

sustained for long periods without metabolic acidosis

occurring.

rVO2 - the rate constant for the kinetics of the

first-order exponential rise in oxygen uptake during the

initial non-steady-state phase.

n - the ratio of the work performed to the actual

energy cost of performing the work (work done/energy cost)

and is presented in the form of a percentage.

Any changes in the body's ability to utilize oxygen for

energy production are directly reflected in these four

aerobic parameters (35).
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Introduction of On-line Breath-by-Breath

Analysis of Aerobic Capacity

The measurement of the four aerobic parameters is

possible by measuring the pulmonary respiration variables

(VE, VO2 , VCO2 and R) . Originally, this involved the tedious

collection of expired air samples in meteorological balloons

or syringes, complicated gas concentration analyses, and

several tedious calculations before the final results could

be observed (2,10,37,41,43). The advent of suitable mini-

computers has made it possible to measure rapid variations

in respiratory variables by measuring respiration in a

breath-by-breath manner. In 1973, Beaver et.al. (2)

introduced the first method for obtaining breath-by-breath

(BBB) measurements of gas exchange using a mini-computer

system for the on-line calculation of continuously measured

respiratory and metabolic variables. This new procedure

enables the investigator to analyze the kinetics of

transient ventilatory and metabolic responses with precision

without the difficulties of earlier methods and allows

immediate observation of results as the experiment proceeds

(2). Hughson and colleagues (17) proposed an open-circuit

method for BBB measurement in 1977 and concluded that BBB

systems are the most sensitive method to detect rapid

changes in V02 and that the three phases of V02 in response

to exercise are clearly observable with the BBB system.
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Initially this system was used for measuring V02

kinetics at various intensities of constant load work (44).

Investigators then saw the value of utilizing this BBB

system to evaluate the aerobic parameters during incremental

non-steady-state work (6,7,10,38,39). Of particular

interest during this time period was the 1-minute

incremental exercise test. In a review paper in 1975

Wasserman and Whipp (38) stated the following advantages of

the 1-minute incremental test: "it defines the anaerobic

threshold more specifically than the 4-minute incremental

test; the test is of much shorter duration; the subjects

recover more rapidly, even from an exhausting test, because

arterial blood lactate does not reach the high values

developed in the 4-minute incremental test; it is more

likely that plateauing of V02 will be observed as work rate

is progressively incremented for determination of MVO2; and

it permits expression of the anaerobic threshold in units of

work rate or V02, in contrast to tests of shorter duration,

in which anaerobic threshold can be expressed only in units

of V02".

Development of a Ramp Test for the Cycle Ergometer

In 1981 Whipp and colleagues (42) proposed a short

duration ramped protocol for the cycle ergometer to

determine the four parameters (MVO2, ean, 'VO2, and r) of

aerobic function . This ramp test allows a profile of

aerobic function to be obtained from a single short-duration
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test as opposed to the several prolonged tests that were

necessary to discern these parameters in the past. The

ability to sustain high-intensity work is dependent on all

four aerobic parameters and this is theoretically

demonstrated by Whipp (42). Through this theory he

demonstrates the potential for determining MVO2, Oan, 7VO2,

and r from a single non-steady-state exercise test.

The ramp test has several features that make it very

appealing as a substitute for the traditional methods of

measuring these parameters. First, is the linear response

of the V02 between the initial lag phase (phase I and II of

gas exchange) and the plateau phase (phase III of gas

exchange). This allows a large work rate range for the

calculation of r and rVO2 estimation. Secondly, a plateau

in V02 is seen reproducibly in the ramp tests, which is not

true in the case of the longer incremental tests. Thirdly,

the ean is clearly discerned and reproduced from one ramp

test to the next. And, finally, the V02 showed linear

first-order kinetics above, as well as, below the Ban, which

was not the case for traditional step changes above Ban.

Whipp (42) has demonstrated that each parameter could be

reliably and reproducibly determined from the ramp test.

Davis (9) took this one step further and looked at the

effects of various ramp slopes on the determination of the

aerobic parameters. He concluded that the parameters were

constant over a wide range of ramp slopes provided that a
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perceptibly linear V02 response was obtained and that it

was, therefore, feasible to test populations of various

fitness levels by adjusting the ramp slope.

Determination of 02 Kinetics During Exercise

Oxygen uptake kinetics has been described as having

linear first-order dynamics in which the steady-state oxygen

uptake increases as a linear function of work rate during

constant load work and during its non-steady-state phase it

increases as a single exponential (41). This is a result of

the time delay for atmospheric oxygen to be transported from

the lungs to the working muscle causing the muscles to meet

the increased metabolic demand with 02 stores in the tissue

and anaerobiosis, and allows rVO2 to describe the ability of

the circulation to deliver 02 and the cells to utilize 02

(44). During mild to moderate work intensities and the

early phase of high work intensities the time constant of

the changes of V02 can be represented by the simple

exponential equation:

V02(t) = V0 2 (ss) (l-e-kt

in which V02(t) represents the V02 above the resting value at

any time (t) after the onset of exercise, V02(ss) is the

steady-state value above rest for oxygen consumption, and k

is the rate constant of the reaction with the dimension of

time-1 , and in this case represents the initial time delay

between the pulmonary and cellular respiration

(15,16,23,40). It is possible to determine the value of k
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graphically by plotting the log of V02(ss) - VO2(t) against

time, which results in a straight line with a slope

equivalent to the rate constant (k) or solving algebraically

with the simple equation :

VO2(ss)
k = ------ (41).

02 deficit

In a more recent study by Whipp (45), the rate constant is

separated into two components, the first being a short delay

(6) representing the slow cardiodynamic phase of gas

exchange and the other (r) being the actual time constant

for the initial lag between cellular and pulmonary

respiration. With ramp forcing, the early component is

included in the initial lag phase of V02 and , therefore, r

may not reflect the best time constant, but the best "mean

response time" and is normally approximately 45 seconds in

length (45). Since oxygen uptake kinetics appears to have

linear first-order dynamics it can be predicted that in

response to ramp forcing the actual V02 will initially lag

the V0 2(ss) but will then rapidly increase (as r>>t) until it

increases at the same rate as V02(ss), but lagging it by a

constant (r) of the system (42) allowing for the

determination of rVO2 see Figure 3 (9).

Direct and Indirect Determination of Anaerobic Threshold

The anaerobic threshold (ban) can be determined

directly through changes in blood lactate and/or pyruvate



N vJUV 
U % ll"4I

! 
" 

4

-120

.lhne c

/ine a

r

0 120

TIME(Sec)
240

FIGURE 3. Illustration of the determination of rVO2 from
the breath-by -breath V02 response of a subject to a ramp
test (Davis, et.al. 1982).

19

2.8

2.0-9"i2)

(1-min')

1.2 -

0.4

NON -i a -AL --- --- .MOR pool i lWoli - , I I - - --

ac, h4Nfline

,r - ,, --w- aw- --W-, -

T



20

concentrations during exercise or indirectly through changes

in ventilatory and gas exchange variables(47). When

measured directly from blood the threshold is commonly

referred to as the lactate threshold and represents the

point in which arterial or mixed venous blood lactate con-

centration abruptly increases above resting levels (~lmM/L).

When measured indirectly it may be referred to as the gas

exchange or ventilatory threshold (47).

When measuring lactate and pyruvate changes in the

blood in response to exercise, arterial blood is most

accurate due to the uptake and consequent utilization of

lactate by the working muscles (13) and closely reflects

muscle cellular changes in lactate and pyruvate (26). It

has been found that blood samples from a heated dorsal hand

vein give comparable results to arterial blood when

measuring lactate values (12). In response to incremental

exercise the lactate concentration appears to be comprised

of two components, a relatively flat component during low

and moderate work rates and a rapidly accelerating component

at high work rates (33,47). Several different methods have

been suggested for identifying the threshold point, such as,

an abrupt increase in lactate , a non-linear increase in

lactate, a slight increase in lactate, an exponential

increase in lactate and lactate concentration increasing

above a set value (2mM/L or 4mM/L) (47). In an attempt to

standardize the detection of the lactate threshold
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Wasserman (33) and Beaver (3) proposed a mathematical model

which they believe to more precisely fit the experimental

data and give higher resolution of the threshold. The

proposed model involves a log-log transformation of lactate

concentration versus V02. Since lactate levels in the blood

may not reflect anaerobic processes alone it has been

further suggested that the lactate/pyruvate ratio (L/P) may

more precisely reflect anaerobic metabolism (34). Wasserman

et.al. (34) demonstrated in a study comparing lactate,

pyruvate and the L/P ratio changes in response to

incremental exercise that a plot of the log of each of these

variables against the log V02 (see Figure 4) results in a

two component system with a distinctive inflection point

allowing the clear determination of the threshold. The

steep component of this relationship occurs at a metabolic

rate at which the L/P ratio increases implying an imbalance

in the 02 supply and demand relationship resulting in an

increased conversion of pyruvate to lactate.

Wasserman and Mcllroy (36) introduced the concept of

using the gas exchange ratio (R) to detect the onset of

anaerobic metabolism during exercise. Wasserman (39) later

defined can as "the level of work or 02 consumption just

below that at which metabolic acidosis and the associated

changes in gas exchange occur". At this time he suggested

the following four criteria for the determination of ean

using gas exchange variables: 1) a non-linear increase

1 - . ;. ' .- mss:" ._ s x" s? _ , - -
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in VE, 2) a non-linear increase in VCO2, 3) an increase in

end-tidal 02 (PET02) without a corresponding decrease in end-

tidal CO2 (PETCO2), and 4) an increase in R. Davis (7) later

reduced the criteria to a systematic increase in the 02

ventilatory equivalent (VE/VO2) without an increase in the

CO2 ventilatory equivalent (VE/VCO2) accompanied by a

systematic increase in PET0 2 without a decrease in PETC02'

The Ban concept was developed to measure the level of

exercise V02 above which aerobic energy production is

supplemented by anaerobic mechanisms leading to an increased

lactate production relative to the rate of glycolysis. As a

result, three stages of gas exchange in relation to lactate

production can be discerned during incremental work as seen

in Figure 5 (35). During stage I the lactate level remains

relatively constant while VE, V02 and VCO2 increase due to

the increased 02 demand of the muscles. Stage II, commonly

referred to as the period of isocapnic buffering, reflects

the close tracking of VE to VCO2 during the onset of

metabolic acidosis and lasts about 2 minutes. As a result

of the linear relationship of VE to VCO2 at this point, it

is possible to discriminate between early metabolic acidosis

stimulus and other stimuli (i.e., pain, anxiety, and

hypoxia) to ventilation. Stage III is identified by a

dissociation of the linear relationship between VE and VCO2

as a result of a continual increase in lactate causing an
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added increase in ventilation and is referred to as the

respiratory compensation phase (35).

Several studies (3,5,8,18,25,28,48) have been made

comparing the various lactate threshold methods with that of

the gas exchange threshold method for determining the

anaerobic threshold and found that there was no significant

difference between the direct and indirect determinations

for San. Correlation coefficients of 0.88 to 0.95 between

the two methods have been reported and recent reports of a

dissociation between the methods have been explained as

procedural and/or analytical differences, such as,

determining the threshold from improper plots (basically

curvilinear), objective identification of the threshold, and

blood sampling sites (47).

Alternative Methods for the Determination

of Four Aerobic Parameters

Currently there are only two studies (4,11)

reported in the literature evaluating methods other than

cycle ergometry for the determination of the aerobic

parameters using a single, short-duration test. Both

studies involved the comparison of cycle ergometry tests to

that of treadmill tests. Buchfuhrer (4) reported that the

parameters were found just as readily and reproducibly on

the treadmill as they were on the cycle ergometer; however,

the values of VO2max, VCO2max, HRmax, 02 pulse, and Oan were

significantly higher on the treadmill. He recommends that
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the optimal method should involve one-minute increments of

intermediate work loads, i.e. 2.5%/min at 3.4 MPH or 30

Watts/min and an intermediate duration of 8 to 17 mins (4).

In another study by Fairshter (11) the cycle ergometer and

treadmill were compared in men and women using rapid

incrementing (15 sec.) and longer test protocols (1-minute).

He found no significant differences between the tests, other

than an increased WVO2 and Ban for the treadmill, indicating

that short duration, incremental treadmill tests are

reliable methods for assessing exercise performance in

normal subjects (11).

Training has been reported to increase the measured

MVO2 and 8an (14,19,28,30,46,49). As a result it is common

practice for some to use the ean as an index for training

pace and training evaluation, evaluation of endurance

exercise ability, estimation of performance in endurance

events and evaluation of exercise tolerance in normal and

diseased populations (20,21,22,24,47). However, it has also

been reported that the adaptive response to exercise

training is a function of specific movement patterns

executed during training and that optimal innervation of

specifically trained muscle fibers is important if accurate

determinations of AVO2 and Oan are to be made (46). It,

therefore, becomes important to consider the modality

utilized in making these measurements.
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Summary

The physiological response of the body to perform work

is a highly integrative system involving a direct link

between internal and external respiration. It is now

possible with the aid of suitable mini-computers to assess

the changes that take place within the system continuously

during exercise on a breath-by-breath basis. Using short-

duration, incremental exercise testing the four aerobic

parameters can be determined reliably and reproducibly from

a single test. The applications of this method of testing

make it important to standardize this technique on several

different modalities (i.e. cycle and rowing ergometry and

treadmill work) to allow accurate measurement of the four

aerobic parameters for a varied population (i.e., trained,

sedentary, aged and cardio-respiratory diseased). This was

the purpose of the present study.
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Chapter III

METHODS

The methods and procedures for the selection of

subjects, exercise testing protocols, data calculations and

statistical analysis of the data are presented.

Subjects

The subjects for this study were healthy male and

female volunteers, 22 to 29 years of age, ranging in VO2max

from 34 mls 02/Kg/min to 68 mls 02/Kg/min. There were 12

subjects in the study; 7 males and 5 females. The

volunteers were recruited from area universities and the

Fort Worth community.

All volunteers were informed of the purpose, protocol

and experimental procedures to be followed before acceptance

into the study. Each subject signed an informed consent

form approved by the TCOM Institutional Review Board for

Research Involving Human Subjects (Appendix I). Prior to

participation in this study all of the subjects received a

medical screening including a medical health history

questionnaire, a resting 12-lead electrocardiogram, and

measurements of resting heart rate and blood pressure.

36
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Measurement of Four Aerobic Parameters

The four aerobic parameters were determined using four

separate conventional methods currently in use and two

different short-duration treadmill ramp tests. During each

exercise test the subject breathed through a mouthpiece

attached to a saliva trap and oxygen uptake parameters were

determined using a dedicated breath-by-breath analysis

system incorporating a mass spectrometer (Perkin-Elmer MGA-

1100B) to determine gas concentrations (02 and CO2) in the

inspired and expired air, and a turbine flowmeter (Alpha

Technologies VMM-2) to measure tidal volume. All variables

were collected on-line using a dedicated micro computer

(Digital Equipment Corporation Minc-23) and customized

software to account for differences in delay and response

time. Oxygen uptake kinetics were determined during the

testing by determining the time lag between start of a

steady-state increase in mechanical work and the detection

of an increase in oxygen uptake (4). The gas exchange

threshold (ean) was determined as the work rate at which

ventilation increased disproportionately from a linear

increase in the mechanical work rate (4). Breath-by-breath

computation of oxygen uptake (VO2), carbon dioxide output

(VCO2), respiratory exchange ratio (R), minute ventilation

(VE) , end tidal PCO2 (PETCO2), end tidal P02 ( ETO2), the

ventilatory equivalent for oxygen (VE/VO2), and the

ventilatory equivalent for carbon dioxide (VE/VCO2) were
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obtained using the customized software package. The outputs

were then displayed on a graphics terminal (VT125;Digital

Equipment Corporation) on-line and plotted on an X-Y plotter

using a printer terminal (LA50;Digital Equipment

Corporation). The subjects heart rate (HR) and electro-

cardiogram (ECG), using leads II, Af and V51 were monitored

continuously during each test, and brachial artery blood

pressure (BP) was obtained by auscultation every 2 minutes.

Both HR and BP were recorded separately on a recording form.

Conventional Methods of Measurements

All treadmill tests were conducted using a motor driven

treadmill (Quinton 24-72). The steady-state incremental

test for work efficiency (ti) and the maximal oxygen

uptake (MVO2) test were performed together on the 1st day of

testing. The oxygen uptake kinetics test was performed on

the 2nd day of testing.

1) Criterion Aerobic Capacity ( VO2) Measure - a

modified Balke treadmill protocol (2) was chosen as the

conventional incremental work test to measure /VO2.

Following an initial warm-up period (3.5 MPH and 0% grade)

the treadmill speed was maintained constant while the grade

was increased by 2.5% every minute up to a maximum grade of

25%, at which time the speed was then increased 0.2 MPH

every minute until the subject reached exhaustion. The test

was considered a maximal effort if a plateau of oxygen

uptake (V0 2 ) was seen with increasing work loads, or an
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increase of s 50 mis of 02/min with a further increase in

work load (1).

2) Oxygen Uptake Kinetics (rVO2) - a constant

load test (square-wave) was used as the method for measuring

oxygen uptake kinetics. The subject was asked to stand

straddled over the belt of the treadmill completely still

for 2 minutes with the treadmill set at 5% grade and a belt

speed of 3.5 MPH. At the end of the 2 minute period the

subject was asked to step onto the treadmill belt and walk

for 8 minutes at the pre-set work load. At the end of the

walking phase the treadmill was stopped and 2 minutes of

recovery data was collected with the subject standing on the

treadmill.

3) Work Efficiency (r) - a steady-state

incremental work test was used in an attempt to measure work

efficiency on the treadmill. The steady-state test

consisted of 3 different work loads, each being 5 minutes in

duration. An initial work load of 3.5 MPH and 5% grade was

used and the grade was increased by 2.5% at the end of each

5 minute period until all three work loads had been

completed.

4) Anaerobic Threshold (ean) - the anaerobic

threshold was determined by measuring lactate and pyruvate

levels in the subjects blood during the entirety of their

maximal VO2 tests using the two different ramp protocols.

An indwelling venous catheter was placed retrograde in a

, _
, _ - _ _ _

- - - -
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vein on the back of the subjects hand prior to the exercise

test. Samples were taken at rest, the last 2 minutes of the

warm-up period, the end of each minute during the ramp

portion of the test , and the end of the first 2 minutes of

recovery.

Treadmill Ramp Method of Measurement

The subject was randomly assigned two different

treadmill ramp protocols, a 1 minute incremental ramp

(running) and a 6 second incremental ramp (walking), which

were both performed on the 3rd day of testing. A rest

period of at least 30 minutes was given between the two test

periods (4). If the subjects resting HR was not back to

within 10 beats of the initial resting HR at the end of the

30 minute period the resting stage was extended until the HR

was within the appropriate level.

A multi-stage programmer (Quinton 644) was used in

conjunction with the motor driven treadmill (Quinton 24-72)

to run the ramp protocols. Prior to each test was a 10

minute warm-up period in which the subject initially walked

at a speed of 3.5 MPH at grades of 5.0, 7.5, and 10.0%, each

stage being 2 minutes in duration. For the remaining 4

minutes the grade was then decreased to 0% and the speed

adjusted to that of the subject's pre-determined initial

work load.
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1) One Minute Incremental Ramp Test - the initial

speed for the running protocol ranged between 4.5 to 7.0 MPH

and was dependant upon the subject's estimated maximum V02

based on prior exercise and medical history records. At the

end of the 10 minute warm-up period the speed and grade were

increased by 0.15 MPH and 1.5% each minute, respectively,

until the subject reached exhaustion and was followed by a 5

minute cool down at 0% grade and 3.0 MPH.

2) Six Second Incremental Ramp Test - all walking

protocols were started at 3.5 MPH. After the initial 10

minute warm-up period the speed was held constant at 3.5 MPH

while the grade increased 1.5% every 6 seconds until the

subject reached exhaustion and was followed by a cool down

period.

Criteria for maximal effort on these tests were the

same as those used for the modified Balke protocol described

earlier.

Calculation of the Four Aerobic Parameters

The four aerobic parameters were calculated from the

conventional test methods as follows:

1) Maximal Oxygen Uptake (jiVO2) - the V02 of highest

value in a sample period of at least 20 sec in length was

chosen as pVO2 (Figure 6).

2) Time Constant of Oxygen Uptake Kinetics (TVO2)- the

time constant (rVO2) for V02 kinetics was determined by

transposing the breath-by-breath data into semi-
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TM RAMP/LACTATE STUDY '89
TM RAMP 5.5-7.0 MPH, 0-15%, 10 EQUAL STAGES, I STAGE/MIN
12-MAY-89 09:43:16 FILE NAME: OP1:RJF3I2.BB1
Temp=23.9 PPH2O=10.78 Bar.Pr.=-744. Rel.Hum=48.0 FRC=3.18

Ep# EpLen Rate Ex02 ExCO2 Vent Vo2 V02 RQ VCO2 VE02 VECO2
sec 1/min % % 1/min I/min ml/kg/min 1/min

PERIOD #1
31.5 30.5
31.4 28.7
30.7 31.3
26.8 33.6

PERIOD #2
31.5 34.3
31.4 34.4
30.9 34.9
31.3 38.4
30.9 38.8
31.0 36.8
31.3 40.2
30.6 43.2
30.6 43.1
30.1 45.8
30.2 47.6
30.4 53.3
30.5 53.2
18.3 58.9

PERIOD #3
30.0 48.0
31.1 48.3
2.6 45.5

TIME: 0.03
15.73 5.21
15.59 5.25
15.71 5.16
15.75 5.11

MINUTES
45.6 2.08
49.4 2.17
49.1 2.19
51.5 2.19

TIME: 2.04 MINUTES
15.82 5.13 54.2 2.32
15.94 5.07 56.5 2.35
46.05 4.97 58.9 2.45
16.02 4.95 61.2 2.52
16.20 4.88 65.6 2.58
16.01 5.02 65.2 2.74
16.09 5.01 69.5 2.83
16.43 4.87 79.4 2.94
16.56 4.77 82.4 2.99
16.79 4.66 91.8 3.14
16.97 4.58 100.7 3.24
17.37 4.29 116.2 3.33
17.47 4.26 121.1 3.37
17.60 4.17 126.5 3.38

TIME:
17.48
17.95
18.19

9.02 MINUTES
4.31 112.3 3.10
4.13 94.9 2.16
4.00 85.1 1.85

32.42
33.83
34.06
34.12

36.16
36.54
38.15
39.32
40.21
42.62
44.04
45.80
46.55
48.95
50.43
51.82
52.51
52.69

48.30
33.68
28.81

FIGURE 6. Example of the determination of AVO2 from a post
hoc printout of an exercise test.

SAMPLE
1
2
3
4

SAMPLE
1
2
3
4
5
6
7
8
9
10
11
12
13
14

SAMPLE
1
2
3

0.93
0.95
0.93
0.95

0.95
0.97
0.97
0.96
0.99
0.97
0.99
1.05
1.05
1.09
1.13
1.19
1.22
1.24

1.25
1.44
1.47

1..93
2.06
2.04
2.08

2.22
2.28
2.36
2.42
2.55
2.64
2.81
3.09
3.14
3.44
3.67
3.95
4.10
4.18

3.87
23.11
2.72

21.9
22.7
22.5
23.5

23.4
24.1
24.1
24.2
25.4
23.8
24.6
27.0
27.6
29.2
31.1
34.9
35.9
37.4

36.2
43.9
46.0

23.1
23.1
23.6
24.1

24.0
23.9
24.3
24.4
24.7
23.6
23.8
24.6
25.4
25.8
26.5
28.7
28.8
29.5

28.5
30.3
31.2
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logarithmic form where "VO2 is the difference from the

asymptotic value (Figure 7).

3) Work Efficiency (ri) - Work efficiency (g) was

determined by calculating the slope of the 5th minute V02

values as a function of work rate.

4) Anaerobic Threshold (ean) - the lactate

concentrations and lactate/pyruvate ratio were plotted vs.

V02 (1/min) in log-log form and then analyzed for
breakpoints which were designated as being the anaerobic

threshold (3).

The four aerobic parameters VO2 , rVO2, ean, and 17 were
calculated from the ramp protocols using the techniques

outlined by Davis et.al. (4). The pVO2 was again determined

by choosing the highest V02 value in a sample period of at

least 20 sec in length. The time constant rVO2 and Ban were
determined by plotting the on-line breath-by-breath data on

a X-Y plotter (figure 3). The determination of rVO2 was

made by drawing two lines through the V02 response curve:

one (line a) parallel to the time axis and through the mean

steady-state V02 response initiated during warm-up, and one

(line b) that goes through the linear phase of the V02
response curve. The time constant rVO2 is the difference in

time between the intersection of lines a and b and the start

of the ramp. The value of Oan was determined by locating

the V02 value at which the ventilatory equivalent of oxygen

(VE/VO2) begins to systematically increase without an
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increase in the ventilatory equivalent of carbon dioxide

(VE/VCO 2 ) . Work efficiency ('i) was calculated using the

equation:

AWR

--=-------x 288

AVO2

where WR is the caloric equivalent of the external work and

E is the caloric equivalent of the oxygen consumption of

that work.

Whole Blood Lactate Analysis

Samples of 0.5 mls of whole blood were taken from the

subject at rest, the last two minutes of warm-up, the end of

each minute during the ramp portion of the test, and the

first two minutes of recovery and placed in pre-chilled

vacutainers containing EDTA for the analysis of blood

lactate levels. Immediately following the test the blood

samples were injected, in triplicate, into a YSI 27 Lactate

Analyzer (Yellow Springs Instruments) which had been

previously calibrated. Calibration of the analyzer was

performed using standards supplied by Yellow Spings

Instrument Co.. The calibration range was 5.00 mmol/l to

15.00 mmol/l and an L-lactate membrane was used on the

probe.
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Plasma Pyruvate Analysis

Samples of 0.5 mis of whole blood were taken at the

same designated sample periods as the lactate samples and

placed in pre-chilled collecting tubes containing 0.5 mls of

7% perchloric acid for deproteinization (5). Immediately

following the exercise tests the samples were centrifuged

and the plasma drawn off. The plasma samples were then

stored in a -20 c freezer for later analysis. The pyruvate

levels in the plasma were measured using a spectro-

fluorometric technique as described by Olsen (5). The

flourescence was measured using a Perkin Elmer 650

spectrophotofluorometer equipped with a Hanovia 150 W Xenon

lamp. The cell was kept at 22*c by a liquid-cooled cell

compartment. The settings were as follows: slit

arrangement was 5, 2, 2, 5, 5; meter multiplier setting was

0.01 - 0.03; excitation wavelength was 340 nm; and emission

wavelength was 460nm.

The frozen plasma samples were thawed and 50 ul of

plasma from each sample was transferred to a test tube and

1 ml of reagent solution was added. The reagent solution

contained 2 mM NADH and 0.01 mg/ml LDH suspension in a 1 M

phosphate buffer solution. The tubes were stoppered and

left at 21 - 23*c for 30 minutes. Following the incubation

period the samples were read by the photometer. A 0.05 to

0.30 mM sodium pyruvate solution was used as the standard.



47

Statistical Analysis

Comparison of the difference between each of the

determined aerobic parameters (VO 2, Ban, rVO2 , and ?7) for

the ramp methods were made by a two sample t-test. A

significant difference was accepted at p < 0.05.

Appropriate descriptive statistics were also

calculated to represent the data of the study (6).

_ -
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Chapter IV

RESULTS

The findings of the present investigation are presented

in the following sections. Information describing the

subject population physiologically, demographically, and

anthropometrically are also presented. The 60 second ramp

test was found to be significantly different from the 6 sec

ramp test and the conventional step-wise incremented test

for maximal oxygen uptake ( VO2) . Work effeciency (r)

values were signifcanctly different for all three tests and

the anaerobic threshold (ean) values were only significantly

different for the 6 sec ramp test. There was no significant

difference between any of the other values. The VO2 and

ean data from the conventional and ramp methods were found

to be highly correlated to each other even though some of

these values were found to be significantly different from

each other.

Subject Recruitment and Description

A total of 14 subjects (8 male, 6 female) were

recruited for the study, however, 3 of the subjects (1 male,

2 female) either dropped out or were unable to attend all

the required visits necessary to complete the testing. The

remaining 11 subjects (7 male, 4 female) underwent the

experimental protocol as described in chapter 3 on pages

49
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37-41. Successful blood sampling was only possible on 6 of

the 11 subjects (4 males, 2 females). Seven of the eleven

subjects obtained a plateau of oxygen uptake with a

continued increase in workload on all three of the maximal

exercise tests and four subjects only reached a plateau on

two out of the three tests. There was no evidence of

cardiovascular abnormalities in any of the subjects tested.

Table 1 summarizes the physiologic, demographic and

anthropometric data for the subject population. The values

presented, with the exception of gender, are means and

standard errors and range. The subject population was very

close in age and size with the exception of two subjects.

Physiologically the subject population was well mixed with

subjects ranging from low fitness levels

(MVO 2=35.72 mls 02/kg/min) to high fitness levels

(jVO2=68.22 mls of 0/kg/min) .

TABLE 1: Physiologic, demographic, and anthropometric data
of subject population. Subjects consisted of 7 males and 4
females.

AGE Height Weight HRmax VO2max
(yrs) (cm) (kg) (beats/min) (1/min)

-------------- -----------------------------------------
x 26 171.6 69.9 192 3.52
SE 0.58 3.15 3.96 2 0.10

23-29 152-189 60-103 177-208 2.22-5.32
-------------------------------------------------------



51

Table 2 summarizes the mean HRmax response to the step

test and ramp test methods. Values presented are means +

standard error and a p<0.05 was considered as significant.

No significant difference was found in HRmax between the

step-wise incremented test and the 6 sec ramp test, however,

a significant difference was found between the HRmax of the

60 sec ramp and the step and 6 sec ramp tests.

TABLE 2: Comparison of maximal heart rate (HRmax, b/min)
during conventional and ramp techniques.

Test 1 Test 2 Test 3

step-wise test 6 sec ramp 60 sec ramp
(n=11) (n=11) (n=11)

------------------------------------------------------
x 191 189 196
SE 3 2 2

p Test1&2 Test 2 & 3 Test 1 & 3
values 0.2675 0.0020* 0.0409*
-------------- -----------------------------------------
* p<0.05 significant difference

Aerobic Parameter Data

The data analysis of the determination of the four

primary aerobic parameters (maximal oxygen uptake (MVO2),

anaerobic threshold (ean), work efficiency (q), and the time

constant for 02 uptake kinetics (rVO2)) from conventional

and ramp methods showed few significant differences. The

signifcant differences that were found were between the

conventional and 60 second ramp tests for MVO2 , the 6 sec

and 60 sec ramp tests for VO2, the conventional and gas
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exchange methods for ean in the 6 sec ramp test only, and

the conventional and both ramp tests for rj. Correlation

analysis between methods found the conventional and ramp

methods for determining MVO2 and ban to be highly

correlated, but not n and rVO2.

Maximal Oxygen Uptake Response

The V02 response was consistently linear from the end

of the lag phase to the V02 plateau phase as it approached

jVO2 in all of the subjects. This linear V02 response was

maintained both above and below the anaerobic threshold

allowing for a large domain in which the time constant

(rVO2) and work efficiency (rn) could be estimated.

Table 3 summarizes the yVO2 response for the

conventional and ramp methods. The values presented are

means standard error. A p<0.05 was considered to be

significant.

TABLE 3: Comparison of maximal oxygen uptake ( V02,1/min)
parameter during conventional and ramp techniques.

Test 1 Test 2 Test 3

step-wise test 6 sec ramp 60 sec ramp
(n=11) (n=11) (n=11)

x 3.364 3.494 3.694
SE 0.282 0.323 0.345

p Test 1 & 2 Test 2 & 3 Test 1 & 3
values 0.1107 0.0001* 0.0059*

* p<0.05 significant difference
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The conventional method used was a step-wise incremental

test as previously described on page 39. Both the 6 sec and

60 sec ramp tests resulted in a higher mean MVO2 than the

step test by 4% and 10%, respectively. There were no

significant differences between the step and 6 sec ramp

tests for determining MVO 2 . However, the mean yVO2 for the

60 sec ramp test was significantly greater for both the 6

sec ramp and the step test by 6% and 10%,respectively. This

difference may be a result of the higher grades reached in

the 6 sec ramp and step tests. Both of these tests required

the subject to work at grades above 20% as opposed to the

maximal grade of 15% in the 60 sec ramp test. Two of the

subjects did not reach a plateau in V02 during the 6 sec

ramp test and two different subjects did not reach a plateau

during the step test.

Figures 8, 9, and 10 illustrate the correlation between

the three test protocols. All three tests were shown to be

highly correlated to each other. The correlation factors

were as follows:

Step-wise vs. 6 sec ramp r=0.979

Step-wise vs. 60 sec ramp r=0.975

6 sec ramp vs. 60 sec ramp r=0.997

These results would imply a close association between the

conventional and ramp methods, as well as, between the two

ramp tests themselves.
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FIGURE 8. Correlation (r2=0.9587) of step-wise test and
6 sec ramp test for tVO 2 (L/min).
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FIGURE 9. Correlation (r2=0.95) of step-wise test and
60 sec ramp test for pVO2 (L/min).
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FIGURE 10. Correlation (r2=0.9943) of the 6 sec ramp test
and the 60 sec ramp test for AVO 2 (L/min) .

56

U. Mo

41)
U)

4J

U)

0

0

3 3.5

0

0

0

(9o0
0

2.5

'I , -ftak- -'AaON.W.



57

Time Constant of Oxygen Uptake Kinetics Response

The mean time delay (rVO2) for the linear V02 response

at the onset of exercise was similar for all three test

protocols ranging from 32.2 to 36.4 seconds. The range of

individual rVO2 for the subjects was 24.0 to 49.3 seconds.

A square-wave constant load test as described on page 39 was

used as the conventional method for determining rVO2. No

significant difference was shown between the square-wave and

ramp methods or between the two ramp tests. All three tests

appear to be able to accurately determine rVO2 with equal

precision.

Table 4 summarizes the mean responses for rVO2. The

values are presented as means standard error and the

range.

TABLE 4: Comparison of time constant for oxygen uptake
kinetics (rV02, secs) parameter during conventional and
ramp techniques.

Test 1 Test 2 Test 3

square-wave test 6 sec ramp 60 sec ramp
(n=11) (n=10) (n=9)

-------------------------------------------------------
x 32.2 36.4 34.6
SE 2.5 +1.8 2.6

range 24.0-48.6 26.3-46.2 27.1-49.3

p Test 1L&2 Test 2 & 3 Test 1 & 3
values 0.2939 0.1731 0.3090

-------------------------------------------------------

0
-
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As a result of the linear V02 response throughout the

ramp tests it was easy to estimate the time delays with the

exception of three subjects. Two of the subjects, who also

happened to be the least fit of the group, had to be omitted

from the 60 sec ramp test data due to the fact that, in

spite of the linear V02 response, the delay time was

undetectable. This was a result of the fact that they were

already working at or above their gas exchange threshold

prior to the onset of the ramp and were unable to go more

than 2 minutes into the test protocol. Also, one subject

was omitted from the 6 sec ramp test because the time delay

estimated was more than triple the rest of the values for

that subject for the other tests as well as compared to the

other subjects data. Statistical analysis was performed

with this datum point included and excluded prior to the

decision being made to omit it. There was no difference in

the paired t-test results. Why this one value was so out of

range to the rest of the data was unclear.

Figure 11 illustrates how the time delay was calculated

for the square-wave constant load test. The time delay was

chosen as the point at which the log of the difference

between the steady-state value and the rising V02 response

reached -0.30 L/min as described by Whipp (4).

There were no significant differences (p>0.05) between

the square-wave constant load test and the two ramp tests.

This indicates that the ramp tests appear to be able to
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accurately determine rVO2 with the same precision as the

square-wave test.

Work Efficiency Analysis

The calculation of work efficiency (ri) was fairly

complicated by having to do several conversions in order to

convert the workloads into watts (W). A steady-state test,

as described on page 40 of chapter 3, was used as the

conventional method for determining work efficiency. All

the tests were found to be significantly different from one

another and no correlation was found among the methods, in

spite of the fact that the range of the mean ri values (22.9

to 35.6 %) were in agreement with those reported in previous

studies for bike and treadmill work (1,2).

Table 5 summarizes the results of the work efficiency

determinations. The values are presented as means

standard error. A p<0.05 was considered significant.

TABLE 5: Comparison of work efficiency (t, %) parameter
during conventional and ramp techniques.

Test 1 Test 2 Test 3

steady-state test 6 sec ramp 60 sec ramp

(n=11) (n=11) (n=11)

x 22.9 29.0 35.6
SE 1.1 1.3 1.1

p Test 1 & 2 Test 2 & 3 Test1& 3

values 0.0128* 0.0056* 0.0001*

* p<0.05 significant difference

- -
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The n values from the 60 sec ramp test were signi-

ficantly greater than the 6 sec ramp and steady-state tests

by 23% and 55%, respectively, while the mean r value

for the 6 sec ramp test was significantly greater than the

steady-state test by 27%.

Anaerobic Threshold Analysis

The anaerobic threshold (Oan) was determined by the gas

exchange (GE) technique and blood lactate (La) and

Lactate/Pyruvate ratio (L/P). The La and L/P were plotted

in log form against the logVO2 for every minute of the test

starting with the last two minutes of the warm-up stage

continuously through the test to maximal exertion and the

first two minutes of recovery. Of the six subjects used for

this analysis only 2 actually showed clear breakpoints to

identify the Oan using logLa and logL/P techniques. Figures

12 and 13 show the plots for the total subset (n=6) of

subjects that were used to identify the Ban using the logLa

vs. logVO2 and logL/P vs. logVO2 techniques, respectively.

The identification of the Ban for the remaining subjects in

this subset was chosen as the point where the log-log plot

began to change in an upward direction as seen in the

example in figure 14.

The identification of the Oan for the GE technique was

made using the method described by Davis, Wasserman, and

Whipp (1,3,4) and also described on page 42 of this paper.

The lowest point on the curve for the ventilatory equivalent

, - 1, z 'I-- -, !*&. --Mk
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of oxygen (VE/VO2), and where the curve for the ventilatory

equivalent of carbon dioxide (VE/VCO2) did not rise, was

chosen by the author as the point of Ban and the V02

equivalent for that point was identified. Figure 15 shows

an example of this estimation for one of the 11 subjects.

Table 6 summarizes the results from the Ban analysis

between the conventional methods and the gas exchange

method. Table 7 summarizes the results from the Gan

analysis comparing each method with itself for the 6 sec and

60 sec ramp protocols. All values are presented as means

standard error and a p<0.05 was considered to be

significant.

TABLE 6: Comparison of anaerobic threshold (ban, 1/min)
using blood analysis (logLa and logL/P) and gas exchange
(GE) techniques during ramp tests.

gas exchange logLa logL/P
(n=11) (n=6) (n=5)

--------------------------------------------------------
6 sec ramp x 2.143 2.785 3.134

SE 0.144 0.261 0.330

60 sec ramp x 2.920 2.836 2.993
SE 0.199 0.244 0.320

p
values GE & logLa logLa & logL/P GE & logL/P

6 sec ramp 0.0081* 0.3944 0.0031*

60 sec ramp 0.7390 0.4908 0.1056
----------------------------------------------------

* p<0.05 significant difference
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subject during a 60 sec ramp test.
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TABLE 7: Comparison of each anaerobic threshold
(ean,l/min) technique against itself between ramp tests
(means SE).

gas exchange logLa logL/P
(n=11) (n=6) (n=5)

-------------------------------------------------------
6 sec ramp x 2.143 2.785 3.134

SE 0.144 0.261 0.330

60 sec ramp x 2.920 2.836 2.993
SE 0.199 0.244 0.320

p
values 0.0001* 0.2272 0.5573
---------------------------------- Y---------------------

* p<0.05 significant difference

The data analyses for the comparison of the methods for

determining the Oan were conducted in two steps. First a

comparison was made between the three separate techniques

for the 6 sec and 60 sec ramp tests. No significant

difference (p>0.05) was found between the techniques for the

60 sec ramp test. However, the GE technique was found to

estimate the San significantly lower than either the La or

the L/P technique for the 6 sec ramp test, while there was

no difference (p>0.05) between the La and the L/P techniques

for the 6 sec ramp test. Correlation analysis found all

three methods to be highly correlated for both ramp tests (r

values ranged from 0.794 to 0.99, see figures 16, 17 and

18). This implies a close association among the

techniques.
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The second step of the analysis was a comparison of

each technique with itself between the two ramp tests. The

only significant difference (p<0.05) was found with the GE

technique. The 60 sec ramp test elicited a Oan value 26%

greater than the 6 sec ramp test using the GE technique.

Again correlation analysis showed a high correlation between

the three techniques (GE,r=0.867; La,r=0.966; L/P,r=0.977,

see figures 19, 20 and 21). As in the MVO2 data some of the

variation may be a result of mechanical efficiency

differences due to the differences in protocol between the

two ramp tests.

, ,, .
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Chapter V

DISCUSSION

The purpose of this discussion is to elucidate the

findings from the present study and their relationship to

the initial hypotheses and the previously reported findings

concerning ramp tests for the determination of the four

primary aerobic parameters: maximal oxygen uptake (yVO2),

anaerobic threshold (ean), time constant for oxygen uptake

kinetics (r), and work efficiency (tj). Conclusions, based

upon these findings, will then be made, as well as,

recommendations for further study.

Measurement of Maximal Oxygen Uptake

The V02 response to exercise in both ramp protocols

showed the characteristic linear increase between the end of

the initial lag phase and the plateau at yVO2 as previously

reported by Whipp and colleagues (18). The percentage of

subjects to show a plateau at V02 for the step-wise

incremental test (step), 6 sec ramp test and the 60 sec ramp

test were 82%, 82% and 100% respectively. This finding is

in disagreement with the 40-50% reported by Noakes (14) in a

1988 review article. However, in his review article Noakes

did not include any studies utilizing non-steady-state

incremental ramp protocols such as those used by Davis,

Whipp and others (8,18,4,10). Figure 22 illustrates this
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typical VO2 response which appeared consistently for all the

subjects. The mean MVO2 values found in the present study

were in agreement with those reported in other non-steady-

state incremental treadmill studies and were between 6 to

10% greater than those reported (4,8,10,18) for cycle

ergometer ramp tests which would be expected, since

treadmill testing has been shown to elicit VO2 values that

are on the average 5-10% greater than those from bicycle

tests (16). The initial hypothesis made was that there

would be no difference between the step change test and the

ramp tests in determining the yVO2 value. The findings of

the present study only partially support this hypothesis.

No difference (p>0.05) was found between the step test and

the 6 sec ramp test, but there was a significant difference

(p<0.05) between the step test and the 60 sec ramp test.

This finding, although in disagreement with the findings in

Whipp's investigation (18) in which the step and ramp tests

were not found to be different, follows the same trend for

mean yVO2 response in that the ramp test elicited a greater

V02 than the step test. This difference, however, was only

3% in Whipp's study as opposed to the 10% higher VO2 found

for the 60 sec ramp test in the present study. The 60 sec

ramp test was also found to be significantly (p<0.05)

greater than the 6 sec ramp test by 6%. The fact that the

same trend in mean VO2 response exists could explain why

the 60 sec ramp test was found to be different from the step
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test and the 6 sec ramp test, yet, at the same time found to

have a high correlation (r=0.975 and r=0.997,respectively)

to these same two tests.

Another possible explanation for the difference in the

60 sec ramp test from that of the step and 6 sec ramp test

was the difference in the actual protocols in acheiving

yVO2. In the latter two tests the percent grade attained by

the subjects upon reaching maximal exertion was 20% or

above, where as, the 60 sec ramp test had a maximum

elevation of 15%. A second difference in the two protocols

was that the 60 sec ramp test was a running protocol

(minimum starting speed of 4.0 mph) while the other two

tests were walking protocols (3.5 mph). Although the 6 sec

ramp was similar to the 60 sec ramp protocol in that they

both had non-steady-state changes in workload it was also

similar to the step test in speed and attained elevation.

This steep elevation attained in the two walking protocols

caused some subjects to prematurely end the test due to low

back pain and may have resulted in a lower work economy due

to poor body mechanics as a result of the change in the

angle of the foot and leg. Both of these situations could

lead to a reduced V02 response. Previous studies (6,7) have

shown that decreases in work economy can result in lowered

jyVO2 values.

Analysis of the HRmax data also indicated that the 60

sec ramp test elicited a significantly (p<0.05) greater
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HRmax than either the step change test or the 6 sec ramp

test. This could imply that some of the subjects did not

actually achieve a true yVO2 in the step or 6 sec ramp test

or that the 60 sec ramp test utilized more active muscle

mass than either the step test or the 6 sec ramp test.

Measurement of Anaerobic Threshold

The inability of the blood lactate (La) and blood

lactate/pyruvate (L/P) data from the present study to show

clear breakpoints for the determination of anaerobic

threshold (ban) differs from that of Beaver et.al. (2). They

reported finding distinct breakpoints with great consistency

for L/P data and fair consistency for La data. The

difference in findings may be explained by the fact that

data points were missing in several of the plots in the

present study because of technique problems thereby making

accurate interpretation of the curves difficult.

The mean La and L/P 8an values determined with the

treadmill protocols were much greater than those reported

for the cycle ergometer (8,18). These findings suggest that

the La and L/P techniques over-estimate the ban for

treadmill work. This could be due to inaccuracies

attributed to the missing data points noted above, as well

as, changes in mechanical efficiency. Noakes (14) contends

that changes in the economy of work, which were effected by

differences in mechanical efficiency, can alter blood

lactate levels in response to work. The more econonmical

-i
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or efficient a person was in performing a work task, the

slower the rise in blood lactate.

The inability to demonstrate clear breakpoints also

leads one to question whether or not there really was a

measurable anaerobic threshold to be ascertained from the

rise in La and/or L/P. This controversy has been raised by

many previous investigators (3,12,20). Previous studies by

Barbee, Chirtel, and Stainsby (1,5,15) have shown that there

was a significant production and exchange of weak acids [HA]

other than lactic acid by the working muscle and that these

acids and lactate appear to be closely related. Therefore,

the threshold seen in gas exchange data may better reflect

changes in total acid-base balance and not strictly a

reflection of lactic acid accumulation implying an anaerobic

state.

The GE mean ean values from the present study were also

much higher than those reported for the cycle ergometer

(4,8,10,18) in previous studies, but are similar to those

reported for incremental treadmill tests (4,10). The

findings of the present study do show a threshold in regard

to GE as have previous studies (8,17,18), however, it is not

clear as to whether this actually represents an anaerobic

threshold or was merely a reflection of the total weak acid

accumulation and failure to sufficiently clear lactate as

shown by Stainsby et.al. (15,1,5).

_ .::
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Measurement of the Time Constant

for Oxygen Uptake Kinetics

The mean values for the time constant (rVO2) for

oxygen uptake kinetics found in the present study were

slightly lower than those reported in the literature for

cycle ergometry (8,18), yet were within the normal range of

30-45 secs (19). There have been no reports in the

literature for rVO2 values estimated on the treadmill. This

makes it hard to determine if the rVO2 values from the

present study was accurate or if this difference was related

to the mode of testing (cycle vs. treadmill). The mean yV02

values for the present study were on the average 10% greater

than those reported in the cycle ergometer studies and might

indicate that the subjects in the present study were more

fit which would possibly explain the lower rVO 2 values or it

could just be due to the normal differences seen between

cycle and treadmill tests. Since, exercise training

increases the rate at which the V02 rises during the initial

transition phase at the onset of exercise, it would make

sense that the more highly fit people would have a shorter

delay time (16).

Measurement of Work Efficiency

The work efficiency (r?) values estimated from the

steady-state and ramp tests in the present study were in

agreement with the normal values (20-45%) cited in the

literature (8,9,13,18). When walking up a 20% incline the

- a - - - -® - - --
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work efficiency was found to approach 25%. This has been

shown to be a characteristic of the mechanical efficiency of

muscles performing positive work (13). Donovan and Brooks

(9) have reported steady-rate treadmill test efficiencies as

high as 44% but state, " total body efficiencies above 40%

are probably to high to represent a reasonable product of

oxidative and mechanical coupling efficiencies". Margaria

(13) has reported mechanical efficiencies of 40% for running

on the treadmill. Since this was much higher than the

mechanical efficiency for walking uphill Margaria questioned

the accuracy of the conventional definition of work

efficiency where efficiency was equal to the mechanical work

divided by the energy consumed to perform that work. It was

believed that the error originated in an over-estimation of

positive mechanical work performed by the muscles. Due to

the reproducibility of his own data and reports of similar

data by Fenn (11), Margaria proposed that the over-

estimation was the consequence of stretching of elastic

structures (muscle and tendon) under the weight of the body

and inertial forces. He further proposed that the changes

in potential energy (energy involved in lifting the body)

and kinetic energy (energy due to acceleration of the center

of gravity in the forward direction) of running were not due

to chemical energy but only elastic energy acquired as the

foot strikes the ground, thereby, resulting in higher

positive mechanical work and ultimately a higher overall

,_, _ _
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work efficiency. The findings of the present study, in

which the work efficiency of the 60 sec ramp test ( =35%)

was greater than the 6 sec ramp test (r=29%) and the steady-

state test (n=23%), support the theories put forth by

Margaria (13). The mechanical changes that result from the

different protocols, walking at high incline vs. running at

low inclines, may explain the significant differences found

in this study that were not found in the studies which used

cycle ergometers (8,18). The two studies found in the

literature that compared cycle ergometry tests with

incremental treadmill tests did not measure work efficiency

and, therefore, no comparison can be made with other ramped

treadmill tests.

It appears from the present study that the high incline

in the 6 sec ramp test leads to poor body mechanics which

decreases the mechanical efficiency of the muscles to

perform work and ultimately decreases the overall work

efficiency of the test. It may be concluded,therefore, that

the 60 sec ramp test allowed the subjects to be more

economical in their work performance and attain a higher

work level resulting in a higher AVO2 as evidenced by the

/VO2 findings of this study and by Noakes (14).

As stated in the limitations of the study in the first

chapter of this paper, external mechanical complications

such as body weight differences, stride length and not

having the use of one arm at times during the testing
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because of blood sampling may have complicated and/or

interfered with the determination of q and, as a result,

could have some bearing on the differences seen between the

tests in the present study.

Conclusions

The purpose of this study was to develop and validate a

single, relatively short, and reproducible work test on the

treadmill from which the four aerobic parameters, yVO2, Ban,

TVO2, and n, could be determined. The two ramp tests, 6 sec

and 60 sec increments, developed for this study were both

short in duration with total test times of 5.75 and 6.4

minutes respectively and both consistently produce a plateau

(change in V02 response of 50 mls of 02/min) in the V02
response at maximal exercise. All of the subjects appeared

to be able to perform the ramp tests without to much

difficulty with the exception of the two lowest fit subjects

who had a hard time handling the pace of the 60 sec ramp

test. The following conclusions may be made in regard to

the findings of this study:

1. The null hypothesis that there would be no

difference between the ramp and step-wise incremental work

load protocols in measuring maximal oxygen uptake (yVO2) was

accepted for the 6 sec ramp protocol (p>0.05) and rejected

for the 60 sec ramp protocol (p<0.05). However, due to the

high correlation between the test methods and the fact that

the mean MVO2 value for the 60 sec ramp protocol was in

_:. .:.. .... .. .n -- +Mcw:wLHf' i{ .. 4 Pr; Lea'.; _ _- .w..
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agreement with other incremental treadmill tests, caution

must be used in stating the validity of this particular

protocol. Taking into consideration the possible decrease

in mechanical efficiency of the step-wise incremental test

and the 6 sec ramp test due to the steep inclines of these

tests it was concluded that these tests underestimated the

VO2 of the subjects in comparison to the 60 sec ramp test.

2. The null hypothesis that there would be no

difference between the gas exchange (GE) determinants and

the arterialized venous blood sampling (La and L/P) methods

for determining the anaerobic threshold (ean) was accepted

(p>0.05) for the 60 sec ramp test but rejected for the 6 sec

ramp test. Inconclusive responses for lactate and

lactate/pyruvate ratios failed to clearly define a

breakpoint to identify the ean making this anaerobic

threshold questionable. However, there does appear to be a

consistent threshold level for gas exchange in the ramp

tests and correlation analysis shows the GE, La and L/P

methods to be closely associated. It was not clear,

however, if this threshold is solely related to a lactate

threshold or if it is a reflection of a total weak acid

accumulation.

3. The null hypothesis that there would be no

difference between the ramp incremental workload protocol

and the square-wave increase workload to a constant-load

work protocol in measuring the time constant for oxygen

a: ;: t ".>.,a,_ iw y ,..,i;.. , . .. , .:,;r.. _.. _.. __.i rn..r. aJ<eY dde a:ir . ... ___a.._,®.w_ _
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uptake kinetics (rVO2) was accepted (p>0.05) for both ramp

protocols. This implies that both ramp tests allowed for

the determination of rVO2 with the same precision as

conventional methods. The ramp method for measuring rVO2

was less tedious and complicated than the conventional

method.

4. The null hypothesis that there would be no

difference in the ramp and step-wise incremental workload

protocols in measuring work efficiency (ri) was rejected

(p<0.05) for both ramp tests. In view of the fact that

there were no other data in the literature concerning ramp

treadmill tests to compare the accuracy of the q data, it

was hard to draw any specific conclusions about the validity

of the ramp test to measure ri. However, the mean values

elicited by the ramp tests do not differ from that found in

the literature for other test methods.

The findings of this study seem to imply that it is

possible to measure the four aerobic parameters (,VO2, ean,

rVO2 and r) with a single, short duration, ramped treadmill

protocol.

Recommendations

1. The differences between the mechanics of the two

ramp protocols needs to be closely evaluated to determine if

differences in mechanical efficiency are responsible for the

large difference in the observed VQ2 values, if so, they

might be corrected by altering the mechanics of the

_.,.. ;
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protocol. This could be tested by altering the 60 sec ramp

test so that the angle of the foot and ankle simulates that

of the angle for the other two protocols and comparing the

jVO2 values.

2. A more detailed evaluation of treadmill ramp tests

and work efficiency measures needs to be conducted before

more concrete conclusions can be made about their validity

and accuracy in determing r7.

3. A study involving low and high fit subjects would

help to clear up the question of why the rV02 values were

lower on the treadmill than those reported for the cycle

ergometer. This study could be followed by a second study

to make the same comparisons on the bike and treadmill to

evaluate the effect of training specificity.
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LAY SUMMARY

It is the intent of this summary to simply explain the
objectives and techniques to be used in obtaining data from you
as an individual. Also, any risks to you will be explained. If
the points are not clear, please ask questions.

The aim of this study is to develop a maximal exercise
stress test using a continuously increasing work load treadmill
test ( a ramp procedure ) to evaluate your aerobic performance
capacity and compare this new test with a previously developed
treadmill test.

Prior to being accepted to this study you will be given a
medical history questionnaire, a 12-lead electrocardiogram, and a
resting blood pressure determination will be made. If acceptable
as a participant you will be given a practice run on the
treadmill to orientate you with the actual testing procedures to
be used. You will then be given a constant load test in which
you will walk at 3.5 MPH at a 5% incline for eight minutes. The
remainder of the testing will be done on a separate day in which
you will be randomly assigned to two different tests to be
completed in one day.

During the second test day, prior to any exercise testing,
we will place a small, flexible, teflon tube in one of your hand
veins for collection of blood samples during exercise in order to
measure the changes in your blood lactate and pyruvate levels in
response to exercise. This procedure is similar to having blood
drawn from a vein for routine screening. We will use a local
anesthetic called Lidocaine ( Xylocaine ) to minimize discomfort
to you and simplify the procedure. A trained technician will
then insert a short ( 1-1/2" ) needle into the vein leaving the
catheter in place. During insertion of the needle you may feel
some pressure or discomfort. It may not be possible to eliminate
all discomfort during the procedure, but once the catheter is in
place, it should not bother you further. The catheter will be
connected to a short section of sterile tubing to allow for easy
withdrawal of blood samples.

Once the catheter is in place you will be given a ten minutewarm-up prior to the beginning of each test. Two separate
protocals will be used on the treadmill in which the workload
will increase by a pre-determined amount every minute or every
six seconds. This workload will appear continuous and will
continue until you cannot keep up or you have reached exhaustion.
At this time a five minute recovery period will be initiated.
YOu will be given at least a 30 minute rest period between each
test.

During each test your heart rate, blood pressure and aerobicresponses will be recorded. In order to measure your aerobic
response your expired gases will be collected via a mouthpiece
and monitored for gas concentrations and volumes.
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As in all heavy exercise the risk of having a "heart attack" is
present. However, by close monitoring of your heart wave form
(ECG) and blood pressure by experienced technicians, and pre-
screening before the tests we should be able to stop the test
prior to you being hurt.

All studies will be performed in the Medical Education II
building of Texas College of Osteopathic Medicine and supervised
by a cardiac physiologist and experienced technicians. You are
free to terminate and withdraw from the study at any time.
Furthermore, the investigator will terminate the test if any of
the mild side effects are felt or observed. You will be asked to
remain in the laboratory for at least 30 minutes after the end of
the tests. You must be free of drugs, food, cigarettes and
alcohol prior to and during each test. Furthermore, you must
refrain from caffeine drinks ( coke, Dr. Pepper, coffee and tea )
and smoking twelve hours prior to testing.

We will make every effort to prevent physical injury that
could result from this research. Compensation for physical
injury and treatment incurred as a result of participating in
this research is not available. However, investigators are
prepared to advise you about medical treatment in case of adverse
effects to these procedures which you should report immediately.
If you wish further information concerning your rights as a
subject you may call Dr. Ben Harris at (817) 735-2561, Monday
thru Friday from 8:00 am - 5:00 pm. If a complication arises
within 24 hours of your having been tested you may contact Dr.
Howard Graitzer 24 hours a day at (817) 735-2660. The physicians
in charge will admit you to Fort Worth Osteopathic Medical Center
in the event it is necessary, under your personal insurance
policy.

I have read and understand the description of the
study, including the detailed explanation of each
procedure. I have been given the opportunity to ask
questions and discuss the study and its potential resks
and benefits. I understand that my request for my
information that has been gatered will be fulfilled. I
understand that I may withdraw from the study at any
time. I herby give my consent to the study.

DATE PARTICIPANT'S SIGNATURE

WITNESS SIGNATURE
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Consent Form for

Graded Exercise Testing

It is
techniques
any risks
please ask

the intent of this summary to simply
to be used in obtaining data from you
to you will also be explained. If
questions.

explain the objectives and
as an individual. Also,
the points are not clear,

In this procedure you will be given a 12-lead electro-cardiogram andresting blood pressure determination prior to a maximum exercise test on atreadmill. During the exercise test, your blood pressure will be obtainedat various intervals. Your ECG will be monitored continuously on anoscilloscope and ECG tracings will be obtained at 1 minute intervals.Following maximal exertion, there will be a warm-down walking period on thetreadmill for several minutes.

There exists the possibility that certain changes may occur during themaximal exercise test. These changes could include abnormal heart beats,abnormal blood pressure and in rare instances a "heart attack". You will beclosely monitored by trained technicians under the guidance of a licensed
physician, which will reduce the risks involved in maximal testing.

Date Patient/Subject Signature

Witness to pat ent/subject consent
and explanation (signature)
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