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Current respirator design involves developing and testing a prototype, making
modifications, and then re-testing until a suitable mask is obtained. If the
physiological effects of the respirator could be modeled, design could proceed more
rapidly. Such a model would be an important design tool that would provide valuable
information on the potential physiological and psychological compatibility of a
respirator with the wearer. The model would not eliminate the need for human

testing, but would decrease the number of prototypes required, saving time and

money.

A successful model would be very complex because of the many factors to
consider. And, because of the variability of human response to exercise, work, and

respirator wear, the initial development of the model will include many assumptions

that may limit the expected accuracy of the predictions.



The goal of this research was to develop a model of the pulmonary effects of
respirator wear during physical activity that would form the framework of a larger
model that would include other factors as well. Empirical equations were developed
that related oxygen consumption to physiological work rate, anaerobic threshold,
minute ventilation and tidal volume to oxygen consumption, and exhalation time to
respiratory period. Respirator resistance and dead volume effects were quantified.
The model was implemented in Visual BASIC.

The model predicted oxygen consumption, minute ventilation, and tidal
volume well for a limited number of subjects exercising below 70% of maximal
Oxygen consumption. For three subjects wearing respirators and exercising at 80-
85%, the errors in the model parameters were greater than those of the original
equations. As model equations were based on average responses, predictions for any
one individual may have large errors. Model simulations of a subject exercising at
five different work rates with and without a respirator showed that the model made
rational predictions of the effects of a respirator on respiratory parameters. More data
is needed to completely validate the model. These results showed that the mode]

structure was valid and that overall the model was capable of making rational

predictions of the average effects of respirator wear on pulmonary system parameters

during physical activity.
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INTRODUCTION

The need to protect workers from the inhalation of airborne contaminants has
been recognized for many centuries. In 77 AD, Pliny the Elder wrote about red lead
refiners wearing animal bladders to avoid breathing the lead dust (Roach, 1992),
People such as Leonardo da Vinci (1452 - 1519) and Bernardino Ramazzini (1633 -
1714) recognized also the need for respiratory protection (Rajhans and Blackwel],
1985). However, it wasn’t until the 1800s and the industria] revolution that
significant advances were made. In 1814, the “precursor to the modern day air-
purifying respirator was developed” and in 1825, John Roberts developed a smoke
filter for firefighters (Rajhans and Blackwell, 1985). In 1910, the Mine Enforcement
Safety Administration (MESA), the predecessor of the Mine Safety and Health
Administration (MSHA), began specifying regulations about the des; gn and
certification of different respiratory protection sold in the United States (Teresinski
and Cheremisinoff, 1983). Design progressed rapidly during WWI when toxjc gases
were first used as a military weapon (Rajhans and Blackwell, 1985).

In 1970, the concern for worker health came to the forefront. Former Labor
Secretary Schultz testified before Congress that 14,500 Americans died and 2 2
million workers were disabled due to industrial accidents each yéar and, the U. S.
Public Health Service stated that there were approximately 390,000 new cases of
occupational diseases each year (Wang, 1993). The total monetary cost to the

American public was estimated at $8 billion annually. Due to the large numbers of



Workers killed or injured in industrial accidents every year, the Williams and Steiger
Occupational Safety and Health Act (OSHA) was enacted in 1970. OSHA made
employers responsible for the safety and health of their workers in the workplace.
Engineering controls, such as increased ventilation, should be used first in protecting
against the health risks from hazardous substances in the workplace. When these
controls fail or are not technically feasible, personal protective equipment becomes
necessary.

Respirator masks are an essential component of the personal protective
equipment and are used to protect workers against the inhalation of various
contaminants - dust, mist, vapor, gas, and fume — that are found in the manufacture of
chemicals, automobiles, steel, batteries, furniture, adhesives, and many other
products. Additionally, there are individuals in small factories, offices and
laboratories who are exposed to hazardous substances. Painters, soldiers, firef ghters,
miners, wood workers, construction workers, asbestos removal personnel and others
must wear these masks. These workers perform activities of a physical nature at
varying intensities while wearing respirators.

Respirator design currently involves making a prototype and then testing it on
humans. Adjustments to the respirator are made based on those tests and then a new
prototype is made and is tested. This process continues until an adequate respirator i
developed. A model that predicts the effects of a respirator on a person would allow
respirator design to proceed more rapidly. Such a model would be an important
design tool that would provide valuable information on the potential physiological

and psychological compatibility of a respirator with the wearer. The model would not



eliminate the need for human testing, but would decrease the number of prototypes

and testing required. Much time and money could be saved.

There are thermal, metabolic, cardiovascular, respiratory, and psychologica
effects of respirator wear that need to be considered. Information on these effects is
found in many different sources. A model would bring this information together and
quantify these effects. The development of the model should also indicate areas
where more information is necessary.

A successful model would be very complex because of the many factors to
consider. And, because of the variability of human response to exercise, work, and
respirator wear, the initial development of the model will include many assumptions
and this may limit the expected accuracy of the predictions. As more research is done

that quantifies the effects of respirators on humans, this information should be

included in the model.
The purpose of this research was to develop a model that examined the effects

of a respiratory protective mask on the pulmonary system during constant-rate
exercise. This model could form the foundation for the larger model. If the intensity
is not severe. constant-rate exercise will eventually result in a physiological steady-

state (Wasserman et al. 1967; Poole and Richardson, 1997). Although a steady-state

may not be possible physiologically, parameter values may still be determined

because these steady-state values will determine the rate of rise of the parameter and

will be important when transient effects are included (Givoni and Goldman, 1972),



REVIEW OF LITERATURE

When investigating the behavior of large-scale biological systems, it is often
difficult to dete 1ine the effect changes in the system parameters have on the overall
System. This difficulty may be due to the scale of the system or to problems
collecting data. To overcome these problems, a mathematical model of the system
may be developed. “[Mathematical models] provide a concise description of complex
dynamic processes, indicate ways in which improved experimental design could be
achieved and enable hypotheses to be tested (Finkelstein and Carson, 1985).” This

approach has become more common in recent times due to the increase in the

computational power of computers and the use of the systems approach to problem

solving (Murthy et al., 1990).

A model is a representation of a system in the real world. This system is
analyzed to determine the important components and interactions between these
components. These observations are then translated into a set of mathematical
equations that describe the relationships between a system’s behavior and its

properties (Finkelstein and Carson, 1985). The resultant model is only an
approximation of the whole system. The degree to which the model corresponds to

the real-world system will depend on the purpose for which the model is designed. If

a eat degree of accuracy is required, the model necessarily becomes more complex

and subsequently more difficult to evaluate. A less complex model would be simpler

to evaluate, but would contain less information.



Developing mathematical models is not just a science, it is an art as well
(Finkelstein and Carson, 1985; Murthy et al., 1990). Science is evident in the
principles and equations used to formulate the model. However, artistic aspects such
as creativity, ingenuity, intuition, and foresight are needed to make the mode] more

than just a group of related equations. Because of the degree of personal chojce in

Specifying a model, no two models will be the same.

Model Development

Model development depends in part on the type of model being used.
Mathematical models may be classified as either empirical or theoretical, although

there may be an overlap between the two (Murthy et al., 1990; Shirmohammadi et g]

2001). A theoretical model results when well-established theories are used in

determining the equations for a model. These models are called also physical or

mechanistic models because they are based on the physical system. When the

modeler fits equations to a set of data without considering the theory behind the

relationship, an empirical model results. However, even when an empirical model ig

developed, it is important that the model not contradict established theory. So, an

empirical model does have some theoretical basis. Theoretical or physical models

have a broader application than empirical models because the theoretical models are

not based on any one data set (Shirmohammadi et al, 2001).



In developing a model, it is important that a systematic approach be used.
While various authors (Finkelstein and Carson, 1985; Hunt, 1999; McCuen, 1993:
Murthy et al., 1990) use different nomenclature to describe the modeling process, the
approach should involve the following steps: problem formulation, factor
Specification, data collection, assumption making, system characterization and

mathematical description, model formulation, model calibration, and model

validation. Because each of the stages is interrelated, the overall process is inherently

iterative (Finkelstein and Carson, 1985).

The techniques of aggregation, abstraction, and idealization must be employed

during each stage of model development (Finkelstein and Carson, 1985).
Aggregation involves grouping many common objects into one composite object. For
example, the resistances of the arteries in the leg may be considered as a circuit of
many single resistances or as one lumped equivalent resistance. The choice would
depend on the intended use of the model. Abstraction concerns the “degree to which
only certain aspects of a system are included in a model (Finkelstein and Carson,
1985).” For instance, a model of stream health may include industrial pollution but

not surface runoff. Approximation of system characteristics, or idealization, is also

performed. An example of idealization would be assuming that all gases in a system

are mixed instantaneously, even though this takes some finite time to occur.



Problem Formulation

The problem formulation stage involves determining the objectives or purpose
and :ope of the model. It is important that the purpose be stated explicitly with as

much detail as possible because the form of the model will depend on the purpose.
“Thi  1efor of a model which is simply being used to describe some experimental
test data is unlikely to be the same as one used for examining alternative hypotheses
It rding the precise quantitative nature of the chemical and neural control of
breathi: or as that used for predicting the growth of a dysmature infant in response
to a particular regime of feeding (Finkelstein and Carson, 1985).”

Models may be developed to be descriptive, predictive, or explanatory
(Finkelstein and Carson, 1985). Descriptive models attempt to find relationships
between data. An example would be determining the equation relating the change in
heart rate at increasing levels of exercise to the work rate. Predictive models are uged
to determine how a system will respond to a stimulus or change in the system, for
example to predict the response of a person to a new drug. Finally, explanatory

models provide insight into “the ways in which different features of system behavior

and structure depend upon each other (Finkelstein and Carson, 1985).” Many models

are a combination of the three.



Factor Specification

At s stage it is important to list all the important factors in the model.

Simplification and elimination of some factors will occur later. Factors can be
classified into three categories (Edwards and Hamson, 1990): constants, parameters,
and variables. Constants are factors that have fixed values (speed of light) and factors
that are essentially the same in all cases of interest (acceleration due to gravity),
Parameters have constant values for a particular problem but can change from
problem to problem (Edwards and Hamson, 1990). In a fluid pumping model, the
fluid density, the pipe diameters, and the pipe lengths would all be parameters. While
these factors may vary from system to system, they are constant for the particular
system being investigated. Variables will have values that change throughout the
model. For the fluid pumping system, the velocity of the flow in the pipes would be a
variable because its value will change depending on factors such as the pipe diameter.

After listing all the possible factors, it is useful to group related factors
together (Edwards and Hamson, 1990). This will help later when relationships
between factors are formed. Each of the factors needs to be identified as a constant,
parameter, or variable. Variables should then be divided into inputs and outputs. It js
often easiest to first identify the constants and parameters and then the variables can
be ‘:para 1. To distinguish between input and output variables, itis helpful to look
at the possible relationships between factors in each group. It a variable is a direct

: - wards and
consequence of other variables, then that variable is an output (Ed Hamson,

1990). If iable’s value is independent of all other variables, then that variable js
. If a varia



an input to the model. To complete the list, each factor should be assigned a variabje

name and units.

Data Collection

Data concerning and knowledge about the various factors involved in the
model must be obtained. This information helps to define the scope of the mode] and
may also cause the objectives to be altered if, for instance, there is not enough
information available. The required data may be available from various reference

Sources or new experiments may need to be conducted to obtain the data.

Data are necessary for many stages of the modeling process. Plotted data can
give insight into the mathematical form of a model or part of the model. Data are used
in the calibration stage to approximate model parameters. They are used also in the

validation stage to determine whether the model results agree adequately with reg]
situations.
System Characterization and Mathematical Description

Because the model is only an approximation of the actual system, the modeler
must decide which “features or characteristics of the system are relevant and
significant for the goal in mind (Murthy et al, 1990).” The systems approach requires
first a functional and then a mathematical description of the biological processes and
systems involved. The degree of detail included in a model is a compromise and is a

f th pect of modeling (Murthy et al., 1990). Including too much detail
part of the art as



ts ac ) lel, whi having too littlede’ " “vesanincc - -

model.

The relationships between the factors must next be specified. This involves

d_v  squationsba |on the gathered data. In many cases, such equations already

exist. The modeler then must choose which ons fit the partic © ob’ ). I

late , it may be nec  ary to return to this point to either include more

information or elim___te some factors.

The end result of this stage is a collection of ec  ions describing the

This collection is still far from

Procedures and processes that characterize the sys

being amor . Itisc r the next stage that these equations are combined and

formed into a model.

Model Formulation

An inductive, deductive, or pragmatic approach is used in formulating a
mathematical model. The inductive approach involves observing system behavior
and trying to model its characteristics. With this method, it is unlikely that the mode]
parameters will have any physical significance. The deductive approach breaks a
large system down into its component parts. Equations are developed for each of the
parts and for the interaction between the parts. A model is then formed from this
system of equations (Barreto and Lefevre, 1984). The engineering approach is

frequently the pragmatic one. That is, the model is determined with a definite

purpose in mind (Barreto and Lefevre, 1984). Physiological models typically use the
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deductive method because of the need to understand each of the parts and its

relationship to the whole system.

These approaches lead to empirical and theoretical models, or to combinations
of the two. An empirical model results when an inductive approach is used. These
models are typically viewed as “black boxes” because the resultant model is based

only on the data, not on any theory or knowledge about the system. Empirical mode]s

are generally used only for descriptive purposes.

The deductive approach leads to a theoretical model. This type of model is

based on g priori knowledge about the system’s structure and function. These mode]s

can be used for descriptive or predictive purposes.
If the deductive approach is used, it is necessary to couple together the
individual equations determined in the system characterization stage. This process is
not as simple as connecting the equations together. Care must be taken that the
resultant model is not redundant and does not contain any incompatibilities such as

two voltage sources connected in parallel (Barreto and Lefevre, 1984). Once the

model has been formed by relating the equations, the model must then be evaluated.

Calibration

The next step in the model development is to calibrate the model. This

involves fitting the model to the data by adjusting the coefficients of the predictor, or
independent, variables, so that accurate model output is obtained. The values of the

11



coefficients that give the best agreement between the model output and collected datg
are considered the optimal values (McCuen, 1993). In addition to the mode] itself, an
objective function and a set of measured data are needed to calibrate the model. The
objective function is an explicit mathematical function that specifies the optimal

solution. Often, the least squares fit of a model is used as the objective function,

Not all of the data should be used for calibrating the model. Some of the data

should be saved for the next stage, model validation.

Validation

Validation consists of assessing whether the model is accurate and achieveg
the purpose for which it was designed. It is not possible to verify a model. “[Models]
are essentially hypotheses, which are tested by subjecting them to crucial experiments
designed to falsify them and they are accepted to the extent that they are not falsified.
(Finkelstein and Carson, 1985).” Validity concerns not just the final output, but the
Purpose, current theories, experimental test data, and other relevant knowledge
(Finkelstein and Carson, 1985). When new theories are accepted and more

experimental data are obtained, the model must be validated again.

Validation of the model should take place throughout the development of the

model], not just at the end. If any validation assessment indicates errors or

inaccuracies in the model, it is necessary to return to the system characterization and

formulation stages to make changes. It may even be necessary to modify the initial

conceptual model (Finkelstein and Carson, 1985).
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If it is not possible to validate the completed model, then mode] reduction
must be used. This process begins by reviewing the initial conceptual mode].
Systematic model reduction is then accomplished by making assumptions based on
Physiological and mathematical principles (Finkelstein and Carson, 1985). Although
it may seem better to start with this simplified model, “there is the danger,

Particularly if the model is formulated simply on the basis of conforming to test

Tesponse data, that it will lack physiological realism (Finkelstein and Carson, 1985).”
Determining the level of acceptance of the model and the de, __ to which the
model replicates experimental data is subjective and often determined by the mode]

purpose. Specifying the validation criteria explicitly will reduce this subjectivity

(Cobelli et al., 1984).

1 : validity of a model is assessed using both internal and external criteria
(Finkelstein and Carson, 1985). Internal criteria include consistency and algorithmic
validity. The model is considered to be consistent if it does not have any
mathematical, logical, or conceptual contradictions (Finkelstein and Carson, 1985;

Cobelli et al., 1984). Algorithmic validity requires that the algorithm be appropriate

for the model and that it lead to accurate and logical solutions (Finkelstein and

Carson, 1984; Cobelli et al., 1984).
External criteria include empirical, theoretical, pragmatic, and heuristic

validity. Empirical and theoretical validity concern current knowledge. The model is

empirically correct if it agrees with experimental data and is theoretically correct if it

follows currently accepted theories. Pragmatic validity assesses whether or not the

13



objectives of the model have been met. Heuristic validity concerns determining the

“potential of the model for scientific explanation, discovery, and hypothesis testing

(Finkelstein and Carson, 1985).”

Methods of Validation

No model should be used before it has been validated thoroughly. Validation
Consists of assessing whether the model is accurate and achieves the purpose for
which it was designed. The model is subjected to input data over the range expected
in the physical system to ensure that rational output is obtained. However, it is not

Possible to verify a model. The model is accepted to the extent that it cannot be

Proven incorrect.
Both qualitative and quantitative methods are used to assess empirical and

theoretical validity. Care must be taken when using any validation method. No
single method should be used to determine validity. A combination of qualitative and
quantitative methods should be performed with the results being used in conjunction

with knowledge, experience, and common sense to determine the validity of the

model.

Qualiative Analysis. Qualitative assessment consists primarily of observing
the output response and comparing it to the expected response. Such parameters as

magnitude and sign of the output should be checked to determine if they are
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Physiologically reasonable. Trends in the data, such as expected increases and

decreases in = output should also be checked.

Quantitative Analysis. Quantitative evaluation generally involves goodness-

of-fit tests to determine how closely the model output agrees with experimental data.

The correlatic  coefficient, modified correlation coefficient, and standard error of

estimate can all be used. In many cases, including time-dependent models, these
»odness-of-fit criteria should be considered goodness-of-fit indices and not
Statistical measures because the underlying statistical assumptions, such as
independe; observations of the data, do not hold. The indices are still measures of
Variance, but “they should not be used with standard tests of significance (McCuen,

1993).»
However, Finkelstein and Carson (1985) argue that “due to the considerable

physiologica] variation within the human population and the errors involved in
measurements on the cardiovascular system, it is not appropriate to use integral of
error squared or other similar performance criteria in the comparison of this mode]
with the real cardiovascular system.” They recommend feature matching of the
principle responses as the primary validation procedure. Murthy et al. (1990) state
that goodness of fit tests can be used if they are adapted to the particular evaluation

and have suggested specifying individual indices for each part of the model to be

validated.
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The approach of McCuen (1993) is more practical. Seven criteria are

describ  that should be considered when assessing a model’s reliability; not all
seven should be used with all models. These criteria are coefficient rationality,
meeting the assumptions of the model, standard error of the estimate, correlation

coefficient, model and relative bias, accuracy of fitted coefficients, and the analysis of

variance (McCuen, 1993).

Model rationality concerns both whether the output is reasonable and whether
the coefficients provide an accurate relationship between the predictor and criterion
variables. All coefficients should be rational in sign and magnitude. The intercept

coefficient has the same units as the dependent variable so its rationality can be

assessed directly. However, slope coefficients have units that are a function of both
the independent variable and the dependent variable. Slope coefficients may be

converted to dimensionless standardized partial regression coefficients:
(D

where: b; is the slope coefficient

S; is the standard deviation of predictor variable i

S, is the standard deviation of the criterion variable.

A standardized partial regression coefficient has an absolute value between one and

zero, with one ijndicating an important predictor variable. If the absolute value
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€Xceeds one, then intercorrelations are significant and the coefficient is irrational
McCuen (1993) stated that an irrational model should be used with caution and

should not be used beyond the range over which it was developed.

The model bias is found by summing the differences between the mode] and

€Xperimental values. A positive bias means that the model consistently

Overestimates, while a negative bias indicates the opposite. Small biases are tolerable

if other criteria are met. The t-test can be used to determine if model bias is

significantly different from zero.

The standard deviation is a measure of the spread of the data and the accuracy
of the mean. To reduce the error variance, the criterion variable is related to the
predictor variables. The goal is to provide an unbiased relationship that has a
minimum sum square of errors. The error variance is the sum square of errors
divided by the degrees of freedom. The standard error of estimate is the square root
of the error variance, If the S, is less than the Sy of the population, then the mode]

provides a better estimate of the criterion variable than the mean. The ratio, S/S,, is

used to determine if any improvement has occurred. If the ratio is near zero, a

significant improvement has occurred. Conversely, if the ratio nears one, no

improvement has occurred.
The correlation coefficient is a measure of the degree of the relationship

between a criterion and predictor variable; it does not specify the relationship. The
square of the correlation coefficient is a measure of the amount of variance of the
criterion variable explained by the predictor variable. McCuen (1993) states that the
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Stanc” d error of estimate is a better measure of goodness of fit than correlation

coefficient because the standard error of estimate has the following advantages: it has
the same 1its as the criterion variable, the degrees of freedom are accounted for
Properly, and it is valid for nonlinear and linear models.

Model coefficient accuracy can be assessed by examining the standard error of
the r _ ' ion coefficient. McCuen (1993) has found from experience that the
Coefficient is of questionable accuracy if the ratio Se(b;)/b; exceeds 0.3 to 0.4.

The sum of the residuals is examined to determine if there is a bias in the
model. If the sum differs from zero, a bias exists. While R? is the amount of
vari. on in the criterion variable explained by the predictor variable, the residuals are
the variation not explained by the predictor variables.
The principle of least squares assumes a constant error variance. A plot of the

residuals versus the independent variable should be obtained to determine if there ig

any pattern to the residuals. If a pattern exists then the residuals do not have a

CO1 ant variance.
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Respiratory System Background

The main function of the respiratory system is to provide Oxygen to the tissyes
and remove carbon dioxide. This is accomplished through external and internaj
respiration. External respiration occurs in the lungs whereas internal respiration takeg
Place at the tissue level. External respiration begins as the diaphragm and externa]
intercostal muscles contract, expanding the chest cavity and creating a resultant
Pressure that is lower than atmospheric (Jensen and Schultz,1970). Due to the lower
Pressure inside the chest cavity, air rushes into the lungs to equalize pressure. Air js
returned to the atmosphere with the subsequent relaxation of the diaphragm and
intercostal muscles that increases the pressure within the chest cavity and forces the
air out of the body. Thus, at rest, inhalation is considered active whereas exhalation
is passive. During exercise, exhalation also becomes active requiring the interna]
intercostal and abdominal muscles to contract and further reduce the size of the
thorax.

The air that is forced into the lungs first enters either through the nose or the
mouth and then passes to the pharynx. From the pharynx, the air passes the larynx
and enters into the trachea, the start of the tracheobronchial tree. From this point on,
the air flow will divide among a set of dichotomously branching tubes in both the left

and right lobes of the lung. At each branching, the diameter of the tubes becomes

Smaller, although the total cross-sectional area increases. From the original

branchings off the trachea, the main stem bronchi, through the bronchioles, and into
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the terminal bronchioles, the air will eventually reach the alveoli. The alveoli are
tiny, thin-walled sacs that lie among a bed of capillaries, small diameter blood

conduits. It is in the alveoli that gas exchange with the blood occurs. The inspired air

carries oxygen to the alveoli and the blood while the expired air carries carbon

dioxide from the blood and delivers it to the atmosphere.

The respiratory muscles are controlled by respiratory centers located in the
medulla, a part of the autonomic nervous system. As such, breathing is involuntary.

An individual may hold his or her breath for a while, but eventually, the person will

be forced to take a breath. Factors influencing the control of respiration include:

muscular activity, emotions, carbon dioxide concentration, oxygen deficiency, and

heart rate (Jensen and Schultz, 1970).

The amount of air that is inhaled or exhaled during each breath is termed the

tidal volume. In an average, healthy, resting human, this value is approximately 500

mL (Johnson, 1991). The typical respiration rate of the same typical human is
approximately 17 breaths per minute (Johnson, 1991). The minute volume, the

amount of air inspired or expired in one minute, is the product of the tidal volume and

the respiration rate.
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Respiration and Physical Activity

Physical activity begins at some external work rate. This work rate requires a
Certain amount of internal or physiological work. The increased amount of oxygen
requi 1 by the body is dependent on the physiological work rate. In response to the
increased oxygen consumption, minute volume rises immediately. It then rises at 3

slower rate to a steady-state value (Johnson, 1991). The increase is exponential with g

time constant of 65-75 seconds (Whipp, 1981). More capillaries open in the lung

increasing the area for gas diffusion and thus the diffusing capacity of carbon dioxide
and oxygen (Beme and Levy, 1988). At a constant moderate rate of exercise below
the anaerobic threshold, the minute volume will level off at a steady-state value
(Johnson, 1991). Above the anaerobic threshold, a steady state may not be achieved.

Tidal volume and respiratory rate also increase. The inhalation and exhalation times

shorten.
Wearing a respirator has been shown to affect the pulmonary response to

exercise (Johnson et al., 1999). Hypoventilation can occur with a decreased oxygen

consumption. The effects of the respirator need to be considered.
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External Work

External work is the amount of mechanical work being accomplished. It js
equal to the product of force and distance. Work rate, or power, is the work divided
by the time to accomplish that work. Work is expressed in units of N-m while work
rate is expressed in N-m/s, or Watts (W). So, the external work accomplished by a

person with a mass of 70 kg who climbs a set of stairs (total distance: 3 m) is:

W, = (70kg)(9.8;”2-‘)(3m) =2058 N-m @)

The work rate would depend on how fast the person climbed the stairs. If the person
took 3 seconds to ascend the stairs then the external work rate would be 686 W.
Taking ten minutes to climb the stairs would result in an external work rate of 3 43
W. So, the time to accomplish the task is an important factor in how hard the person

1S workin g. Therefore, it is common to use external work rate instead of external

work to make comparisons between activities.

Physiological studies often use activities where it is easy to determine the

external work rate of a subject. These activities include walking or running on a

treadmill, cranking an arm ergometer, pedaling a cycle ergometer, or stepping up and

down a block. The work rate when using a bicycle ergometer is (Robergs and

Roberts, 1997):
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distance

8
WR_, = revolution (
- 60 3)

cadence- load-

where: WR,,,, external work rate, W
cadence, rev/min

load, kg
distance/revolution, m

g is the acceleration due to gravity, m/s’

60 is a conversion from min to sec

For a Body Guard or Monark ergometer, the distance/revolution is 6 m, while for 5

Tunturi it is 3 m (Robergs and Roberts, 1997).
The work rate of stepping (W) is:
WR,, =h,,, -mass-n, 8 “4)

where: hgep, height of the step, m
mass, the mass of the person, kg

Ngep, number of steps, dimensionless

. 2
g, acceleration due to gravity, m/s

The work rate of walking is more difficult to assess. In fact, Wasserman e .
(1999) stated that “probably the greatest disadvantage of the treadmill is the difficulty

in quantifying the work rate.” The external work rate of walking or running on leve]
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ground is usually taken to be zero. It’s not that work is not being done. Work is done
as the body is raised and lowered, but the positive and negative work are usually
assumed to offset one another.

Webb et al. (1988) performed a study to determine if the work rate during
walking was actually zero. Five male and five female subjects wore a suit calorimeter
in a respiration chamber while walking on a level treadmill for 70 to 90 min at speeds
of 0.69, 1.28, and 1.86 m/s. The suit calorimeter consisted of a mesh of water-filled
tubes that covered the body. The amount of heat transferred to the water in the suit
was determined. Subjects also pedaled a bike ergometer for 70 to 90 minutes against
loads of 53 and 92 W. For cycling, the energy expenditure calculated from
respiratory gas exchange equaled the heat produced plus the external work rate on the
bike. However, the heat balance for walking showed that the energy expenditure did
not equal the heat produced. This indicated that external work was done in walking,
The amount of work done during walking increased with walking speed and was
found to be an average of 12% of the transformed energy. The authors concluded that

work was done bending the sole of the shoe and in other interactions between the foot

and the treadmill surface.
The work of Webb et al. (1988) was continued by Nagle et al. ( 1990). These

investigators had ten male subjects walk on a treadmill while wearing a suit
calorimeter. Subjects watked at 1.5 m/s at grades of 10, 5,0, -5, and 10%. Similar to
their previous work (Webb et al., 1988), a non-thermal energy term was found at aj]

grades. So, there is physical work done in grade walking as well as level walking that
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cannot be accounted for by external work or heat produced. This non-thermal term
Was significant at grades of 0, 5, and 10% but not at the negative grades. Op average

this non-thermal energy term accounted for 6% of the transformed energy, which is

half of that reported previously (Webb et al., 1988). While Webb et al. (1988)
Proposed that the energy was expended in the compression of the heal of the shoe and

in bendi; : sole, the current investigators offered a different explanation, They

theorized that a portion of the energy externalized during the positive phase of
walking is only partially recovered as heat energy during the negative phase (Nagle et

al., 1990),
The external work done in level walking was investigated also by Snellen

(1960). Three subjects walked on a level treadmill in a climatic chamber for one
hour. The air and wall temperatures were kept close to skin surface temperature so
that heat Joss through radiation and convection was kept to a minimum. Heat lost
through evaporation was calculated. The final heat balance showed that heat gained
equaled heat lost. The investigator determined that level walking did not involve

external work. It was noted in the article that there were errors in the measurements

Air and wall tem peratures did not exactly match weighted skin temperature.
of the subject. Some of the water

Evaporation was determined through weight loss
evaporated comes from the respiratory tract, but the heat of vaporization was

determined at average skin temperature.
The different results obtained by Snellen (1960) and Webb et al. (1988) and

Nagle et al, (1990) may be due to technique. Webb et al. (1988) and Nagle et al
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(1990) used a suit calorimeter to measure the heat loss by the subject. As the external
work rate represented 6% of the energy, it is possible that this non-thermal term wag
Not seen in the study done by Snellen (1960) because of the errors involved in the
calculations of heat loss and heat production. In fact, a study conducted by Johnson
et al. (2001a) that investigated the heat production in level and grade walking found
thi there was a difference between the metabolic rate and heat production, While a
calorimeter was not used, subjects were thermally insulated from the environment by
clothing that consisted of li ght underwear, a neoprene wet suit, military fatigues,
sneakers, sock, two pairs of gloves, a full-facepiece respirator mask, and a neoprene
hood. This was done to decrease the heat loss by conduction and evaporation, So,
when heat loss and heat gain are monitored carefully, it appears that there is indeed
Work done in level walking.

A number of approaches have been used to deal with the problem of
determining external work during walking. Lakomy (1984) and Cheetham et al,
(1986) have used an ergometer system that allows power to be determined during
running. Givoni and Goldman (1972), Pandolf et al. (1977), and Aoyagi et al. (1995)
provided equations for calculating exteral work rate. Other authors (Groot et al.,

1994) have filmed various activities and determined the work performed.

A treadmill ergometer system was developed by Lakomy (1984). The subject

ran on a non-motorized treadmill to which a small generator was attached. The

generator gave a voltage proportional to the belt speed. A transducer was mounted at

the back of the treadmill. The subject wore a hamess around the waist that attached
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to the transducer. The harness held the subject in place and ensured that the force
Mmeasured by the transducer was the same as the force applied horizontally on the be]t
Instantaneous power was found from the treadmill speed and the force applied to the

transducer. Similar types of systems have been used for rowing (Hagerman and Lee

1971) and swimming (Toussaint et al., 1990).

Equations for external work were presented by Givoni and Goldman (1972)

and Aoyagi et al. (1995). The equation provided by Givoni and Goldman (1972) was:

WR_, 0.098-m,-v-G (5)

where: WR,,,, external work rate, W
m,, total mass, kg
v, velocity, m/s
G, grade, percent

The term 0.098 is the acceleration due to gravity divided by 100. So, equation (5)

may be written as:

G
WR =m -g-v-— (6)
ext ml g 100
The equation provided by Aoyagi et al. (1995) was:
WR - 3.6-m,-g-vsinf (7)
ext AD
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where: WR,,,, external work rate per area, kJ/(m? h)

8, angle of inclination with respect to the vertical,

(= arctan (G/100)), degrees

If equation (7) is expressed in Watts, it becomes:

WR_, =m, -g-vsind (8)

where: WR,,, is the external work rate, W

The difference between equations 6 and 8 is the G/100 and sin 0 terms. These terms
are equivalent for grades up to 25%.

Other researchers (Groot et al., 1994) filmed subjects during exercise and thep

determined the indjvidual joint moments and angular velocities. The joint power was

found  pe pt " tof the joint moments and velocities. 1ne sum of these joint

s reflected the. =~ 1y

Muscular Efficiency

The amount of power input t0 a machine is greater than the power output.

This is because m: i are not 100% effic.... N ‘a fic.__yisthe; gr

output divided by the . 1 . it :  sonot 100% efficient. In

Physiology, mechanical efficiency is referred to as overall or gross  ““ciency. It is
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found by dividing the external work rate by the physiological work rate. The
Physiological work rate, sometimes called the metabolic cost of exercise, is the
interna] energy required to produce external work.

There are other definitions of efficiency encountered in the literature. There

are net efficiency, work or apparent efficiency, delta efficiency, and acti vity specific
effic  ies such as propelling efficiency for swimming. Net efficiency is externa]

work  te divided by the difference of physiological work rate and resting metabolic

Work rate (Fukunaga et al., 1986). The resting metabolic work rate, or basal
metabolic rate, is the amount of energy required by the body for the chemical and
metabolic processes required to sustain life. The work or apparent efficiency is foung
by dividin gext il work by the difference of physiological work rate and the energy
€xpenditure during non-working conditions. The term work efficiency is used
typically for bicycle exercise while apparent efficiency is used for treadmill walking
Or running (Stainbsy et al., 1980). Delta efficiency is the increment in work rate
performed above the previous work rate divided by the increment in physiologica]
work rate above the previous work rate (Fukunaga et al., 1986).

Stainbsy et al. (1980) discussed the validity of base-line subtractions for
determinin g efficiency. The authors indicated that there were differences between
exercise efficiency and muscle efficiency. Muscle efficiency should be determined
from the processes that provide and convert energy to work (Stainbsy et al., 1980).

Exercise efficiency was the external work divided by the energy required to perform

that work.
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It was suggested (Stainbsy et al., 1980) that muscle efficiency be determineg

as the product of phosphorylative coupling efficiency and contraction coupling
effic 1cy. The energy for muscular contraction comes from the oxidation of
nutrients. Part of this energy is saved in the ATP molecule. This process was termed

phosphorylati ve coupling. The phosphorylative coupling efficiency was found by

dividing the energy conserved as ATP by the free energy of oxidized foodstuff

(Stainl /et al., 1980). Some of the energy from the ATP was used to perform work
and was termed contraction coupling. Contraction coupling efficiency was calculated
by dividing the external work accomplished by the free energy of ATP hydrolysis
(Stainbsy et al., 1980).

The authors argued against using base-line subtractions in determining

efficiency because the base line values have been found to change as exercise

inter ty increases and are thus invalid. They stated that gastrointestinal processes

decreased, splanchnic metabolism increased, and energy required by the lungs

increased with increasing work rate. Additionally, body temperature increases which

then increases the metabolic rate. These factors all caused changes in the base-line
values and, according to Stainbsy et al. (1980), precluded the use of efficiencies using

base-line subtractions. The authors further stated that while none of the widely used

net, apparent, work, and delta) really

and widely accepted efficiencies (gross,
there were no errors in using gross efficiency as long as it

Teépresent muscle efficiency,

Was referred to as exercise efficiency.
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Gross efficiency depends on the work rate, type of work, and which muscles
are used. There is a lot of error in the efficiency calculation due to human variability
and the fact that external work rate alone does not determine efficiency. Muscular
efﬁciency is influenced by the subject’s coordination and familiarity with the activity
being performed (Robergs and Roberts, 1997). Wasserman et al. (1999) found that
€Xperience in treadmill walking may lead to an increase in efficiency. Activities
involving fine movements gen lly have low efficiencies while activities such as
running that involve gross movements and large muscle mass have higher efficiencieg
(Johnson, 1991). As the resting metabolic demands become a smaller proportion of

Overall energy requirements, gross efficiency approaches a maximum value of 20%

(Johnson, 1991).

Efficiency Studies

Many studies have been performed that investigated the efficiency of varioug
activities, Fukunaga et al. (1986) found that for college oarsmen, the gross efficiency
of rowing in the external work rate range of 124 - 182 W was 17.5%. The efficiency
of swimming in competitive male and female swimmers ranged from 5 to 9.5%

(Toussaint et al. 1990). The authors found that as power output increased, gross

efficiency increased also.
Webb et al. (1988) investigated the work done by five males and five femaleg

during bicycle ergometer work at 53 and 92 W. Heat production was measured using
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4 suit calorimeter. Gross efficiency for the 53 W and 92 W workloads were [3¢, and

17%, respectively,

The effects of speed and work rate on muscular efficiency during steady-rate
€Xxercise on a bicycle ergometer were investigated (Gaesser and Brooks, 1975). Gross
Muscular efficiencies were reported at work rates of 33, 65, 98, 131 W a Pedaling

Tates of 40, 60, 80, and 100 rpm. Their results are shown in Table 1. They found that

4s pedaling frequency increased, efficiency decreased.

Table 1. Gross efficiencies at four work rates and four pedaling rates. Efficiencies
are reported as mean + standard deviation. Data are from Gaesser and Brookg (1975).

/ 33W / 65W / 98

[ 12.0+0.3% [ 17.0+0.3% / 19.34+0.2%

/ 12.1+0.3% / 16.6 +0.3% / 19.2 +0.4%

j 10.2+0.2% / 14.8+0.2% / 176 +0.2%

7.6 +0.3% / 12.1 £0.3% j 15.1+0.2%

The physiological responses of nineteen subjects to arm, leg, and combined
arm and leg ergometry at work rates of 49, 73.5, and 98 W was investi gated by Estop
and Brodie (1986). Physiological work rate was calculated. The average gross

efficiencies for the work rates of 49, 73.5, and 98 W for arm ergometry were
11.8%+0.6%, 12.5%+1.20%, and 12.5%%1.20%. These efficiencies were

Significantly different from the leg and combined arm and leg efficiencies, For leg
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€rgometry the efficiencies were 13.5%+0.80%, 15.60%11.40%, 17.11%+1.20% while

for the combined arm and leg ergometry the efficiencies were 12.90%+1.30%,
15.20%+1.10%, and 16.8%+1.60%. All efficiencies are reported in order of
increasing work rate. There were no statistically significant differences between the
leg and combined arm and leg ergometry.

Luhtanen et al. (1987) reported gross efficiencies for subjects on a bicycle
crgometer. For work rates of 146115, 19014, 225112, 254+11, and 283+17 W, the

gross efficiencies were 19.7%%3.7%, 19.7%+2.8%, 18.9%12.8%, 18.2%i2.8%, and

17.4+1.0%, respectively. On average, the efficiency of the subjects decreased as

€xternal work rate increased.

Nagle et al. (1990) investigated the work done in grade walking on a
treadmill. If the non-thermal energy term is ignored (an average of 6% of
transformed energy), the efficiencies for walking at a speed of 1.5 m/s at grades of 5,
10, -5, and ~10% were 10.6%, 15.8%, -20%, and —48.8% respectively.

Haembraeus et al. (1994) adapted the suit calorimeter used by Webb et al.
(1988) and Nagle et al. (1990) so that the suit could be used for exercise intensities of
250W or higher. Unfortunately, external and internal work rates were reported only
for two male subjects, one twenty-nine year old and one fifty-five year old. The fifty-

five year old subject completed one trial on a bicycle at 100W. The efficiency of the

activity was 22%. The twenty-nine year old completed two bike sessions at 200 W
and one at 100W. The efficiencies for these activities were 19.4%, 18.9%, and

15.2%.
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The muscular efficiency of uphill and downhill walking at a constant speed of

I.1 m/s was investigated by Johnson et al. (2001a). The authors found that the
efficiency of downhill walking was negative two times the efficiency of uphill

walking. These results were supported by the work of Orsini and Passmore (195 1)

Pivarnik and Sherman (1990), and Nagle et al. (1990).

Hesser (1965) examined the efficiency of 10 male and 10 females climbing up
and down stairs at speeds of 88 steps/min and 160 steps/min. The author found that
for the lower speed, the ratio of oxygen cost of positive work to negative work wag

8:1. When the speed was increased, the ratio decreased to 5:1. These results

contrasted with those of Abbott et al. (1952) and Asmussen (1953) who found that for
bicycle ergometer work the ratio increased with speed. The fact that negative work in

running or walking is more efficient than positive work is supported by Pimenta] et

al. (1982) and Davies et al. (1974).

Equations Relating Efficiency to External Work Rate

Johnson (1992) developed a series of equations relating gross muscular

efficiency to external work rate. Maximum efficiency was assumed to be 20%. The

€quations were:

WR . 0<WR,, <10 (9)

200

I0SWR,, <140 (10)

ext —

7 = 0.05+0.00(WR,,, —10)
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7= 0.18+0.0002(WR , —140) IO WR,, <240 (1)

=02 240<WR, (12)
where 4, muscular efficiency, dimensionless

WR.,., external work rate, W

P h)’Siological Work Rate

Physiological work rate is the internal energy required to produce ex ternal
work. Physiological work rate is equal to the external work rate divided by the
Muscu]ar efficiency. For steady-state exercise when there is no change in the body
temperature and thus no change in the rate of heat stored, physiological work rate ig

the sum of the heat produced during exercise and the external work produced,
If the external work is zero, then determining physiological work rate in the
above way would give a physiological work rate of zero. If the person is resting, the
Physiological work rate would equal the basal metabolic rate. However, if the person
is Tunning on level ground, the person has a physiological work rate much higher than
basal metabolic rate, An alternative to calculating external work rate would be to uge
a look-up table that provides physiological work rates for walking, running, and other
tasks, When a look-up table is used, it is important to consider the conditions under
Which the vajues were obtained. Factors such as age, body mass, gender, and fitness

level would pe important. Tables of physiological work rates for leisure, work, and
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military tasks can be found in many sources including Johnson (1992), Johnson

(1991), and McArdle et al. (1996).

The physiological work rate can also be calculated in another manner. Givoni
and Goldman (1971) developed an empirical equation for predicting the metabolic
energy cost of level and grade walking, with and without loads. The equation was
found to apply to walking speeds of 0.7 m/s to 2.5 nV/s at grades up to 25% and for

running speeds from 2.22 m/s to 4.72 m/s at grades ., to 10% with loads up to 70 kg.
The authors suggested empirical coefficients to modify the equation for different

terrains, for load placement, and for very heavy work levels. The results showed a

correlation of 0.95 between predicted and measured values.

Pandolf et al. (1977) continued the work of Givoni and Goldman (1971) by
adjusting the equation to make predictions for subjects who were standing or walking
very slowly (less than 0.7 m/s). The authors validated the equation with two studies.
The first involved six males walking at speeds of 1.0, 0.8, 0.6, 0.4, and 0.2 m/s while
carrying loads of 32, 40, and 50 kg. In the second experiment, ten males stood while

wearing backpacks that had masses of 0, 10, 30, and 50 kg. Good agreement was

found between the empirical model and the experimental results.

Myles and Saunders (1979) had nine male subjects walk on a treadmill with
loads equal to 10% and 40% of body weight. They used the equation developed by

Pandolf et al. (1977). Good agreement was found between the predicted and

measured values.

36



Physiological work rate, or metabolic energy cost, can also be determined
using either direct or indirect calorimetry. Direct calorimetry measures the amount of
heat produced by the body. Indirect calorimetry relates the total metabolic heat
Production of the body to oxygen consumed and carbon dioxide produced.

With direct calorimetry, the subject is placed typically in a thermally isolated
chamber (Ferrannini, 1988) for periods of 24 hours or more. The heat lost through
€vaporation, radiation, conduction, and convection is measured. These chambers are
€xpensive and are not common. A suit calorimeter was developed that enabled a

subject to perform activities outside of a chamber (Webb et al., 1988; Nagle et al.,

1990; Hambraeus et al., 1994).
The use of indirect calorimetry began over two hundred years ago when Adair

Crawford in En gland and Antoine Lavoisier in France proved that respiratory gas
€xchange represented combustion similar to that of a burning candle (Webb, 1991).
The energy production results from converting nutrients (carbohydrate, fat and
protein) into the chemical energy of ATP minus the energy used in the oxidation

process (Ferrannini, 1988). Indirect calorimetry assumes that all of the oxygen

consumed is used to oxidize fuel and that all the evolved carbon dioxide is recovered
(Ferrannini, 1988). So, measuring oxygen consumed and carbon dioxide produced
gives an estimate of the energy production of the body. Swyer (1991 has found that
estimations of metabolic energy production made with indirect calorimetry agreed

with direct calorimetry values for steady-state conditions if proper procedures were

followed.
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Many equations have been developed that relate the metabolism of nutrients
to the oxygen equivalent of the metabolism. The equations are based on the same
theory but differ in their assumptions and intended applications. These equations
have been used by many investigators to estimate metabolic energy production.

The theoretical Weir (1949) equation was based on the caloric equivalent of
¢ ygen and carbon dioxide. The equation used total respiratory quotient which
includes metabolism of carbohydrate, fat, and protein. Weir assumed that the tota]
percentage of protein calories was between 10 and 14%. If this assumption held, the

error in the equation was less than 0.2%. The equation was:

kcal liberated

L O, consumed (13)

where: RQ, total respiratory quotient, dimensionless

Garby and Astrup (1987) developed a theoretical equation based on the
metabolism of carbohydrate and fat. Protein metabolism was assumed to be zero,

Thus, the respiratory quotient used is termed the non-protein respiratory quotient,

The equation was:
02——eq.=A-NPRQ+B (14)

where: O, — eq., energy equivalent of oxygen, J/L

A, B, coefficients that depend on the amounts of carbohydrate and
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fat consumed, J/L

NPRQ, non-protein respiratory quotient, dimensionless

The most commonly used values for the coefficients A and B in equation 14 were
4,940 J/L and 16,040 J/L, respectively (Garby and Astrup, 1987).
A third theoretical equation was presented by Lusk (1928).

The equation was:

0.361-(RER - 0.707)
0.203 (15)

cal 4686+
L O, consumed

where: RER, respiratory exchange ratio, dimensionless

The Weir (1949), Garby and Astrup (1987), and Lusk (1928) equations ajj
determined the energy equivalent of oxygen. Physiological work rate was determined
from these equations by multiplying the energy equivalent of oxygen by the OXygen

consumption and converting units. The equations for predicting physiological work

rate from the Weir, Garby and Astrup, and Lusk equations, respectively were:

(4606RQ +16329)V;
WR,,. = (16)
60
(4940NPRQ +16040)Vy,, 17
WR ,, = 0 (17)
(5155RER +15962)Vy, 8
WR,,, = % (18)

where: WRnys, physiological work rate, W
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Vo2, oxygen consumption, L/min

Gagge and Nishi (1983) presented an equation for predicting metaboljc energ
Yy

from OXygen consumption and carbon dioxide production:

WR,,.. = (0.23RER +0.77)(5.873)V,,, (60) (19)

where: WRnys, physiological work rate, W
RER, respiratory exchange ratio, dimensionless

Vo2, oxygen consumption, L/min

5.873, energy equivalent of oxygen, W-hr/L

The authors recommended that the equation not be used for transient conditions

Putting their equation in the same format as above yielded:

_ (4863RER +16280)V,

WR,,.. = >

(20)

where: WR s, physiological work rate, W
RER, respiratory exchange ratio, dimensionless

Vo3, 0Xygen consumption, L/min

The four equations (16 — 18, 20) have similar coefficients. Some of the

€quations used respiratory quotient while others used respiratory exchange ratio,
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The respiratory quotient is defined as the ratio of the rate of carbon dioxide
Produced to the rate of oxygen consumed. The respiratory exchange ratio is defined
as the: o of the rate of carbon dioxide exhaled to the rate of OXygen consumed. So,
the  fference is in the carbon dioxide term. RQ deals with cellular respiration and is
used to calculate the caloric value of oxygen consumption. RER is related to external
respiration and is an indication of the work intensity. RQ and RER can be considereq
to be equal except under the following conditions: metabolic acidosis, non-steady
State conditions, hyperventilation, excess post-exercise 0Xygen consumption, and

extremely heavy exercise (Robergs and Roberts, 1997; Johnson, 1991),

The RQ cannot exceed 1.0 because the carbon dioxide produced by cells
cannot exceed the oxygen consumed. However, when excess acid is produced
(metabolic acidosis) such as during heavy exercise, the body produces increased

levels of carbon dioxide separate from oxygen consumption due to buffering of the

carbon dioxide. Because of the excess carbon dioxide produced, RER can exceed 1.0

under conditions of metabolic acidosis.

Under non-steady state conditions, oxygen consumption has not had a chance
to increase to levels that account for ATP produced during metabolism. Instead, the

ATP comes from creatine phosphate hydrolysis and glycolysis. S0, a lower metabolic

intensity would be indicated during the transition than if the person had already

achieved a steady state (Robergs and Roberts, 1997).
During hyperventilation, the volume of carbon dioxide exhaled from the Jun g

increases. This can occur without increases in oxygen consumption, so the RER may
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be :reased. The RQ would remain the same because the carbon dioxide produced

by the cells had not increased.

Finally, after exercise, the amount of carbon dioxide exhaled decreases rapidly

while the oxygen consumption remains elevated above resting levels. Thus, the RER

May decrease below resting values (Robergs and Roberts, 1997).

The actual physiological work rate can be less than the predicted when there
are connections betw: | a subject and the test apparatus other than, for example, the
Connection between the shoes and the treadmill belt. Wasserman et al. ( 1999) stated

that railings, armboards, mouthpieces, blood pressure measuring devices, and
Steadying hands could all reduce the patient’s metabolic requirement. The mass of

shoes and stiffness of their soles may affect the physiological work rate (McArdle et
al., 1996). Loads carried on the foot increase the physiological work rate more than
loads carried on the torso. So, heavy shoes would cause a greater increase in

Physiological work rate than lightweight shoes. Softer-soled shoes reduce the

physiological work rate compared to stiffer soled shoes.

Oxygen Consumption

As long as the work rate is not too high during constant-rate exercise, oxygen
consumption will reach a steady-state. A secondary rise in 0Xygen consumption, or
OXygen drift, may occur for extended periods of exercise (Poole and Richardson,
1997; Kearon et al., 1991). There appears to be both a fast and slow component to

OXygen consumption during work. The fast component is responsible for the initia]
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Steady-state reached. The oxygen drift is thought to be related to the slow component,
The slow component may also cause a greater than linear increase in the oXygen

consumption with work rate above the anaerobic threshold. The presence of oxygen

drift would be important to consider for a model of steady-state exercise.

There are exercise levels for which oxygen consumption will continue to rise
until the maximum oxygen consumption is reached, fatigue occurs, and exercises

Stops. While it may not be possible physiologically for a subject to attain the steady-

State, the theoretical steady-state value is still necessary to determine the response

(Givoni and Goldman, 1972).

Slow Component of Oxygen Consumption

Poole and Richardson (1997) stated that the four most important determinants
of oxygen consumption response during exercise were external work rate, work
efficiency, whether the work was incremental or constant load, and the intensity leve]
of the work (above or below the anaerobic threshold). The heavy exercise domain
starts at the anaerobic threshold. The highest exercise level in this domain s the
highest work rate at which blood lactate production can be stabilized, albeit at ap

elevated level (Poole and Richardson, 1997). The slow component of oxygen

‘ o i 80- conds after the start of exercise
consumption is evident in this domain 80-100 se

(Poole and Richardson, 1997). Work efficiency is reduced in this domain.
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The severe exercise intensity domain begins around 50% of the difference

between the anaerobic threshold and Vo2max (Poole and Richardson, 1997). In this

domain, blood lactate levels continue to increase and the slow component pushes the

OXygen consumption towards Vozmax.
Gaesser and Poole (1996) suggested that the increase in oxygen consumption
for exercise above the anaerobic threshold (slow component) not be confused with
Oxygen drift. The authors suggested that oxygen drift occurs during prolon ged
moderate intensity exercise and is a small increase (200mL) in the oxygen
consumption. The slow component of the oxygen consumption response on the other

hand is only seen for exercise above the anaerobic threshold and is of much greater

magnitude. It is the increase in oxygen consumption beyond the third minute of

exercise (Gaesser and Poole, 1996).

Whipp and Wasserman (1972) investigated the oxygen uptake kinetics for
various intensities of constant-load work. They found that for low work rates, the
OXygen consumption reached a steady-state within three minutes. At higher work
rates, the steady-state was progressively delayed. A difference was found between the
OXygen consumption measured at three minutes and that measured at six minutes,

The authors found that this difference was a useful indicator of the slow component

of oxygen consumption.
Kearon et al. (1991) investigated oxygen consumption, minute ventilation,

tidal volume, and respiratory rate during prolonged exercise at work rates of 349,

43% 63%. and 84% of maximal capacity in six healthy subjects. Subjects exercised
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for 60 minutes or until they could not continue. The average (% standard error of the
mean) performance times at the four work rates were 60 + 0 min, 56 + 4.0 min, 37 +
6.6 min, and 12 + 3.7 min, respectively. A regression line was fit to the average
OXygen consumption data versus time for each of the work conditions. Data collected
In the first four to six minutes was ignored as this was considered to be the time jt
took for the subjects to reach a steady state. A statistically significant increase in the

OXygen consumption was declared if the slope of the regression line was significantly

different from Zero.

At the lowest work rate, there was a small but statistically significant increase
in the oxygen consumption from 1.47 to 1.52 L/min. Oxygen consumption increased
during the 43% work rate from 1.76 to 1.93 L/min. the differences at these two work
rates were in the 200 mL range that Gaesser and Poole (1996) suggested indicates

OXygen drift rather than the slow component. For the third work rate, oxygen

consumption increased from 2.35 L/min to 2.84 L/min. Finally, oxygen consumption

values for the highest work rate increased from 3.13 to 3.59 L/min. All of the

increases were statistically significant.
Barstow and Mole (1991) investigated oxygen uptake kinetics during heavy

exercise. Four trained cyclists completed four replications of cycle exercise at four

work rates. two of which were below the anaerobic threshold. The four work rates

were 35, 55. 85. and 100% of maximal oxygen consumption. Each test consisted of

four minutes of pedaling at 33W followed by eight minutes at the selected work rate
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and then ten minutes of recovery at 33W. Two exponential models were fit to the
data:
AV = Al 0]y oo o

AVo, (1) = A fl-e - J1 4, f1—g-t-mrm | 22)

where: AVo,(t), oxygen consumption response above baseline, L/min
t, time starting from the onset of exercise, sec
Ay, first steady-state oxygen consumption, L/min

A,, second steady-state oxygen consumption, [/min

TDy, TD,, time delays for phase two and three, respectively, sec

Ty, T2, time constants for phase two and three, respectively, sec

The difference between the two equations was that the second equation wag g more

general form that allowed a second independent time delay.

A single-exponential function of the form:

A VOJ (1) = A, [1 _ TN ] 23)

where: A3, the sum of A; and A; from the first equation

T3 equals T; and T2
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fit the data for all ej ght exercise cases below the anaerobic threshold (two work
rates
for each of four subjects). So, for the oxygen consumption response below the

anaerobic threshold, there is only one steady-state value, Aj.

For seven of the eight responses above the anaerobic threshold, a two-
€Xponential function (equation 22) was found to fit the data. For the eighth case, th
» the

single exponential function (equation 23) was the best fit. The better fit of the two-
€Xponential model indicated that for exercise above the anaerobic threshold there wag
a second component to the oxygen consumption that did not begin at the same time as
the first exponential, but began later into the exercise. The authors concluded that

this was evidence of a slow component of the oxygen consumption response

Equation 22 was modified in a later study (Mole and Hoffmann, 1999) to include

baseline oxygen consumption in the response:

AVeo, ()=, +a, JI-e T Jr o fi-e e ] o0

where: 0y, initial resting oxygen consumption, L/min

a, steady-state Vo due to the fast component, L/min

as, steady-state Vo due to the slow component, L/min

Tr, time constant for the fast component, sec

1, time constant for the slow component, sec

Similar results were found by Paterson and Whipp (1991). Six healthy

subjects performed two to four repetitions of cycle exercise from a baseline of
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unload, pedaling to one of two selected work rates, one at 90% of the anaerobic
threshold and the other at the halfway point between the anaerobic threshold and
Vormax. A single-exponential function was the best fit equation for the oxygen
Consumption response for the exercise below the anaerobic threshold. For exercise
above the anaerobic threshold, the authors found that a two-exponential model, with
S€parate time constants and time delays was the most accurate model. It was
concluded that the slow component of the oxygen consumption response was a
delayed-onset process. The two-exponential model has been shown to be accurate for
predicting the steady-state oxygen consumption for exercise intensities above the
anaerobic threshold (Bernard, et al., 1998). The two exponential response of oxygen
consumption with time has been shown also in untrained subjects (Camus, et al.,
1988).

The physiological reason or reasons for the slow component of oxygen
consumption are still under debate. Possible reasons include lactate, epinephrine,
cardiac and ventilatory work, temperature, potassium, and recruitment of lower-
efficiency fast-twitch muscle fibers (Gaesser and Poole, 1996). Poole et al. (1992)
showed that most (86%) of the increase in oxygen consumption beyond the third
minute was due to a increase in leg oxygen consumption. So, Gaesser and Poole

(1996) suggested that factors that do not involve working muscles probably make

only small contributions to the slow component. They suggested that muscle

temperature and more importantly, the recruitment of lower efficiency fast-twitch
muscle fibers were the major factors contributing to the slow component.
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Steady-State Oxygen Consumption

Equations that related physiological work rate to RQ, NPRQ, or RER and

OXygen consumption have been discussed previously. If the physiological work rate

Wwere calculated using a separate method, the above equations could be solved for

OXygen cor dtion in terms of physiological .. _rk ._.e and RQ, NPRQ, or RER.

Johnson (1992) fit equations to experimental data in Hurley et al. ( 1984) that

related respiratory exchange ratio to percent of maximum oxygen consumption for

trained and untrained subjects:

RER = 0.842 020 <01
02max
V..
RER =0.778 0< - 0.1
VOZmax
Vv Vo2
RER = 0.826 + 0.160(—2%—) 0.1 —=—=<0.8
VOZmax
02max
Vv Vor
RER =0.756 + 0.220(—22—) 0.1<——=09
02max O2max
1%
RER = -0.230 + 1.480(—‘—/2%—) 0.8< 7&2—
02 max 02max

VOZ

~ 1%
RER = —0.810+1.960(—22—) 09<

02 max V02max

untrained (25)

trained (26)

untrained (27)

trained (28)

untrained (29)

trained (30)

where: RER, respiratory exchange ratio, dimensionless
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Vo2, oxygen consumption, L/min

Vo2max, maximum oxygen consumption, I/min

These equations assumed RER=1.25 for untrained and RER=1.15 for trained

individuals.

Johnson’s (1992) RER equations could be substituted for NPRQ in the
physiological work rate equation that could then be solved for OXygen consumption,
For very heavy exercise, errors in calculating the oxygen consumption and subsequent

parameters would result when substituting RQ for RER. These errors should be

evaluated,

Other methods of determining oxygen consumption from work have been

developed. Astrand and Rodahl (1970) showed in their Figure 13-2 that oxygen

consumption was related linearly to physiological work rate. ACSM (2000) provided

equations for estimating oxygen consumption for treadmill walking or running,
ergometry, and stepping. Van der Walt and Wyndham (1973) developed equations to

predict oxygen consumption for level treadmill walking and running. Their equations

were of the form:

Voz = A + Azm+A3mv2 (31)

where: A;, A,, and A3, empirically derived regression coefficients

m, mass, kg

v, velocity, m/s
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The authors did not investigate the effects of loads carried, grade, or of ambulating on
surfaces other than a treadmill. Equations such as those developed by ACSM (2000)
and Van der Walt and Wyndham (1973) are useful for predicting oxygen
consumption of specific activities, but have no use in predicting the oxygen
consumption of other activities such as painting or wood working. The Astrand and
Rodahl ( 1970) plot may show an idealized relationship, but is worth considering.
Astrand and Rodahl (1970) showed that the absolute oxygen consumption
required by the body depended on the physiological work rate (their Figure 13-2),
Logically, the higher the work rate, the greater the amount of oxygen consumed.

Because their graph showed a completely straight line with no regression equation,

the graph may show an idealized relationship.

Effects of Age and Training

The following factors may cause the actual oxygen consumption to differ from

the predicted: faulty ergometer calculation, obesity, cardiovascular disease,

pulmonary disease, fitness, exercise protocol, handrail holding, stride length, training
specificity, habituation, and coordination (Robergs and Roberts, 1997; Wasserman et

al., 1999). For trained individuals, steady-state oXygen consumption is lower at a

given work rate than for untrained individuals due to an attenuation of the slow

component (Gaesser and Poole, 1996). The reason for the decrease in the Vo, slow
component may be due to the increase in mitochondria in all fibers that occurs with
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endurance training. Training also can speed up the transient response while detraining
and cardiopulmonary disease can decrease the response (Poole and Richardson,

1997). Children have a greater gain for the fast component than adults and exhibit

little or no slow component (Barstow, 1994).

Anaerobic Threshold

The point at which the lactate levels in the blood begin to rise during
incremental exercise has been termed the anaerobic threshold (AT) (Wasserman,
1973). When the oxygen required by the muscles can be supplied by ventilation
alone, metabolism occurs aerobically. If the oxygen demand of the exercising
muscles cannot be supplied by ventilation alone, then ATP production does not occur
at the mitochondrial level (Claiborne, 1984) but is instead produced anaerobically
(Sady, et al., 1980). Thus, around the anaerobic threshold, non-oxidative metabolism
plays more of a role in energy production (Sady et al., 1980). Lactic acid production

increases and is buffered by the bicarbonate system (Weltman and Katch, 1979),

resulting in an increase in the production of non-metabolic carbon dioxide. The
increase in CO; production acts as an strong ventilatory stimulus (Sady et al., 1980),

causing the minute ventilation-oxygen consumption relationship to increase beyond

linear (Wasserman, 1973).
There are invasive and non-invasive techniques for determining the anaerobic

threshold. Wasserman et al. (1973) stated that the AT was the point of: “1) nonlinear
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increase in minute ventilation, 2) nonlinear increase in carbon dioxide production, 3)
an increase in end-tidal oxygen without a corresponding decrease in end-tida] carbon
dioxide, and 4) and increase in the respiratory exchange ratio, as work rate was
increased during exercise.” The term “lactate threshold” is sometimes used to
describe the point at which lactic acid begins to accumulate in the blood (Johnson,
1991; Johnson et al., 1995). The point at which minute ventilation increases beyond
linear is sometimes called the “ventilation threshold” (Johnson, et al., 1995; Mahon
and Vaccaro, 1989).

Other researchers disagreed with the description of anaerobic threshold
provided in Wasserman et al. (1973). Skinner and McLellan (1980) labeled the set of
responses observed by Wasserman et al. (1973) as the “aerobic threshold”. They
contended that there were really three phases to exercise, not two. The second
breakaway point was described as the point at which lactic acid increased from 4
mmol/L, FEqq, decreased, and hyperventilation increased. This point occurred

between 65-90% of Vozmax and was termed the “anaerobic threshold” (Skinner and

McLellan, 1980).
There has been some disagreement about whether the AT as determined by

blood analysis is the same as that determined from respiratory gas exchange. Powers
et al (1984) compared the onset of AT measured by blood lactate and estimated by the
point where ventilation increased non-linearly. They found that the two points did

not always occur simultaneously and suggested that there may be limitations to

estimating the AT using respiratory gas exchange. However, Ivy et al. (1980) found
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that there were no significant differences between the two methods of estimating the

AT. Davis et al. (1976) found a correlation coefficient of 0.95 between the two

methods.

One of the major problems with determining AT using respiratory gas
exchange is the subjectivity involved (Davis et al., 1976). Computer programs that
use objective methods of determining AT from respiratory gas exchange have been
developed (Herbert et al., 1982; Orr, et al., 1980). This eliminates the problem

resulting from researcher subjectivity in detecting the point at which the curve departs

from linearity.

A new method of detecting the AT from gas exchange variables was presented
by Caprarola and Dotson (1985). They plotted FEco, versus percent of maximal
oxygen consumption and fit a quadratic equation to the data. The point at which the

curve was a maximum Wwas the anaerobic threshold. The authors found good

agreement between this method and standard technigues.

Johnson et al. (1995) investigated the effects of full-facepiece masks and half-
masks on ventilation threshold and lactate threshold on fourteen subjects undergoing

incremental bicycle exercise. These researchers found that mask condition did not

affect either the lactate or ventilation thresholds.

Many studies investigating the relationship between anaerobic threshold and

oXxygen consumption have been performed. Subjects of these studies have been male

and female, trained and untrained.
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Weltman et al. (1978) reported that for thirty-three female college students,

the AT occurred at an average of 50% of Voamax. These researchers paired 22

Subjects according to their Vosmsx values. Paired members had similar Voomax values
but different AT values. The average Voamax for the two groups (36.66+ 7.62 and

38.3616.28 for the low and high AT groups respectively) were not significantly

different statistically. The AT values were significantly different. The AT values for

the low and high AT groups were 16.23 +4.57 L/min and 21.3514.14 L/min,

respectively. This corresponded to an AT% of 44% and 56% for the low and hi gh AT

groups respectively. So, even though the two groups had similar subjects, the AT

(ml/kg/min) was quite different.

Dwyer and Bybee (1983) reported that the AT occurred at an average of

70£7% of 'V gomax for twenty female recreational runners and cyclists. Average V02max

was 38.41+4.7 ml/kg/min. They found a high correlation (r = 0.87) between AT

(I/min) and Voymay, (L/min).

Fifteen trained female cross-country skiers aged fifteen to twenty with an
average Vg, Of 47.313.6 ml/kg/min were studied (Rusko et al., 1980). The AT
(40.913.3 mi/kg/min) occurred at 85.716.6% Of V ozmax. A correlation (r=0.6) was
found between Voymay (ml/kg/min) and AT (ml/kg/min). An insignificant correlation

was found between AT expressed as a percent Of Voamax (AT%) and Vpmax

(ml/kg/min).
Eighteen overweight females were studied by Sady et al. (1980). Subjects

were split into three groups for different exercise treatments. Pre-training Vo, and
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AT values are reported for each of these three groups separately. The Vo, values
for the three groups (n=7, n=7, and n=4) were 2.23+0.07, 2.09+0.18, and 2.3 1£0.12
L/min while the AT values were 1.02+0.06, 0.97+£0.04, and 1.28+0.08 L/min,

respectively. These AT values corresponded to 46, 46, and 55% of VO2max,

respectively,

Thorland et al. (1980) studied ten trained female collegiate cross-country
runners. The AT occurred at average of 80% of Voamax. The anaerobic threshold
expressed in mi/kg/min was highly correlated with maximal oxygen consumption (r =
0.81).

Weltman and Katch (1979) found that thirty-one male subjects with an
average Voomax of 51.36+6.36 ml/kg/min had an AT of 59.5£7.70% of Vs, They
found a high correlation (r=0.81) between Vozmax (L/min) and AT (L/min).

Thirteen trained men were studied by Powers et al. (1984). The AT of thege
subjects occurred at an average of 56% of Vozmax. Balsom (1988) studied fourteen
male college soccer players with an average Vozmas Of 57.4£6.18 ml/kg/min. The
average AT occurred at 70.5+5.99% of Vozmax- Robbins et al. (1982) found that for
healthy adult males with a mean Voomax of 59.2 ml/kg/min, the AT occurred at ap
average of 65.3% of VO2max. For male college students performing arm-cranking,
leg cycling, and treadmill walk-running, the AT occurred at average values of 46.5,
63.8, and 58.6% of VO2max, respectively (Davis et al., 1976). Jones (1984) found
that the AT occurred at 50% * 4.8% of the Voamax for mactive, young, adult maje

smokers (average Vozmax: 34 ml/kg/min). For males aged 24-35, Bradley ( 1982)
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Wasserman et al. (1973) suggested that for patients with severe respiratory
impairment, an AT may not be present because these subjects might not be able to

exercise at a high enough rate to elicit lactic acidosis. For subjects with

cardiovascular impairment, the anaerobic threshold will occur at lower values than for

healthy subjects (Wasserman, et al., 1973).

Minute Ventilation

Minute ventilation is the amount of air exhaled in one minute. It is found as
the product of respiration rate and tidal volume. At rest, the minute ventilation is
around 5-6 L/min. During mild exercise, this can increase to 75 L/min while during
maximal exercise values up to 160 L/min occur. For endurance athletes, the minute
ventilation may increase to as much as 27 times the resting value (Robergs and
Roberts, 1997). As long as exercise intensity is not too high, the minute ventilation
will reach a steady state. Because minute ventilation is related to oxygen
consumption, an increase in the oxygen consumption due to oxygen drift or the slow
component would cause a concomitant increase in the minute ventilation. During
exercise with a progressive work rate, below the anaerobic threshold, minute volume

increases linearly with oxygen consumption. Above the anacrobic threshold, minute

volume increases exponentially (Martin and Weil, 1979).

For constant rate work below the anaerobic threshold, minute ventilation

reaches a steady-state (Wasserman et al., 1980). For exercise above the anaerobic

58




threshold, the time to reach steady state is prolonged. For very heavy exercise, a

steady state may not be reached before the subject has to cease exercise.

When constant rate work below the anaerobic work begins from rest, there is
an initial abrupt rise in minute ventilation (Whipp et al., 1982; Johnson, 1991). The
abrupt rise is thought to be neurogenic in nature (Johnson, 1991; McArdle et al.,
1996). There may be a short duration plateau (20 seconds) immediately after the
abrupt rise. Minute ventilation then increases exponentially to a steady state if the
exercise is not too intense (McArdle et al., 1996). The steady state value attained
depends on the intensity of exercise. If the work rate is very high, a steady state wil]
not be achieved and the minute ventilation will increase progressively until the person
ceases exercise (Wasserman et al., 1980).

There is a large variability in the response of minute ventilation, and other
respiratory parameters, to exercise. In fact, Johnson (1991) states that “respiratory
responses are difficult to reproduce” and recommends that applications to individuals
be made with caution. The variability of the minute ventilation response is legg when
related to carbon dioxide production instead of oxygen consumption (Wasserman et

al., 1980). This indicated the importance of carbon dioxide in the contro] of

respiration (Johnson, 1991).
At low levels of exercise, increases in minute ventilation are brought about

mainly by an increase in tidal volume, while at higher intensity levels, minute

ventilation increases as a result of increased respiration rate (Johnson, 1991; McArdle

et al., 1996).
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Factors That Affect Minute Ventilation

Age, training, and gender affect minute ventilation. Maximal minute
ventilation decreases with age. Additionally, for a given submaximal oxygen
consumption (e.g., 2 Lpm), older subjects will have a higher minute ventilation than
younger subjects (Robergs and Roberts, 1997). Training results in a hi gher maxima]
minute ventilation during maximal exercise. During submaximal exercise, there is a
reduction in the minute ventilation at a particular oxygen uptake after training. This
indicates a lower oxygen cost of exercise for breathing (McArdle et al., 1996).

Because minute ventilation is related to body mass, male subjects generally have

higher minute ventilations than female subjects (Johnson, 1991).
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Tidal Volume

Tidal volume is the amount of air exhaled with each breath. While some
authors (McArdle et al., 1996; Robergs and Roberts, 1997) define tidal volume as the
volume of air either inhaled or exhaled, these two volumes are not the same. The
difference results mainly from the different temperatures of the inhaled and exhaled

air. The different water vapor addition and different =~ composition are smaller

factors (Johnson, 1991).
Tidal velume varies with age, gender, and size (McArdle et al., 1996). Males

generally have larger tidal volumes than females. An average resting tidal volume for
men is 600 mL while that for a woman is 500 mL. During exercise, tidal volume can
reach values of 2 — 3 L. Tidal volume can be quite variable even when the subject is
at steady state (Johnson, 1991). The interbreath variation is caused predominantly
through changes in the inspiratory time.

During exercise, tidal volume is increased by using parts of the inspiratory
and expiratory reserve volumes. These volumes are the amount of air present in the
lungs after a normal inhalation or exhalation. At low intensity exercise, the tida]
volume increases causing an increase in the minute ventilation. Once the tida]
volume reaches 50 — 60% of the vital capacity, the minute ventilation is further
increased through an increase in the respiratory rate (Wasserman et al., 1999). Vita]
capacity is the sum of the inspiratory reserve volume, expiratory reserve volume, and

tidal volume. Maximum tidal volume has been reported to range from 45 — 589% of

vital capacity (Wasserman et al., 1999).
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For constant rate exercise below the anaerobic threshold, the tidal volume is
relatively constant with time. For exercise above the anaerobic threshold, the tida]

volume may decrease slightly with time (Wasserman et al., 1980).

Exhalation and Inhalation Times

The prediction of inhalation and exhalation times can be accomplished using
different approaches. Caretti et al. (1992) investigated the effects of exercise
modality on breathing patterns. Subjects exercised on a bicycle ergometer and a
treadmill. Other investigators have average consecutive breaths with different
breathing frequencies and then evaluated the inhalation and exhalation times. Carett;
et al. (1992) examined individual breathing frequencies and inhalation and exhalation
times. Their rationale was that when consecutive breaths were averaged, the
variability in breathing patterns and timing differences related to breathing frequency

was masked. Individual breathing frequencies were grouped together into bins to aid

in the analysis.
The authors plotted inhalation and exhalation time versus breathing frequency.

A regression curve was not fitted to the data, but a the relationship was observed to be
similar to a power-law relationship. This relationship was qualitatively similar for

both treadmill and bike exercise except for respiration rates below 12 breaths/min.

Below 12 breaths/min, the investigators found that exhalation time was sj gnificantly

longer for treadmill exercise compared to bike exercise. A large variability in
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inhalation and exhalation times was observed for breathing frequencies below 18
breaths/min. Above 18 breaths/min, the variability decreased.
So, Caretti and Whitley (1998) showed that inhalation and exhalation timeg
could be predicted from respiratory rate. Johnson and Masaitis (1976) took a
different approach.
By minimizing total respiratory work during a complete respiratory cycle,
Johnson and Masaitis (1976) derived an equation to predict the ratio of inhalation

time to exhalation time:

73— A ) [ un 0 )
I+u I+u

where:
: (33)
a) 7= —
te
where 7T = inhalation time/exhalation time ratio, dimensionless
t; = inhalation time, seconds
t, = exhalation time, seconds
k Klt

where » ratio of first inhalation and exhalation Rohrer
coefficients, dimensionless

K,; = first Rohrer coefficient for inhalation, (cm

H,0-sec)/L
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Ke = first Rohrer coefficient for exhalation

(cm H;O-sec)/L

[ K
) n—( Kh) (35)

where 1 = ratio of first inhalation and exhalation Rohrer
coefficients, dimensionless
K;;i = second Rohrer coefficient for inhalation,
(cm H,O-sec)/L.

K. = second Rohrer coefficient for exhalation

(cm H;O-sec)/L

2K, )V,
d - 2" T
) a ( Kltte ) (36)

where p = dimensionless ratio
Vr = tidal volume, L
The Johnson and Masaitis (1976) model assumes: “1) inhalation/exhalation
times are determined by respiratory work during one cycle; 2) e: . _tory work is
important in determining inhalation/exhalation times; 3) energy stored during
inhalation due to respiratory system compliance or inertance is fully recovered durin g

exhalation.” Equation 32 is a cubic equation and can be solved using a method such

as Cardan’s solution (Korn and Korn, 1961). Inhalation and exhalation times were

determined using an iterative process. The authors showed that the model had good

qualitative and quantitative agre.>nt betw __ . ;alculated and experimental results
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Effect of Inspiratory and Expiratory Loading

Resistance loading of the respiratory system causes changes in the respiration
rate and in the duration of inhalation and exhalation. Inspiratory loading leads to an
increased inhalation time and a decreased respiration rate. The subsequent exhalation
is affected as well, with an increased exhalation time following an increased
inhalation time (Cherniack and Altose, 1981). Expiratory loading leads to increaseqd
exhalation times and decreased respiration rates. These effects were shown by Carettj
and Whitley (1998), Johnson et al. (1999) and Caretti et al. (2001).

The effect of inspiratory resistance breathing on respiratory rate was

investigated by Caretti and Whitley (1998). Subjects exercised on a treadmil] at 80-

85% of Vomax while wearing a half-respirator with one of four inspiratory resistances
ranging from 0.2 kPA to 0.49 kPa, measured at a steady airflow rate of 1.42 m/s,
Treadmill speed and grade were adjusted for each resistance condition so that the
subject was at 80-85% of Voamax. Respiratory rate decreased from the control
Condition 4.6%, 10.7%, 16%, and 32% for the four resistance conditions. The

respiratory rate for R4 (highest resistance) was si gnificantly different from the

€ontrol, R1, and R2 conditions.
Johnson et al. (1999) investigated the effects of inspiratory resistance on work

performance. Subjects exercised on a treadmill at constant speeds and grades that

were chosen to elicit respiratory stress. A full-facepiece respirator was worn for each
of six tests with different levels of inspiratory resistance. The inhalation resistanceg

ranged from 0.78 to 7.64 cm H,O-sec/L. The exhalation resistance for all tests was
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1.3 cm H,0-sec/L. It was found that minute volume decreased as inhalation

resistance increased:

Vimia = —0687R +1.325 37)

where: Vg, , minute volume, L/sec

R, resistance, cm H;O-sec/L.

Caretti et al. (2001) conducted a similar study investigating the effects of
exhalation resistance on work performance. Exhalation resistances ranged from (.27

t0 27.35 cm H,0-sec/L. Average minute volumes decreased as expiratory resistance

Increased:

Vo = ~1.76R +73.16 (38)

So, in both cases (Johnson et al., 1999; Caretti et al., 2001), as resistance
increased, minute volume decreased. Caretti and Whitley (1998) found that tida]

volume did not change with resistance for exercise at 80-85% of Voomax. So,

assuming a constant tidal volume during steady state work, a decrease in the minute

volume would lead to a decreased respiratory rate.
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Oxygen Deficit

Because the oxygen consumption does not rise immediately to the steady state
value, there is a difference between the oxygen required by the body (the steady state

value) and the actual oxygen consumption (that during *" - expon-=+-' increase).

This *“‘erence is termed the oxygen deficit. The oxygen deficit is found as the

product of steady-state oxygen . .18t~ 1and the time constant of the exponential

rise (Whipp et al., 1982). During the deficit, mitochondrial respiration is
Ssupplemented through energy generated by creatine phosphate and glycolysis
(Robergs and Roberts, 1997). The increase in oxygen consumption due to the slow
component means that the oxygen deficit as a percentage of the total oxygen required
increases as the work load increases above the anaerobic threshold (Whipp and
Wassermnan, 1972).

Whenever there is a difference between the actual and required oxygen
consumption, there is a deficit. As a trained person will reach steady state faster than

an untrained individual, the trained person incurs less of an oxygen deficit.

Performin g a warm-up can also decrease the oxygen deficit (Robergs and Roberts,

1997).
When a steady-state can be reached, the oxygen deficit is the difference

between steady state and non-steady state oxygen consumption. However, a deficit
may occur also when a respirator is worn. Respirators have been shown to cause

hypoventilation (Johnson et al., 1999; Caretti et al., 2001), so a respirator wearer has
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a lower minute ventilation and thus a lower oxygen consumption than that required

by the body. The greater the deficit, the shorter the performance time.

Respiratory Work Rate

“It has long been assumed that respiration is physiologically adjusted to yield
Optimum respiration ratio, ratio of inhalation time to exhalation time, expiratory
Teserve volume, dead volume, airways resistance, and airflow waveshape (Johnson,
1993).” These adjustments are especially important during exercise when there is 5
Competition among the skeletal, cardiac, and respiratory muscles for the limited
OXygen available. Because of the limited oxygen supply and the fact that respiratory
work does not contribute to the activity being performed, it is logical that respiratory

work should be minimized during exercise. Data taken during exercise support this

Contention (Johnson, 1993).
At rest, respiratory work accounts for 1-2% of the total oxygen consumption

(Johnson, 1991). This increases up to 10% during exercise. Changes in airflow
waveshape could have a significant effect in a model of respiratory work. Indeed,

Yamashiro and Grodins (1971) found a 23% lower work rate for a rectangular

Waveshape compared with a sinusoidal waveshape. They used a simple mode] that

had only had one resistance and one constant compliance.

Respiration occurs with different flow patterns that depend on exercijse

intensity. At rest, inhalation has a sinusoidal waveshape while exhalation occurs wit,

an exponential waveshape. Both inhalation and exhalation waveforms are trapezoidal
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with rounded comers during moderate exercise. Inhalation waveforms remain

trapezoidal during heavy exercise, but exhalation waveforms return to an exponential

shape.
At rest, both inhalation and exhalation waveshapes appear to be unrelated to

work rate. Yamashiro and Grodins (1971) found that the sinusoid resulted from a
mean squared acceleration criterion. They reasoned that the sinusoidal waveshape
resulted in improved gas transport efficiency and a uniform ventilation of the lungs.

The resting exponential exhalation waveshape is due to passive exhalation.
There is little muscle activity required during exhalation at rest. The energy comes
instead from elastic energy stored in the chest wall, which is expanded during
inhalation. Additional energy comes from air that is compressed in the lungs during
inhalation.

During moderate exercise, both inhalation and exhalation are active. The
trapezoidal waveshapes appear to be related to respiratory work rate, although they
differ from the rectangular waveshape that minimizes respiratory work (Yamashirg
and Grodins, 1971; Johnson and Masaitis, 1976). Both Hamalainen and Sipila (1984)
and Ruttiman and Yamamoto (1972) gave possible reasons for the trapezojdal shape.

Hamalainen and Sipila (1984) got a trapezoidal waveform when they included ap

additional term in their optimization criteria that is equal to the square of musculay

pressure times the volumetric flow rate. This term accounts for the decreased

muscular efficiency seen at higher loads. Ruttimann and Yamamoto (1972) also

obtained a trapezoidal waveform, although the slope was in the opposite direction,

Their waveform resulted when they minimized respiratory work while using an
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airways resistance that increased as volume decreased. Johnson (1986) found that 4
part of lower airways resistance has this inverse effect. The reason for the rounded
comers may be that rapid accelerations are penalized to avoid damage or loss of

control (Johnson, 1991; Johnson, 1993). Or, the rounded corners may indicate that

the strength of the respiratory muscles is limited (Johnson, 1993).

The same inhalation optimization criteria during moderate exercise is in effect
during heavy exercise (Johnson, 1991). Thus, the waveshape remains trapezoidal.
The exhalation waveshape returns to exponential although the reason for the

€xponential waveform differs from that at rest. During heavy exercise, exhalation

flow rate is limited. Johnson and Milano (1987) plotted transpulmonary pressure
agai expiratory flow rate along lines of equal lung volume. They found that a
Point was reached beyond which the flow could not be increased. The limiting flow
Tate was inversely related to the lung volume. The very abrupt transition to the

exponential waveform only occurs during a maximal effort when the respiratory

System is extremely taxed (Johnson and Milano, 1987; Johnson, 1993). Because flow

Tates and respiratory muscle pressure Were so high, much more energy was required

by the exponential waveform (Johnson, 1993).

There is one other characteristic of the moderate and heavy exercise
waveforms that needs to be discussed. There are dimples that often appear in the

Waveforms. The reason for these dimple is not clear (Johnson, 1991). However,

when minimizing the Hamalainen and Viljanen (1978) inhalation optimization

Criteria, the dimples appear in the waveform under certain conditions (Johnson,

1991),

70



Respiratory Work Rate Model

The work rate of breathing with different waveshapes was investigated by
J .
ohnson (1993). The model of the respiratory airways that was used contained a smg]]
sma
number of elements with nonlinearities resulting from the airways and mask

(Johnson, 1992). The model used the modified Rohrer equation;

KV V-V
+ C——+IV

K V+ K V?

where p = respiratory muscle pressure, N/m>

V = respiratory flow rate, m%sec

V = lung volume, m’

V' = volume acceleration, m>/sec’
V; = resting volume of the lung, m’
K = first Rohrer coefficient for the respiratory system, N=sec/m?®
K; = second Rohrer coefficient, N=sec/m?®
K3 = “third” Rohrer coefficient, N=sec/m*
C = respiratory compliance, m’/N

: . 2, 5
I = respiratory inertance, N=sec/m

This model was sufficient for both inhalation and exhalation if different
values were used for the parameters K; to K3 , C, and I (Johnson, 1992). An exira

term must be added when flow rate nears maximum exhalation flow rate (Johnson

1993).
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where p, = respiratory muscle pressure at airflow limitation, N/m?

K, = additional coefficient, N/m?

V. = limiting flow rate, m*/sec

Waveshapes. Johnson (1993) developed the equations for the respiratory
Wwork rates when breathing with a sinusoidal, rectangular, truncated exponential,

hybrid exponential, and trapezoidal breathing pattern. Linear, quadratic, volume

dependent, compliant, and inertial pressure terms were included.

Variable Lung Volume. The expiratory reserve volume changes during
exercise thus changing the initial lung volume. The correct lung volume needs to be
included in the volume dependent and compliant work rate terms. For the volume

dependent term, the correct volume is simply inserted into the formula. For the
compliant term, it was not necessary to change the equation as long as exhalation wag

active and the whole breathing cycle was considered. This was because the added

term would be the same magnitude but opposite sign for inhalation and exhalation,

thus canceling its effect.
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Maximum Expiratory Flow. Expiratory flow rate can become limited during

o

maximal exertion. This limitation can cause respiratory distress and early termination
of exercise for people wearing respirators (Johnson and Berlin, 1974).

A term for maximum respiratory rate of work must be added to the limited

flow hybrid exponential work rate equations (Johnson, 1993):

1)

I
We(s, — { p. V. di
where Vi’R (6), average respiratory work rate during flow limitation,

N-m/sec
T, duration of waveform, sec

t, time, sec

Effect of Waveshape on Respiratory Work Rate. The work rate while
breathing with each of the five waveshapes was investigated during rest and light,
moderate, heavy, and very heavy exercise. The lowest work rates occurred with the
rectangular waveform. Comparisons were made to the rectangular waveform. The
increased cost of the sinusoid for inspiration ranged from 9% at light exercise to 16%
at very heavy exercise. The inspiratory trapezoid had an increased cost of 3% at | ght

exercise and 7% during heavy exercise. The truncated exponential costs 30% more at

light exercise and 9% during heavy exercise for inspiration. Finally, the hybrid

exponential for inspiration was 29% higher for light exercise and 12% higher during
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very heavy exercise. For exhalation, the work rates were lower than for inhalation

because of longer inhalation times.

Waveform Transition

Little work has been done on the transition between waveshapes during
exercise. This is important, because as shown in Johnson (1993), the work rate is
dependent on the breathing waveform.

Hamalainen and Viljanen (1978) developed a model of the control of the
breathing pattern during respiration based on optimization criteria. The performance
Criteria were chosen to minimize the oxygen cost of breathing. Both criteria have an
average square of volume acceleration term. The inspiratory criterion is the wej ghted

sum of that term and the mechanical work performed by the inspiratory muscles. The

expiratory criterion includes an integral square driving pressure in place of the

mechanical work term.
For inhalation, the authors found that when the ratio of pressure times flow to

the square of volume acceleration became large, a transition occurred from a

sinusoidal to a trapezoidal waveform. Similarly for exhalation, when the ratio of

Pressure squared to volume acceleration squared became large, the waveshape

changed from exponential to trapezoidal.
Their method is not practical for this mode] because the weighting functions,

@ and a,, are specific to the individual being tested and have no known

physiological basis. The authors noted that different alpha parameters made sense
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because “the airflow patterns of any given individual look as unique as fingerprints
(Hamalainen and Viljanen, 1978).” But, this means that each person must be tested
and the actual breathing waveforms compared to the predicted waveforms. The
weighting functions are adjusted until the differences between the two sets of

Waveforms are minimal. A better means is necessary to determine when transitiong in

the respiratory waveforms occur.
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Respiratory Protective Masks

Respiratory protective devices have a profound impact on the wearer. Vision,
Communications, and personal support (wiping of nose, drinking) are all hindered.
Problems occur due to sweat accumulation inside the mask and reduced heat loss
through the mask. Sore neck muscles and skin irritation become a concern with
€xtended wear. The physical characteristics of the respirator, the inspiratory and
eXpiratory resistance, the dead volume, and the weight, affect the physiological
response and impede performance. The influence of each of these factors depends in

Part on the work intensity and the type of task. Other important factors to consjder

are variability, anxiety, and hypoventilation.

Physical Characteristics

Resistance. A person wearing a mask must overcome the resistance to

breathing caused by the filter and the inspiratory and expiratory valves in the magk

A number of studies have investigated the effects of external resistance on pulmonary

function.
Flook and Kelman (1973) investi gated the effects of increased inhalation
resistance on seven subjects exercising on a bicycle ergometer for ten minutes at 35,

50, and 70% of Vomax. The inhalation resistances were 8.9, 16.5, and 53.1

cmH,0/L/s measured at a steady flow of 1 L/s. These resistances were chosen to

represent resistances seen in patients with pulmonary discase. Regression equations
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fit to their data showed that minute ventilation decreased with increased resistance.
The slope coefficients for these equations for work done at 35, 50, and 70% V02max
were —0.0023, -0.005, and —0.0214, respectively. Regression equations fit to the tidal
volume data indicated that at 35%Vozmax, the tidal volume increased with increased
resistance while tidal volume was virtually unaffected by resistance at the other two
work rates (r = 0.05 and r = 0.005). The slopes of these equations in order of

increasing work rates were 0.0078, 0.0011, and 0.0009, respectively.

The effects of three inhalation resistances on subjects performing steady-state
bicycle exercise was investigated by Demedts and Anthonisen (1973). Exercise
periods lasted five minutes if possible or three minutes when the work load could not
be tolerated for the full five minutes. The work loads were 82, 131, 196, 245, and
270 W. The resistances read off a pressure-flow graph at approximately 1.4 L/s were
1.6, 3.1, and 12.4 cmH,O/L/s. The dead space for all conditions was 350 mL. The
authors found that minute ventilation was not decreased by the lowest resistance, A
statistically significant 12% decrease occurred for the middle resistance at the highest

work load while the highest resistance caused a 50% decrease at the higher work

rates.
Silverman et al. (1951) investigated the effects of two combinations of

inhalation and exhalation resistance on 18 healthy males during bicycle exercise at

constant rates of 0, 34, 68, 102, 136, 181, 226, and 271 W. Not all subjects

completed all conditions. Data were recorded at six, eight, and ten minutes into the
exercise. The inhalation and exhalation resistances were 0.4 and 0.2 cmH,0/1./s for

the low condition, and 4.5 and 2.9 cmH,O/L/s for the high condition. A third
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min. Subjects inhaled and exhaled against the same two resistances of 8.5 and 16.9

cmH,O/L/s. The minute ventilation for the two subjects decreased at all work rates as

the resistance increased.

Hermansen et al. (1972) investigated the effects of a respirator mask and
breathing valve on minute ventilation and tidal volume on ten healthy subjects
performing on a bicycle ergometer at work rates of 49, 98, 147, and 196 W. The

inhalation and exhalation resistances of the mask were 9 and 2.6 cmH,O/L/s,

respectively while those of the valve were 1.7 and 1.7 cmH,0/L/s.

Minute ventilation was always lower with the mask than with the valve, At
the highest work load, the decrease in minute ventilation was 43%. Tidal volume wag

greater with the mask up to a minute ventilation of approximately 70 L/min. After

that, tidal volume decreased with added resistance.

The effect of inspiratory resistance on breathing parameters was invest; gated
by Caretti and Whitley (1998). Subjects exercised on a treadmill at 80-85% of Voomax
while wearing a half-respirator with one of four inspiratory resistances ranging from
0.2 kPA to 0.49 kPa, measured at a steady airflow rate of 1.42 m/s. Treadmil] speed

and grade were adjusted for each resistance condition so that the subject was at 80-

85% of V02max-
Tidal volume was shown to be relatively constant across the respirator

conditions. No significant differences among the conditions were found. The

differences from the control condition were +1%, 0%, +1.1%, and ~2.7% for the R],
R2, R3, and R4 conditions respectively. However, minute ventilation decreased ag

resistance increased. The differences were significant between the contro} and R4

79



conditions. The decreases in minute ventilation from the control condition were
2.4%, 9.8%, 14.9%, and 35.4% for the R1, R2, R3, and R4 conditions respectively.

Johnson et al. (1999) quantified the effect of increased inhalation resistance on
minute ventilation. Twelve subjects exercised at 80-85% Voamax until their volitional
end-point while wearing a U.S. Army M-17 respirator with one of six different
inhalation resistances. Plugs with different size holes bored through the center were
Placed in the inhalation ports to modify the resistance. The inhalation resistances
were 0.78, 1.64, 2.73, 3.32, 6.47, and 7.64 cm H,O/L/s at a flow of 1.42 L/s (85

L/min). The exhalation resistance for all tests was 1.3 cm H,O/L/s. The relationship

between minute volume and inhalation resistance was found to be:

V, =-0.0687 R, +1.325 42)

where: Vg, minute volume, L/s

Riq, inhalation resistance, cmH,O/L/s

A similar study was conducted to examine the effect of increased exhalation
resistance on work performance and ventilation (Caretti, et al., 2001). Subjects wore
a U.S. Army M40 respirator with one of five exhalation resistances while exercising
on a treadmill at 80-85% Voomax- The exhalation resistances were 0.47, 1.81, 4.43,
12.27, and 27.35 cm H,O/L/s. The inhalation resistance for all conditions was 3.17

cm H,0O/L/s. Lower minute volumes were found for increasing exhalation resistance:

V, =-0.0299-R.,, +1.2365 @3)
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where: Vg, minute volume, L/s

Rexn, €xhalation resistance, cmH,O/L/s

So, in both cases (Johnson et al., 1999; Caretti et al., 2001), as resistance

Increased, minute volume decreased. The effects of the inhalation resistance were

three times that of the exhalation resistance (Caretti et al., 2001).

The above studies indicated that at all work rates, inhalation a ' =xhalation

resistance caused a decrease in minute ventilation. Only one study contradicted this.

Demedts and Anthonison (1973) found that minute ventilation was not decreased at

their lowest resistance.

Flook and Kelman (1973), Hermansen et al. (1972), and data from Silverman
et al. (1951) indicated that at low work rates tidal volume was increased by resistance.
Resistance at higher work rates has been reported to not have an effect on tida]

volume (Flook and Kelman, 1973; Caretti and Whitley, 1998) or to decrease tida]

volume (Silverman et al., 1951; Hermansen et al., 1972).

In addition to increasing the inhalation and exhalation resistance, the vajves

also require an additional amount of pressure to open the valves. Cummings ( 1968)

investigated the pressures required to open the valves in an M17 mask. The

inspiratory pressure was found to be:

p, =3227x10°V+5609x10" V? (44)

. . 2
where pj, inspiratory pressure inside the mask, N/m
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V = flow rate, m’/sec

The expiratory pressure for the same mask was (Cummings, 1968):

= 4 ) 7
P, = 5993 + 6.629x10° V+1376x10 (45)

where p,, expiratory pressure inside the mask, N/m?

V = flow rate, m/sec

The constant term in the p. equation 1s the pressure needed to open the valve

This results in an addition to the respiratory work rate (Johnson, 1992):

Wi(7) = 005p, Vi T(1+e**) (46)

where Wg(7), respiratory work rate due to constant pressure term, W

Po, constant term, N/m?

V max , maximum flow rate during breathing waveform, m%/se¢

T, waveform duration, sec

T, respiratory time constant, sec
Dead Volume.Dead volume, or dead space, is the amount of ajr present that

does not take place in respiration, including air in the nasal passages and throat. Thjs

volume is increased when an object, such as a snorkel, mask, or breathing tube, is
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Placed over the mouth and/or nose. Carbon dioxide accumulates in the dead volume

causing it to act as a respiratory stimulant.

As airflow increases, so does dead volume. This occurs because when the
flow rate increases, the airflow becomes more turbulent, causing a greater mixing of
gases. Thus, air that was trapped at comners and around objects becomes mixed with
the airflow, increasing the dead volume. The volumetric space inside a respirator is

termed the nominal dead volume while dead space as a function of tidal volume is

termed effective dead volume.

Breathing through an external dead volume causes a performance decrement,
Johnson, et al. (2000) investigated this effect by having subjects walk on a treadmj]]
at 80-85% VO2max with respirator configurations giving a range of dead volumes,

While performance time was affected, no effect of dead volume on minute
ventilation, tidal volume, or oxygen consumption at termination was found.

Stannard and Russ (1948) studied the effects of increasing dead volume op

minute ventilation and tidal volume for seven subjects at rest and durin g light

exercise. The light exercise was chosen as the work rate at which the resting OXygen

consumption doubled. No indication of Vozmax Was given. Nominal dead spaces of

250, 350, 420, 450, and 540 mL were used.
At rest, the tidal volume increased as dead volume increased. During I ght

exercise, tidal volume increased with added dead volume, but the changes were
smaller. For the lowest dead volume, the change in tidal volume was not significant,

The minute ventilation increased with added dead volume for resting and

lightly exercising subjects. The authors noted that the regression lines fit to the data
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had similar slopes. The near constant difference between the two lines was reported

to be approximately 2 L/min.

In 1980, Ward and Whipp studied the effects of dead volume on minute
ventilation of three subjects. The authors concluded that minute ventilation increased
during rest and moderate exercise as a result of added dead space.

The three studies noted above only looked at rest, light exercise, and heavy
exercise. Harber and colleagues have completed a number of studies in which they
investigated the effects of inhalation resistance and dead volume on breathing
parameters at rest and during moderate exercise. Unfortunately, most of theijr
information can not be used in a model. In one study (Shimozaki et al., 1988) only
subjective responses were reported. In another study (Harber et al., 1982) subjects
were allowed to pick their own work rate so that it was consistent with long-term
work. Finally, three studies (Harber et al., 1984; Harber et al., 1988; Harber et al.,
1990) were conducted in which one load, a combination of inhalation resistance and

dead volume, was applied. The effects of the resistance and dead volume on the

breathing parameters could not be separated.

Mass and Load Placement. The 1ss of the mask will increase the external

work rate. The equation developed by Pandolf et al. (1977) and the external work
rate equation presented by Aoyagi et al. (1995) included total mass (body mass plus
load mass) in the calculations. If the external work is specified and not calculated,
the external work rate without the mask will be increased. The increase wil] equal the

age increase in mass represented by the mask. Thus, a typical mask has 3
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mass equal to 1.4% of the normal body mass of a man. The work rate for that mask

would be increased by 1.4% to account for the added mass of the mask.

The respirator mass is not distributed evenly over the head. An eccentricity

factor takes into account this fact.

Other Factors

Variability. The variability in response to respirators wear across the
Population underscores the necessity of using large sample sizes in conducting studies
and in calibrating and validating models. The study by Johnson et al. (1999) showed
that three of the twelve subjects were not sensitive to inspiratory resistance and
indeed showed little performance decrement. A study examining the effects of
€xhalation resistance (Johnson, et al., 1997) found that three of ten subjects could
perform no treadmill work when the resistance was very high, but that the other sevep
were able to perform for two to ten minutes. Finally, the performance of subjects
Who scored an anxious rating on the Spielberger State-Trait Anxiety Test was

dependent on the numerical score, while those classified as non-anxious had

performances unrelated to their score.

Anxiety. Psychological factors can play a large role in whether or not a
person can tolerate respirator wear. To determine the amount of influence such

factors have, Johnson, et al. (1995) conducted a exercise study in which subjects took

the Spielberger State-Trait Anxiety Inventory (STAI) to assess their anxiety level,
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+ wenty subjects exercised at 80-85% of their age-predicted maximum heart rate until
their volitional end-point. The performance times of subjects classified as non-
anxious (STAI scores less than 34) were unrelated to the STAI score. However, for
anxious subjects, the performance rating was related to the anxiety score. Someone
with a STAI score of 40 would suffer a 25% decrement in performance. A hj ghly

anxious person (STAI score of 70) would have a 79% decrement and would therefore

only achieve a 1% perfi  ance ratir

Hypoventilation. Hypoventilation is a condition in which the sub  tis
breathing at a lower minute volume than normal. This may be due to either more
shallow breaths or less frequent breaths, or both. TI hypoventilating person must

extract more oxygen from each breath as the oxygen requirements of the body are

unaffected by the decreased minute volume. As less air is exhaled during

hypoventilation, the carbon dioxide concentration intt  ha  lair must increase.

Thus, high concentrations of carbon dioxide and low concentrations of oxygen in the
exhaled air indicate that a person is hypoventilating. Hypoventilation has been
evident in two respirator studies. The first study (Johnson, et al., 1995) involved

incremental bicycle exercise while wearing an M17 respirator. Hypoventilation was

indicated by high Fgcoz and low Froa values during respirator wear.
Subjects participating in a study on the effects of inspiratory . stanc op
performance time also evidenced hypoventilation (Johnson et al., 1999). Subjects had

decreasing minute volumes and oxygen consumption as resistance increased.
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OBJECTIVES

The objectives of this research were to:

1. Develop the structure for a model of the effects of respiratory protective

masks on humans during physical activity;

2. Develop equations for the model structure; and

3. Combine the model equations into a tool to aid respirator designers by

implementing the model in a high-level programming langu
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EQUIPMENT

Experimental Testing

Experimental testing was conducted in the Human Performance Laboratory at

the University of Maryland College Park. The testing system consisted of a treadmil]

8as col tion system, respiratory protective mask, and heart rate monitor.

Treadmill

Subjects exercised on a Quinton Q65 treadmill (Quinton Instrument Co.,
Bothell, WA) with allowable speeds of 0.58 nv/s to 7.83 m/s (1.3 mph — 17.5 mph)
and grades of 0 to 25%. Three subjects used a 22.5 cm high step-stool (Brewer

Quality Health Care Equipment, Menomonee Falls, WI) for the lowest work rate,

Gas Collection System

Expired air from the subjects passed through a breathing tube (Warren E.
Collins, Braintree, MA) into a 3L mixing chamber and then through a heated Fleisch
Number 3 pneumotach (OEM Medical, Richmond, VA). Inhaled air passed through

the heated pneumotach into separate tubing connected to the inhalation side of the

respirator. Exhaled oxygen and carbon dioxide concentrations were sampled from the

mixing chamber by a Perkin-Elmer (Pomona, CA) MGA 1100 mass spectrometer.
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The pneumotach was connected to a Validyne DP-15 differential pressure transducer
(Validyne, Northridge, CA) and Validyne CD-12 transducer indicator. The signal
from the transducer indicator was split to two separate computers equipped with
DAS-8 (Keithley Data Acquisition, Taunton, MA) data acquisition boards,

The program PNEUMO (Johnson and Dooly, 1993) was run on one computer
and was used to collect minute volume, tidal volume, respiratory rate, inhalation time,
and exhalation time. A ond computer was used to run VO2_2000, a program
developed in the Human Performance Laboratory that provided exhaled
concent.rations of carbon dioxide and oxygen, minute ventilation, tidal volume, and

relative and absolute oxygen consumption. The output port on the mass spectrometer

was connected to the DAS-8 board on the second computer.

For the maximal oxygen consumption test and levels determination session,

subjects used a Hans-Rudolph, Inc., (Kansas City, MO) 2700 series adult large one-

way non-rebreathing valve and either a half-mask (Hans-Rudolph Mouth/Face Mask)

with head hamess (Hans-Rudolph Head Cap Assembly) or bite-block mouthpiece and
nose-clip. Each subject used the same type of equipment (half-mask or mouthpiece)

for both the maximal oxygen consumption test and the session during which treadmil]

speeds and grades were determined to elicit the target intensity levels.
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Respiratory Protective Masks

Subjects wore a U.S. Army M-40 full-facepiece respirator for each of the
respirator conditions. The M-40 is a negative pressure, air-purifying respirator that
has a molded rubber facepiece and an elastic headharness. The right inhalation port
was closed off. An adapter was screwed into the left inhalation port to allow plug
resistances to be placed in the flow path. An 86 cm long, 3.5 diameter flexible tube
with a PVC adapter was placed over the exhalation port of the mask. Plug resistances
with hole diameters of 11mm and 8 mm were used on the inhalation side in addition

to the standard inhalation valve in the respirator. Exhalation resistances were either

the standard or step (non-standard) flap valves for the M-40 respirator.

Three resistance combinations were used. Respirators A, B, and C had
inhalation and exhalation resistances of 0.88 and 1.69, 1.84 and 1.69, and 5.73 and

1.01 cmH,0/1/s measured at a steady flow of 1.42 L/s. The approximate nomina]

dead volume was 300 mL.

Heart Rate Monitor
Heart rate was monitored using a 3-lead electrocardiogram (ECG)

(Component Monitoring System, Hewlett Packard, Palo Alto, CA).
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Software

In addition to standard word-processing and spreadsheet software, two
software packages were used in this research. Statistical analyses were performed
using SPSS/PC+ Studentware Plus (SPSS, Inc., Chicago, IL) statistical package. The

mode] was programmed in Visual BASIC 6.0 (Microsoft Corporation, Redmond,

» A) on a Pentium 133MHz computer.
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PROCEDURE

The development of the model occurred in four stages. The first stage
involved establishing the structure of the model. In the second stage, experimental
data were obtained for use in stage three. Equations were developed to fill the model

Structure during stage three. The fourth stage involved implementing the mode] in

Visual BASIC and evaluating the results.

Structure of the Model

The intent of the model was considered in developing the structure of the
model. The desired outputs were selected first. Required inputs were then chogen,

The steps needed to proceed from the inputs to the outputs were specified. A flow

chart was developed.

Experimental Testing

Five male and three female subjects between the ages of 23 and 38 were

recruited for the study. All subjects were either students at the University of
Maryland College Park or had participated in prior testing in the Human Performance

Laboratory. The protocol was approved by the University of Maryland Institutiona

Review Board (see Appendix A).
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Prior to participating in the study, subjects filled out a detailed medica] history
questionnaire and PAR-Q to determine if there were any medical conditions or
medications that would preclude their participation in the study. Prospective subjects
completed the Speilberger Trait Anxiety Inventory (Speilberger, 1983). Prospective
subjects who scored a 45 or higher were excluded due to the possibility that they
would exhibit anxiety while wearing the respirator. Two subjects who scored just
above 45 (46 and 48) were included as they had participated in prior respirator
research studies without difficulty. All subjects received a verbal description of the
study and signed an informed consent document prior to the start of testing.

All testing procedures were conducted at ambient room temperature (22-
23°C) in an environmentally controlled laboratory to minimize environmental
influences on the data. Each subject was instructed to get adequate rest the night
before each test, to eat breakfast or lunch, and to drink plenty of fluids, excluding
alcohol and caffeine, before reporting to the laboratory. Prior to each test session, the
subject was questioned to insure that no condition existed in the subject that would
Jjeopardize his/her safety or health. Examples of such conditions would be ap upper
respiratory tract infection, excessive fatigue, or musculoskeletal injuries, Individuals
who reported such conditions were rescheduled at another time after they had fully
recovered from their ailment. Subjects were clothed in their own T-shirt, shorts,

socks, and sneakers for all exercise trials. At least two personnel certified in

cardiopulmonary resuscitation were present for all testing.

Prior to the start of the test trials, each subject completed a test to determine

maximal oxygen consumption using an incremental treadmill exercise protocol.
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Subjects wore either a mouthpiece and noseclip or a Hans Rudolph half-mask for the
testing. The tests was terminated if any of the following conditions occurred: oxygen
consumption changed by less than 200 ml/min with increasing workrate, respiratory
exchange ratio exceeded 1.0, a maximal age-predicted heart rate was achieved, or a

rating of perceived exertion (RPE) greater than 17 (very hard) was given. Heart rate,

electrocardiogram, and RPE were monitored during Voomax testing,

Subjects returned to the laboratory to determine the treadmill speed and grade
required to elicit the following intensity levels: 25-30, 35-40, 45-50, 65-70, and 80-
85% of maximal oxygen consumption. For three subjects, oxygen consumption was
greater than 25-30% at the lowest treadmill speed of 0.58 m/s and 0% grade. The
lowest work rate for these subjects was done on a 22.5 cm high step-stool instead of
the treadmill. Heart rate, ECG, tidal volume, minute volume, oxygen consumption,
and RPE were monitored during this session.

Three conditions of submaximal exercise testing were randomly assi gned.
Subjects exercised on the treadmill at each of the five intensity levels while wearing
one of three respirators. The three respirators were: U.S. Army M-40, full-facepiece
respirator with standard inhalation (0.88 cmH,0O/L/s) and exhalation (1.69
cmH,0/L/s) valves; U.S. Army M-40, full-facepiece respirator with inhalation and
exhalation resistances of 1.84 and 1.69 cmH,O/L/s; and U.S. Army M-40, fu]l-
facepiece respirator with inhalation and exhalation resistances of 5.73 and 1.0]
cmH,0O/L/s. All resistances were measured at a constant flow of 85 L/min (1.42 Ljs).

Prior to the start of each exercise session, subjects completed a five-minute

warm-up period of walking on the treadmill. The treadmill was then stopped so the
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subject could stretch. The subject was then seated and donned the respirator. Resting
data was taken while the subject was seated. Subjects began exercising at 25-30% of
Voamax. After a steady-state was achieved, the exercise intensity was increased to 35-
40% of Voamax. This continued with exercise intensity increasing to 45-50%, 65-
70%, and 80-85% of Voomax. Eleven of the twenty-four trials were conducted in this
manner. Because of concerns that increased body temperature and oxygen drift mj ght
have been causing higher than expected oxygen consumption, the remaining subjects
and trials were conducted with a slight modification. Between the third (45-50%) and
fourth (65-70%) stages and between the fourth and fifth (80-85%) stages, the
treadmill was stopped and the subject remained seated until oxygen consumption and
heart rate returned to resting values. Subjects were given a cool-down at the end of
the stage prior to stopping the treadmill and were given a warm-up prior to the
subsequent stage. The time to return to baseline readings varied between subjects and
depended on exercise intensity. The time the subjects were seated between stages
ranged from one to five minutes. Heart rate, ECG, tidal volume, minute volume,
oxygen consumption, and RPE were monitored during each testing session. The

State-Anxiety test (Spielberger, 1983), a measure of situational anxiety, was

administered before and after each treatment session.

Subject Information

Subject demographics were reported.
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Determining Steady-State Minute Ventilation and Tidal Volume

Before steady state minute ventilation and tidal volume were obtained, the

work rates were checked and the possibility of the occurrence of oxygen drift was

investigated. Subject variability was assessed also.

Targeted Work Rates.Oxygen consumption data from the levels

determination sessions were analyzed for each subject to ensure that subjects were

working at the targeted work rates.

Evaluation of Oxygen Drift and Subject Variability. One subject repeated
the standard respirator condition three times to determine the variability in subject
responses and to determine if oxygen drift was occurring. All data from stage five
were plotted and a linear equation fit to the last four minutes of data (8 points). A

Student’s t-test was performed to determine if the slope was significantly different

from zero.

Steady-State Values. Oxygen consumption, minute ventilation, and tidaj
volume data for the four combinations of inhalation and exhalation resistance were
analyzed to determine steady-state values. The last three minutes of * a (6 points)
from each stage were averaged to determine the steady-state value for the subject and

respirator condition. The data from the eight subjects were averaged so that an
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average tidal volume and minute ventilation for each stage and each respirator

condition were obtained. Standard deviations were obtained also.

Development of Equations

The equations needed for the model structure were established. In some

Cases, existing equations were used. Where equations were not available, new

equations were developed.

The specific statistical procedures used to develop each equation are discussed
with each equation. In general, the following statistical analysis was performed. The
data were plotted and the relationship betv n the variables observed. A regression
equation was calibrated using the method of least squares. The standard error ratio,
standard error of the coefficients, the correlation coefficient, partial regression
coefficient, bias and mean bias were determined. The residuals were plotted and
examined for any patterns. Percentage errors in the predictions were determined ang

discussed. When sufficient data were available, a regression equation wag fit to

validation data. A Student’s t- test (hereafter referred to as a t-test) was performed to
determine if the coefficients in the validation equation were equal to the coefficients

in the calibration equation. The significance level was &= 0.05. If sufficient dat,

were not available for validation, the available data were plotted along the calibration

regression equation and the percent errors in prediction obtained.
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External Work Rate

Equations for determining the external work rate for various activities were

selected.

Efficiency as a Function of External Work Rate

The equations developed by Johnson (1992) for positive work rates were used.
A graph of efficiency versus positive work rate was obtained. Data was obtained
from Webb et al. (1988), Nagle et al. (1990), and Hambraeus et al. ( 1994). The data
from these studies were plotted on the graph of efficiency versus positive work rate

from Johnson (1992). The fit of the data to the equation was assessed using residuals

and percent error. Bias and mean bias were determined also.

Equations for negative efficiency were obtained. Data from Nagle et a],
(1990) were used to assess the equation. A plot was obtained of negative efficiency

versus negative external work rate along with the data from Nagle et a]. Residuals,

percent errors, bias and mean bias were calculated.

A linear regression equation was fit to the data in the region where the

Johnson (1992) equations did not fit well. A plot of the data points and the begt fit

equation were obtained.
Johnson (1992) specified the bounds for each of the four efficiency €quations

as the points where the equations intersected. Because one of the equations wag

changed, the bounds of the equations for the other regions were changed. The point
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at which the linear regression equation intercepted the equation at the upper and
lower bounds was taken as the new upper and lower bound for that region. The new
efficiency equations were determined and were plotted with the data from Webb et al.
(1988), Nagle et al. (1990), and Hambraeus et al. (1994). Residuals, percent errors,

bias, and mean bias were determined and compared to the statistics from the previous

equations.

Equations for n e efficiency versus extermnal work rate were obtained by

multiplying by -2 the efficiency for positive external work rate determined from the
Johnson (1992) equations. The old and new equations for negative efficiency were

plotted with the data from Nagle et al. (1990). Residuals, percent errors, bias, and
mean bias were calculated. Statistics from the new and old equations were compared.

Data from Luthanen et al. (1987) and Gaesser and Brooks (1975) were plotted

together with the new equations. Percent errors were used to evaluate the fit of the

model to the data.

Physiological Work Rate

The physiological work rate was calculated from the external work rate and

efficiency.

Oxygen Consumption

Oxygen consumption and respiratory exchange ratio data from Carle (1980)

were obtained. Physiological work rate was calculated using the Lusk (1928)
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equation. The data were randomly sorted. The random number generator in
Microsoft Excel was used to generate a random number for each data point. The data
points were sorted according to this random number. Two-thirds (340) of the data
points were used for calibration while one-third (170) were used for validation.

Oxygen consumption was plotted versus physiological work rate and a linear
regression performed. The data and regression line were plotted. Standard error
ratio, correlation coefficient, bias, and mean bias were obtained. A t-test was

performed to determine if the slope and intercept were significantly different from

ZEro,

As the intercept was not significantly different from zero, a zero-intercept
model was fit to the calibration data. A plot of the data and the regression line was
obtained. The standard error ratio, correlation coefficient, bias, mean bias, partial
regression coefficient, and standard error of the coefficient were determined. The

residuals were plotted against the physiological work rate. The percentage errorg

were obtained.
The validation data were plotted and a linear regression with a zero intercept

was performed. A t-test was done to determine if the slope of the validation equation
was the same as the slope from the calibration equation. The critical t-value for | 50
degrees of freedom and o, = 0.05 was 1.976. The null hypothesis was that the slopes

of the calibration and validation equations were the same. The null hypothesis was

accepted if the calculated t-value was less than £ 1.976.

Data from Cloud (1984) were plotted on the regression line. Percentage errors

were determined.
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Data from Caretti et al. (2001) and Powers et al. (1984) were used to validate
the selected equation. Data from these studies were overlayed on a plot of the

original data and the selected regression equation. The residuals were evaluated from

this plot. Percent errors in the model predictions were determined.

Minute Ventilation as a Function of Oxygen Consumption

Data were obtained from the eight subjects who completed the current study.
The data were obtained from the levels determination session, the initial test to
determine the speeds and grades for stages one to five for the respirator conditions. A
plot of minute ventilation versus oxygen consumption was obtained for each subject
and a linear curve was fit to the data below the anaerobic threshold while an
exponential curve was fit to the data above the anaerobic threshold.

The maximum minute ventilation (Vemax) and maximum oxygen consumption
(Vo2max) Were determined from the Voomax test. The steady-state minute ventilation
(Vg) and oxygen consumption (Vo) data were divided by the Ven,, and Vy,,. .

respectively, to get the percentage of Vemax (% Vemax) and Vozmax (% Vooumay).

The data were plotted. Linear, quadratic, exponential, and power models were
fit to the data. The following statistics were obtained for each model: Se/S,, bias,
mean bias, and correlation coefficient. The %V emax predicted by each mode] for

100% V opmax Was determined. Based on the statistics, one model was selected.
Two subjects from the current study completed the levels determination test

but could not complete all the respirator conditions. The data from those two subjects
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the calibration data. The calibration data and regression equation were plotted. The
Standard error ratio, the standard error of the regression coefficients, partial regression
Coefficient for the slope, the bias, mean bias, and correlation coefficient were

obtained, The residuals were plotted and the percent errors obtained.

A linear regression equation was fit to the validation data. The validation data
and equation were plotted. A t-test was performed to determine if the slope and

intercept coefficients of the calibration and validation equations were the same. The

null hypothesis was that the coefficients were the same. For eight degrees of freedom
(10 samples ~ 2 coefficients being fit) and o = 0.05, the critical t-value was 2.306,

The nuly hypothesis was accepted if the calculated t-values were within + 2.306.

The Effects of Resistance on Minute Ventilation and Tidal Volume

Average minute ventilation and average tidal volume were obtained for each
of the five stages and each of the three conditions. Multiple regression equations
Were obtained regressing average minute ventilation (or tidal volume) on inhalation

and exhalation resjstance. The standard error, correlation coefficient, and bias were

Obtained. Results were compared to the literature.

Cha”ge in Minute Ventilation with Dead Space

Minute ventilation and tidal volume data were obtained for rest and light

exercise (Stannard and Russ, 1948) and heavy exercise (Johnson et al., 2000). Data
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from Stannard and Russ (1948) were read from their Figure 1. The actual values

Were not presented.

Linear regression equations were fit to the resting and light exercise data.
Plots of the data and the regression lines were obtained. The following statistics were

calculated: S¢/Sy, r, bias, mean bias, and residuals. The residuals were plotted against

tidal volume.

A t-test was performed to determine if the slopes and intercepts of the
fegression equations were statistically different. For five data points, the degrees of
freedom were three (5 — 2 coefficients being fit). The critical t value for o = 0.05 for
3 two-tailed test was 3.182. The null hypothesis was that the slopes (or intercepts)

Were statistically the same. This hypothesis was accepted if the critical t value was

between -~3.182 and 3.182.

The average difference between the predictions made with the two regression
€quations was determined. The work rate as %Voomax Was estimated for rest and light
€Xxercise. An equation relating the change in minute ventilation to dead volume and

%V 02max Was obtained. The multiple regression equation was evaluated using the

light and heavy exercise data. Residuals and percentage errors were obtained for the

light exercise data.

Change in Tidal Volume with Dead Space

Tidal volume and dead space values for rest and light exercise (Stannard and

Russ, 1948) and heavy exercise (Johnson et al., 2000) were obtained. Linear
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Tegression equations were fit to the rest and light exercise data and the following
Statistics were obtained: Se/Sy, r, bias, relative bias, and percent errors. The data and

Tegression lines were plotted. Plots of the residuals versus dead volume were

oObtained.

Work rates were estimated for rest and light exercise and were expressed as

Percentages of maximal oxygen consumption. A multiple linear regression equation

Was fit to the data ; the followii  statistics obtained: S./S,, r, bias, relative bias,

and percent errors. Plots of the residuals versus % Vozmax and dead volume were

obtained. The r sion equation was checked for rationality of predictions.

Oxygen Consumption as a Function of Minute Ventilation

Ox__en consumption and minute ventilation data were obtained from the

eight subjects who completed the current study. These data were collected during the

levels determination session. The data were plotted and a regression equation fit to

the data. The correlation coefficient, standard error ration of the 21, standard

crror ratios of the coefficients, bias, and percentage prediction errors were calculated,

The oxygen consumption residuals were plotted against minute ventilation,

Data from two subjects who started but did not complete the current study

were used to validate the regression equation. The data were plotted with the

Tegression line. Perc 1tage errors we found.
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Oxygen Consumption as a Function of Tidal Volume

Oxygen consumption and tidal volume data were obtained from the Jeve]s
determination session of the current study. The data were plotted and a regression

€quation fit to the data. The following statistics were determined: correlation

coefficient, standard error ratio of the model, standard error ratios of the coefficients,

bias, m/  p; as, and percentage errors. The oxygen consumption residuals were

Plotted against the tidal volume.

Validation data were obtained from two subjects who started but did not

complete the current study. Their data were plotted along the regression line.

“Teentage errors were obtained.

Acni 1 Oxygen Consumption

Actual oxygen consumption was determined using the equation for oxygen

onsumption as a function of minute ventilation.

Oxygen Deficit

Oxygen deficit was found as the difference between required and actual

OXygen consumption.
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Simulations were run again using the new methods. Calculated parameters
were plotted against the associated measured parameters and a line of identity.

Percentage errors were obtained. Results were compared to those obtained before the

changes.

Mask / No Mask Simulations

Treadmill speeds and grades were determi; 1 for work rates in the ranges 2:
30%, 35-40%, 45-50%, 65-70%, and 80-85%. These work rates were chosen to
correspond to the work rates in the current study. An additional simulation was run at
an external work rate of zero achieved by setting the treadmill speed and grade to
zero. The U.S. Army M40 respirator was selected for the mask simulations. Other
than changing the mask and the treadmill speed and grade, all other inputs remained
at their default values.

The program was run at rest and the five work rates for the no mask and mask
conditions. Output files were generated for each simulation. Plots of adjusted minute
ventilation, adjusted tidal volume, adjusted oxygen consumption, respiratory rate,
inhalation time, exhalation time, inhalation work rate, exhalation work rate, inhalation
work, exhalation work, total respiratory work, and total respiratory work rate versus
percent of maximal oxygen consumption were obtained. The %V zmax Was based on
the required oxygen consumption instead of the oxygen consumption adjusted for
respirator mask resistance and dead volume so that direct comparisons between the

mask and no mask conditions could be made.
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Figure 1. Flowchart of the model of the effects of a respirator on the pulmonary

system during physical activity:
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deficit would be an important factor to consider. An estimate of performance time
could be made by dividing the maximum oxygen deficit by the oxygen deficit of the
activity. This might not provide a very accurate indicator of performance time, but
would provide the structure for future development of the model.

While it was not necessary to calculate respiratory work to determine the
effects of the respirator on breathing parameters such as oxygen consumption and
minute ventilation, it was felt that the addition of respiratory work calculations would
aidin the understanding of the effects of the respirator on pulmonary function.

The outputs of the model were chosen to be oxygen consumption, minute
ventilation, tidal volume, oxygen deficit, performance time, respiratory rate,
inhalation and exhalation times, and respiratory work. In order to determine these
parameters, a number of inputs were required. The output parameters were affected
by the external work rate, subject characteristics, respirator characteristics, and
respiratory system characteristics. The subject characteristics were age, height,
weight, and maximal oxygen consumption. Respirator characteristics included
inhalation and exhalation resistances, mass, and dead volume. Respiratory system
characteristics included additional dead volume and resistance. Parameters of the
model may be affected also by race/national origin, anxiety level, drugs, circulating
hormones, and body temperature.

Physical activity begins at a certain external work rate. There is an efficiency
associated with that work rate and the activity being performed. An amount of
physiological work must be done by the body to generate the external work. The

amount of oxygen required by the body is dependent on the physiological work rate.
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From the OXygen consumption, minute ventilation and tidal volume can be
determined. Respiration rate is found by dividing minute ventilation by tidal volume,
Inhalation and exhalation times can be found from the respiration rate, Respiratory
Wwork rate depends on minute ventilation and inhalation and exhalation times. When a
Tespirator is worn, the minute ventilation, tidal volume, and 0Xygen consumption are

altered. An oxygen deficit results and performance time is affected. This process led

to the model structure shown in Figure 1.
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Experimental Testing

Experimental testing was conducted in order to obtain data for stage three, the

development of equations for the model. Sufficient data were not found in the
literature to develop equations to determine the effects of respirator resistance on

minute vent; lation, tidal volume, and oxygen consumption during work between 25

and 80% of maximal oXygen consumption.

Subjecy Demographics

Subjects who participated in any study in the Human Performance Lab were
assigned a subject number. Subjects who had completed testing previously retained
the same subject number. So, subject 023 was the twenty-third subject tested in the
lab under the current numbering system. Therefore, non-consecutive subject numbers
did not indjcate missing data, but instead indicated the order in which the subjects
Started testing in the lab. Subject information for the eight subjects in the current

Study is shown in Table 3. Subjects 224 and 230 could not complete all the testing

Sessions; their data were not included.
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Table 3. Demographic information for the eig

ht subjects in the current study

SubjeCt Hei ght Vo2max Vo2max AT | STAl
501 (cm) (L/min) ngkg/nﬁn) (%) | Troit
172 4.42 8. 92 |28 |
002 160 238|410 78| 46
| 023 163 206 438 76 | 48
| 145 175 353 | 384 80 |44
| 173|183 317|423 85 |21
1214 [178 (497|645 64 |38
221 178 4.7 62.7 68 |35
231 |11l 256|415 70 |41
‘Mnnn IRGE NS 3.47 Fﬂg 77 37.6
;_S -—1-:1") _L_l_(\ 1 _ ] 93

The anaerobic thresholds given in Table 3 are generally higher than expected

(Weltman et al., 1978). The subjects Were generally fit although only subject 001
was actively training. The other subjects participated in recreational sports usually

involving hiking, biking, and jogging two tO three times per week.

Determining Steady-State Minute Ventilation and Tidal Volume

The work intensity expressed as percentage of Voamax at each of the five
stages is presented in Table 4 for each of the eight subjects.

ects in the current study expressed

of the eight subj
s were: 25-30%, 35-40%, 45-

Table 4. Work intensities for each .
for the five stage

as %VO2max. The targeted ranges

50%, 65-70%, and 80-85%

: J ‘ Stage 4

(S)(l)lb ect Stage 1 69a§g/o ggag‘e%s

1 j ) .

| 003 60.1% 72.2%

1 03 70.3% 81 '~

023 62.2% 82..5n

3 y N
7 70.7% 82.2v
0 68.2% 79.1%
1 70.5% 82.1%
= 9.6% 86.1%

<2l




For subject 002, tr - work rates for stages 1, 2, 4, and 5 were not in the targeted range.
The Stage two data was moved to stage one, while the stage 5 data was moved to
Stage 4. There was then missing data for stages two and five. Subject 001 had a hard

time maintaining constant breathing during stage one; a steady-state value was not

determined.

Evaluation of Oxygen Drift and Subject Variability

In subject 145’ first respirator session the subject performed stages one to
five without a break. Because of ¢ cerns of the possibility of ox' :n drift occurri;
at the higher work rates, the test was repeated twice with the subject getting break

Periods an returning to resting oxygen consumption levels before starting the next

Stage. (See Appendix B, Figures 64 to 66)

A regression line was fit to the last four minutes of data from stage five for

each of the three tests (see Appendix B, Figures 67 to 69). None of the slopes was

Statistically significantly different from zero at the o= 0.05 level. In fact, the

Probability levels for the three tests were 0.19, 0.30, and 0.46. Thus, oxygen drift was
ROt occurring during the testing.

Only stage five was evaluated becau  at that stage the given subject wag
slightly above the anaerobic threshold. The slow component of oxygen consumption
as defined by Poole and Richardson (1997) only occurs above the anaerobic
threshold. These authors stated that the onset of the slow component occurred 80 to

100 seconds after the start of exercise in this domain. While other researchers such ag
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Sﬁghﬂy larger differences occur at the lower work rates. This is not unexpected;
Changes in 8ait and arm movements at low work rates affect oxygen consumption
More than at pj gh work rates. The variability between tests was evaluated to

determine the amount of variability that might be expected in a person’s performance.

This Subject did not have much variability between test sessions.

Steady-State Values

Four respirator conditions were evaluated. The first was the half-mask used
during the test to determine treadmill speed and grade for each stage. This test
Session will hereafter be referred to as the levels determination session. The

inhalation and exhalation resistance were 0.7 and 0.8 cmH,O/L/s, respectively. The
dead volume of the mask was approximately 125 mL. Respirators A, B, and C had
inhalation anqg exhalation resistances of 0.88 and 1.69, 1.84 and 1.69, and 5.73 and
1.01 ¢mH,0/L/s, The approximate dead volume of each of these three respirators
Was 300 mL. The average steady-state minute ventilation and tidal volume values for
€ach respirator condition are shown in Tables 6 and 7.

Table 6, Steady state minute ventilation (L/s) for stages one to five for each of the
three 1

espirator conditions. Values reported are means + one stanc.iard deviatiop,
Stage [ Half-Mask_| Respirator A_[ Respirator B_| Respiror

035+0.11 [033£009  [03310.08 |0.33%008
046+012 [0443012 | 0443011 | 044%0.1]
0.5740.17 [05340.16 | 0.51£0.15 | 0.53%0.14
0891027 [0.83+0.28  |079+023 | 0.80%0.22
1284046 [1224045 [ 1124036 | 1.05+0.28
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evelopment of ""juations

During this stage, equations were determined to f  in the mode] structure.
Existing equations were used if they were available. If not, new equations were
developed. A summary of the equations used in the model is shown in Table §.

Units for the equations and descriptions of the variables are found within the text,

125



Table 8. Summary of the equations used in the model. See the text for explanations
of the variables and the units. Numbers refer to equations within the text,

External Work Rate

distance
cadence-load- ——l———t——— .
_ volution
WRe.tt - 601'6 (3)
4)

WR,, = h,,, -mass-n, g

(6)

G
Wch =m, gV —
: &V 700

Efficiency as a Function of Work Rate
n= VR 0<WR,, <20.1 (48)

200
1=0.1003 + 0.0006(WR,, —20.1) 20.1SWR,, <159.3 (49)
1593<WR,, <240 (50)

n=0.183+0.0002(WR,,, ~159.3)

n=02 240 <WR, (51)
Physiological Work Rate
WR, = Re (52)
n
-O\XYEE_H Consumption as a Function of Physiological Work Rate
(55)

Vor = 0.002952WR ,,,,

naerobic Threshold as a Function of Maximal Oxygen Consumption
(58)

AT =0.8624V,, , —7.1585

A

Minute Ventilation as a Function of Oxygen Consumption
%V g max = 0.0095 - BV *02max —0.133- BV 530 +17.153 (69)

Verae = 20.01V,,,., +27.855 (70)

Tidal Volume as a Function of Oxygen Consumption
(72)

%o Vs =0.9987 %V —1.6809
(73)

Tmax

Vi = 03864V, +0.6416

Tmax
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Change jp Minute Ventilation with Resistance

25-30% Vomax:  V; =03705-0.0037R,, ~0.02236R _, (75)
35-40% Voua:  V; =0.4754~0.0018R,, —0.0206R _, (76)
45-50% Voumss:  Vy =0.6088~0.0065R , —0.0469R 77)
65-70% Vormar: Vi, =0.9718-0.0156R,,, ~0.0846R _, (78)
80-85% Voomax:  Vy; =1.3979-0.0454R ,, —0.0967R _, (79)
Change in Tidal Volume with Resistance
25-30% Voymax:  Vy =0.5023+0.0059R ,, +0.1046R _, 80)
35-40% Voomax:  V; =0.6271+0.0092R , +0.2080R _, 81)
45-50% Vopmax:  V; =0.9698 0.0091R , +0.0890R _, (82)
65-70% Voomex:  Vy =14525-0.0027R , —0.0024R _, (83)
80-85% Voymax:  Vy =1.7955~0.0162R,, +0.0746R (84)
“hange in Minute Ventilation with Dead Volume
AV, =0.170432V,, —0.00681 - (%V°25‘f‘; - 015) ( 258) (87)

Change in Tidal Volume with Dead Volume

0.4256%V,

AV =0.1950+ 02517V, - m OOZmax (90)
Qxygen Consumption as a Function of Resistance and Dead Volume
Voz = 0.0340V, +0.4322 1)
Oxygen Deficit
0, deficit = Vorrequina =~ Yozaused (93)
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Performance Time

Perf time = —423—~
O, deficit

Respiratory Rate
RR _ VE.adjuszed

T.,adjusted

Respiratory Period

1
RPL
RR

Ex

Lxhalation Time as a Function of Respiratory ™ iod

T,, 0.6176RPD -0.2145
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External Work Rate

Equations for determining external work rate for walking or running, stepping
and cycling were discussed previously. Equations 3, 4, and 6 were selected for

Cycling, Stepping, and walking, respectively. These equations were:

distance
WRt‘Xl (3)
ov
WRm h step " TNASS Ny, - € 4)
(6)

Wchl :m! .g.v._G__
100

Efficiency as a Function of External Work Rate

A series of four equations (equations 9 — 12) were developed by Johnson
( 1992) that related gross efficiency to external work rate. Equations were developed
for ranges of 0 to 10 W, 10 to 140 W, 140 to 240 W, and 240 W or greater. Data
from the literature were used to assess these equations. If an equation for one, or

More, of the ranges did not fit well, a new equation was developed for that region or

regions.
A plot of the data and the Johnson (1992) equation is shown in Figure 2. Data

Were taken only from studies that used direct calonmetry because indirect calorimetry
Was used in a later part of the model. Using indirect calorimetry to fit the curve for

efficiency would preclude its use in fitting curves in the latter part of the model as
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Figure 2. Efficiencies from three studies plotted against external work rate and the equations developed
by Johnson (1992).



Parameters in latter parts of the model will be based on values from the efficiency
€quation. Only one data point was available in the region from 0 to 10W and this was
for OW where efficiency is 0%. No direct calorimetry points were available for work
Tates greater than 240W. In the 140-240 W range, there were two data points. The
Percent errors of these two points were —1.12 and 1.76%. While the errors were
small, both data points were obtained from one subject at the same work rate of

200W. So, the equation fits well for this one subject, but not much else can be said

about the equation.
In the 10 — 140 W range, there were five data points. The percent errors for

these points were 30, 21, 7.6, 4.5, and -2.5%. So, for four of the five data points the
equation over-predicts the efficiency. The bias of the model in this region was 0.09
While the mean bias (bias divided by y-mean) was 0.61. Both of these criteria

indicated that the model was biased. Again, with so few data points, not too much

Can be said about the fit of the equation. If more data were available, it is possible

that due to the variability of physiological data, the equation may actually under-

Predict. However, using the only data available, it seemed that the equation for the 10

to 140 W range (equation 10) should be changed.
The five data points that were in the 10 to 140 W region and the linear

regression line fit to these data are shown in Figure 3. The equation was:

n=0.0006-WR,, +0.0883 47
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Figure 3. Best fit line through efficiencies for work rates of 10 - 140 W.
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A plot of equation 47 with the equations for the other regions is shown in Figure 4,
The intersections of equation 47 with the equations of the two adjacent regions were
found. The intersection between equation 47 and the equation for the range 140 to
240 W was 159.3 W, the upper bound for equation 47. The lower bound of the region

for equation 47 was 20.1 W. The resulting equations for efficiency versus external

Work rate were:

’ % 0<WR, , <20.1 {48)
200
20.1<WR,, <1593 (49)

1 0.1003+0.0006(WR,,, —20.1)
n=0.183+0.0002(WR,, ~159.3)
n=0.2

159.3 "W..,, <240 (50)
240<WR, (51)

The ot of equations 48-51 and the data are shown in Figure 5. The errors for the

five points in the region 20.1 to 159.3 W were 9.6, 14.5, 2.1, -18.1 and -2.2%. The

bias of the model for this region was reduced from 0.090 to 0.018 while the mean bjag
Was reduced from 0.61 to 0.12. The fact that the bias was still negative indicated that
the model continued to over-predict the efficiency in the range. However, the bias

and mean bias were decreased by 80%. Thus, equation 49 fit the data more

dccurately than did equation 10.
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Figure 4. Intersection of the new regression line through the Johnson (1992) equations
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Figure 5. Data plotted against the new set of efficiency equations.
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The study conducted by Johnson et al. (2001a) showed that the efficiency of
fiegative work was equal to ~2 times the efficiency for positive work. Therefore,
negative efficiency was obtained by multiplying by -2 the efficiency for positive
eXternal work rate determined from the Johnson (1992) equations. A plot of the
Johnson (1992) equations and two negative efficiency data points are shown in Figure

6. Both the negative efficiency and work rate are plotted as positive values. The

Percent errors for these two points were -1 and 33.6%. The Johnson (1992) equation

under-predicted the efficiency.
A plot of the two negative efficiencies with the new equation is shown in

Figure 7. The errors for the two points were 25 and ~34%. The bias was decreased

from g, 16 to ~0.12 while the mean bias was reduced from -0.47 to -0.34. So, the

€quation still had a bias, but it was smaller.

Further statistical analysis with such a small data sample was not warranted.
However, efficiencies from two studies (Luhtanen et al., 1987; Gaesser and Brooks,
1975) that calculated internal work rate were used to evaluate the fit. The data are

plotted with equations 48-51 in Figure 8. The two studies were not used in

calibrating the model because the calculated internal work rates were used later in the

dcve]opment of the model. The percent errors for the Luhtanen et al. (1987) data

Tanged from -15 to 11%. The ranges of percent errors from the Gaesser and Brooks

(1975) data for 40, 60, 80, and 100 rpm were 10 to 25%, 11 to 23%, -6 to 16%, and

-42 t0 3%, respectively. So, the equations seemed to provide reasonable predictions
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of efficiency based on external work rate when looking at a limited number of darg

Pointg,
P hysiological Work Rate

Ph ysiological work rate was found by dividing the external work rate by the

ﬁCi( _;y:

WR, = WRe (52)

phys

W re: WRpys, physiological work rate, W

If the external work rate is zero, the model assumes zero efficiency, and a
Ph}’siologjcaj work rate equal > the basal metabolic rate. However, if the person is
TUnning op leve] ground, the person has a physiological work rate much higher than

basy] metabolic rate. For these cases, the physiological work rate was calculated.
Pando|f ¢ al. (1977) provided an equation for determining physiological work rate
for Subjects who were walkin g or standing with or without loads on different types of
'rrain. The; hors and other independent researchers (Myles and Saunders, 1979)

values. The equation was:
foung good agreement between predicted and measured q

WR , = 0.15W, +0.20(W, + W, XW,/W,)

0.102¢ (W, + W, fL.5v* + 35¢G/100)— (W, + W, WG/100
tU. b 1 .

phys

33)
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where: W, body weight, N
W), total load weight, N

C, terrain coefficient, dimensionless

Terraip coefficients varied from 1.0 for treadmill or blacktop surfaces to 2.] for loose

sand.

Oxygen ¢ onsumption

Originally, the intent was to substitute the Johnson (1992) equations relating
TeSpiratory exchan ge ratio to oxygen consumption and Vo into the Lusk (1928)
“quation rejatj ng physiological work rate to respiratory exchange ratio and 0Xygen
Consumption. The Johnson (1992) equations specified three equations for RER. The
selected equation depended on the % Voama. Thus, the 0x! "1 consumption must be
known to determine which equation to use. The three quadratic equations could be
solved for the ox ygen consumption based on the physiological work rate, Vo, and
%V 02max. The problem was that in order to determine % Voamax, the 0xygen
Consumption was needed. Another way to determine the oxygen consumption was
Needed.
Astrand and Rodahl (1970) showed that the oxygen cons_umption was a linear
function of the physiological work rate (their Figure 13-2). Based on that figure, 5
regression was performed relating oxygen consumption to physiological work rate

(see Appendix B, Fi gure 70). The regression equation was:
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Voo =0.002077WR - 0.01748 (54)

where: V,, oxygen consumption, L/min

WR s, physiological work rate, W

The correj ation coefficient was 0.994. The standard error ratio was (.109, indicating
that equatjon 54 provided bet  predictions than predictions made with the meap,
The bias ang mean bias were zero, The results of the t-test indicated that the slope

Coefficient was s; gnificantly different from zero, but that the intercept coefficient wag
not Signiﬁ'cantly different from zero. Because the intercept was not different from
2€ro, a zero

-intercept model was used.

The zero-intercept regression equation was:

Voz =0.002952WR (55)

phys
A plot of the data and regression line is shown in Figure 9. The correlation
Coefficient was 0.994. The standard error ratio was 0.11. If the S is less than Sy,
then the model makes better predictions of the y-variable than the mean. If the
Standard  ror ratio, S,/S,, is close to zero, a significant improvement in prediction
dccuracy has occurred. Thus, predictions made with equation 55 were better than
Predictions made with the mean. The bias was —0.07 and the mean bias was —0.03.

Thus, the model tends to under-predict. The adjusted correlation coefficient was
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0.985. The standard cor ation:  ficien with a zero bias. The

adjusted correlation coefficient is a more accurate measure of the model’s goodness
Of fit if there is a bias. A correlation coefficient (standard or adjusted) of one
indicates a perfect fit. So, the adjusted correlation coefficient indicated that there wag

2 high degree of fit even though there was a small bias.

The partial regression coefficient was 0.986. Values close to one indicate ap

important predictor. Tt ndard error of the coefficient was 0, indicating that the

slope coefficient was an important predictor. From the plot of the residuals it appears
that the error became larger as physiological work rate increased (see Appendix B,

Figure 71). The percentage errors were between -1.9% and 4.6%. So, overal],
©Quation 55 provided accurate predictions of oxygen « ption based on

Physiological work rate.

The zero-intercept model fit to the validation data was:

Vo, = 0.002947WR ,,,, (56)

A plot of the data and the regression line are shown in Figure 10. The correlation
Coefficient was 0.9949. The calculated t-value was —-0.024. As this value was Jess

than + 1.976. the critical t-value, the null hypothesis was accepted. That is, the slopes

of the calibration and validation equation were the same.
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The plot of the data from Cloud (1984) and the regression line is shown in
Figure I1. The data lie along the line and slightly below it. It appeared that equation
56 under-predicted the data. However, the percent errors ranged from —1.4% to 6.6%,
S0 the errors were very small.
Astrand and Rodahl (1970) showed that the oxygen consumption was a linear
function of the physiological work rate. Their graph provided the idea for relating
ox: consumption tc 1ysiological work rate only. An equation fit to their data
Tevealed a slope of 0.002936, which is very close to that obtait lin  uation 53,
Equation 55 does not directly take the respiratory exchange ratio “~*o account.
However, it does provide accurate predictions of ox; n consumption based on

Physiological work rate and it agrees with the information presented in Astrand and

Rodahi (1970,
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Mmultiple regression equations are negative, indicating that when wej ght increases, the
AT or the Voumax-AT difference decrease. When wei ght increases due to an increase
in body fat, a subject may not be as fit. The AT occurs at higher values for fitter
individuals (Claiborne, 1984). However, increased weight may occur when lean
Muscle mass increases through training. So, the rationality of the sign of the slope
Coefficients for wei ght is hard to assess.

When the standard error of the regression coefficient (lines 3-5 in Table 10) js
greater than 0.3 to 0.4, McCuen (1993) has found from experience that the coefficient

is of qQuestionable accuracy. Therefore, the intercept coefficients (line 3) in both

€quations 58 and 64 are of borderline questionable accuracy. The intercept

Coefficient in equation 61 is inaccurate, while the intercept coefficient in equation 68

is accurate, The slope coefficients (lines 4-5) are all less than 0.3 and are thus
dCcurate,

A partial regression coefficient (lines 6 and 7) close to one indicates an
important predictor, while a coefficient near zero indicates an unimportant predictor.
Thus, maximal oxygen consumption was an important predictor of AT in both linear
€quations (line 6). The partial regression coefficients for equation 64 indicated that
Weight was not as important a predictor as maximal oxygen consumption but that
both variables were important. Equation 68 has 2 partial regression coefficient

greater than one (line 6). This meant that there were significant intercorrelations

between the predictors. It is recommended (McCuen, 1993) that such a model not be

used,
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For standard error ratios less than one, the model provides an improvement
Over predictions made with the mean. The standard error ratios for the four €quations

indicated that prediction accuracy could be improved by using the models in

€quations 58, 61, 64, and 68.

The bias of a model should be close to zero. A positive bias indicates that a
Mmode] consistently overpredicts, while a negative bias shows underprediction,
Equations 58 and 64 have zero biases while equations 61 and 68 have negative biases,

The plots of the residuals against the independent variables showed that there
Were no patterns to the residuals (see Appendix B, Figures 72 to 77). This indicated a

Constant varjance.
The number and percent of errors greater than £ 20%, + 40%, and £ 100%

show that the errors produced by equation 68 are quite large. Ninety-percent of the

Predictions are in error by more than 20%. The other three equations have similar

Percentages of errors greater than 20%, 40%, and 100%.

The model in equation 61 was eliminated because of the inaccurate intercept
coefficient and the model bias. Due to model bias and large percent errors in
Prediction, equation 68 was eliminated also. The models in equations 58 and 64 have
intercept coefficients that are of borderline questionable accuracy, zero biases, and
similar percent errors in prediction. However, based on the standard error ratio,

€quation 58 provided a larger improvement in prediction accuracy over the standard
deviation (0.559) compared to equation 64 (0.688). Therefore, equation 58 was
selected. The anaerobic threshold was related to the maximal oxygen consumption

by:
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AT =0.8624V,,  ~7.1585 (58)

Where: AT, anaerobic threshold, mL/kg/min

Vo2max, maximal oxygen consumption, mL/kg/min

A plot of the data and equation 58 are shown in Figure 12.
Anaerobic threshold data was obtained for subjects who completed a study on

the effects of exhalation resistance in a respirator on p ianceof tl w

(Caretti et al,, 2001). Additional data was obtained from Powers et al. (1984). Figure

13 shows this data o __1ayed onto a plot of equation 58 and the data used to obtain it.

The new dara is consistent with the data used to develop the equation.

Equation 58 consistently overpredicts the anaerobic threshold for Carett; et al,
(2001) and underpredicts for most of the Powers et al. (1984) data. The percent error

in the residuals for the Caretti et al. (2001) data ranged from ~29 to 9% while that for

Powers ¢ al. (1984) ranged from —6 to 67%. For the two validation studies

COmbined, 389% of the errors are greater than 20%, 17% are greater than 40%, and 0%
are greater than | 00%. These prediction errors are higher than those for the original

data yseq to develop equation 58. However, this does show that 83% of the predicted

values are within 40% of the actual values. Considering the correlation coefficient of

€quation 58, the coefficient with the borderline questionable value, and the highly

Scattered data, these errors are reasonable.
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An equation can be fit to the validation data and the slope and intercept of the
€quation compared to the slope and intercept equation obtained from calibration.
This was not done because of the small amount of data and the variability in that data.

The high correlation coefficient shows that the model fit the data wel] over the
Whole range of subjects. But, looking at any individual point, there may be a large
error. This error is due in part to the heterogeneity of the data. This heterogeneity is

€vident even when looking just at one gender, one training status, and one small age

Tange. For instance, Powers et al. (1984) looked at thirteen trained males and found

that the AT occurred at 41 to 74% of Voamax. SO, even when a relatively

homogeneous group is considered, the AT data is heterogeneous.

Multiple regression equations were evaluated because it seemed likely that AT
may have depended on more than just the Vozmax. Part of the scatter may have been
due to this other factor or factors. However, these equations provided less accurate

Predictions than the linear equation selected.
The correlation coefficient of 0.83 found in this study was consistent with the

results from Dwyer and Bybee (1983) (r = 0.87), Rusko et al. (1980) (r = 0.61),
Thorland et al. (1980) (r = 0.81), and Weltman and Katch (1979) (r = 0.81). The

Subjects used in the previous studies included females and males that were

recreational athletes or highly trained athletes. The present study included subjects
with training statuses from sedentary to highly tr ained. Thus the relationship between

AT and Vg, appears to hold regardless of training status. The inclusion of

sedentary individuals in the present study allows the results to be applied to a broader

range of subjects. Respirator wearers are probably not highly trained athletes, so the
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inclusion of sedentary people, recreational athletes and highly trained athletes should
make the equation more applicable to actual respirator wearers. As the AT has been

shown to be unaffected by respirator wear (Johnson et al., 1995), equation 58 applies

to both respirator wearers and unencumbered subjects.

Minute Ventilation as a Function of Oxygen Consumption

Based on predictions from equation 58, the eight subjects in this study had one
Stage above the anaerobic threshold. Typical curves are shown for subjects 214 and
231 in Fi gures 14 and 15. (For plots of the data for the other subjects, see Appendix
B, Figures 78 to 83.) The selected curves were used because a linear relationship
below the AT and an exponential relationship above the AT had been seen for

Progressive exercise (Martin and Weil, 1979). So, these curves were used to see if

the same rel ationships held for constant-rate exercise. With only one point above the
anaerobic threshold, it was difficult to assess whether an exponential curve was the
best fit. There were four data points below the anaerobic threshold. While the
correlation coefficients were high, this is due in part to the small number of data
points. By examining the line itself through the data points, the fit of the equation

Was observed. For many of the subjects, it appeared that there was a curvilinear

relationship below and above the anaerobic threshold.
The linear curves fit to the data below the anaerobic threshold had slopes that

ranged from 17.544 to 34.519 and intercepts that ranged from -21.34 t0 2.56. The
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slopes for the exponential curves ranged from 0.29 to 1.04 while the intercepts ranged
from 6.28 to 26.15. As the exponential curves were fit to two points, it was expected
that there would be a lot of variability in the slope and intercept coefficients,
However, the coefficients for the linear portion showed a lot of variability also. Thjs
Variability is not surprising considering the variability in the data itself. For a Vo of
3 L/min, subject 001 had a minute ventilation around 64 L/min while subject 145 haq
4 minute ventilation of 105 L/min. If Vo, were expressed as %V osmax, there was sti]]
a lot of variability. At 80-85% of Voamax, subject 001 had a minute ventilation of 92
L/min while subject 002 had a minute ventilation of 38 L/min. Clearly, predicting

minute ventilation from oxygen consumption alone would not give good results.

So, the problem was the data seemed to yield similar shaped curves, but the

slope and intercept coefficients were vastly different. As %Vozmax is used to make

comparisons among different subjects, it was decided to evaluate whether a % Vg,

Would be beneficial to make comparisons. So, the Vemax Was obtained from each

Subject’s Vo, test. (See Appendix B, Figures 84 to 91 for plots of the data.)

The data were now all on a relative scale and were thus combined. Figure 16

shows a plot of the data. Because the relationship between the variables was

. 2 ' = ae®
unknown, linear (y = ax + b), quadratic (y = ax™ + bx + ¢), exponential (y = ae”), and

: istics for the four mo
Power (y = ax”) models were fit to the data. The statistics fi dels are

shown in Table 12.
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Table 12. Standard error ratio, bias, mean bias, and correlation coefficient for the

linear, uadratic, exponential, and power models.
} Linear ] Quadratic/ Exponential ]Power]

10.342 /0.133 ] 0.311 10.343]
/-0.001 /0.147 -0.263 [-0.5117

Mean bijas l 0 ]0.004 ]-0.006
10.951 [0.966 lo.959]

0.941

The correlation coefficient for each model was high. The standard error ratios
for the four models indicated that each provided a significant improvement over
Predictions made with the mean. Each of the models had a bias. The quadratic

€quation over-predicted (positive bias) while the linear, exponential and power

models under-predicted (negative bias).
A model should generally not be used beyond the range over which it wag
developed. However, no data was collected at work rates higher than 80-85% of

Vo2max. The overall model that is being developed to predict the pulmonary effects of
Tespirator wear during physical activity will include higher work rates. The predicted
%V Emax Was determined for 100%Vozmax to evaluate the applicability of the three
models to higher work rates. The % Vemax for the linear, quadratic, exponential, and
Power models were 83.5%, 98.85%, 104.84%, and 81.66%, respectively. The linear
and power models do not come close to predicting 100%VEmax for 100%V om,y, while

the exponential and quadratic models do. The linear and power models were rejected

because of this.
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The quadratic model had a lower standard error ratio and a smaller bjas, The
€Xponential mode] had a higher correlation coefficient and a lower average percent
crror (0.739% Compared to 1.71%). However, the values for each of the statistics were

Close. There was no clear distinction between the quadratic and exponential models.

The Quadratic model was selected because of the slightly better statistics. The

70V emax was predicted from the following equation:

PV £ =0.0095- BY *020ux ~0.133- %V, +17.153 (69)

A plot of the data and the regression curve are shown in Figure 17. (See Appendix B,

Figures 92 to 94 for plots of the linear, exponential, and power models.)

The data from the two validation subjects are plotted on a graph of equation
69 shown in Fj gure 18. The percent errors ranged from —22% to —-3%. For these two
Subjects, the residuals (see Appendix B, Figure 95) and the percent errors showed that

the mode; consistently under-predicted the % Vemax. However, these errors were not

large considering the variability of the data.
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Determining Vi, Equation 69 related the percent of maximum minute
Ventilation to the percent of maximum oxygen consumption. Maximum oxygen
Consumption is determined from a common test and is reported in the literature. If
the required ox ygen consumption is determined using equation 55, then the right-
hand side of equation 69 can be determined by dividing the required oxygen
Consumption by the maximum oxygen consumption. The percent of maximum
Minute ventilation can be obtained from equation 69. In order to determine the
Minute ventilation, the maximum minute ventilation is required. This can be obtajneg
durjng the same test used to determine the maximum oxygen consumption. However,
it is not reported commonly. A way of determining the maximum minute ventilation
Was needed.

The maximum minute ventilation (Vemax) Was obtained for the subjects in the
current study and a re gression performed (see Appendix B, Figure 96). The high
Correlation coefficient (0.898) indicated that there was a strong relationship between
the VEmax and Vo2max.

Data were obtained from studies conducted by Johnson et al. (1999) and
Caretti et 4, (2001). The data were sorted in ascending order by Voamax and then

every third data point was removed and set aside for validation. The calibration data

are shown in Figure 19. The regression equation was:

(70)
Vi = 20.01V,,.. +27.855

. o "
where: Vg, maximum minute ventilation, L/m
Voamax, Maximum oxygen consumption, L/min
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The correlation coefficient (0.751) was lower than that obtained from the
Current study (0.898). This showed that small data sets should not be used to fit
physiological data due to the large variability in the data.
The ratio of the standard error to the standard deviation (S¢/Sy) was 0.678,
Which indicated that the model provided an improvement over the mean in making
Predictions. The ratio of the standard error to the coefficient (Se(b3)/b;) for the slope
and intercept coefficient were 0.207 and 0.467, respectively. McCuen (1993) has
found th g Wwhen the ratio is greater than 0.3 to 0.4, the coefficient is of questionabje
accuracy. The partial regression coefficient (t;) was 0.751, which indicated that the
slope coefficient was a strong predictor. The model bias and mean bias were ~0,001
and -1.4E-5. These low values showed that the model made slightly biased
Predictiong, However, the bias was very small. There was no pattern to the residuals
(see Appendix B, Figure 97).

The validation data and the linear regression line were shown in Fig,__: 20,

The regression equation was:

(71)
Vemy = 20.476V 5y, +33.396

2max

The correlation coefficient was 0.823. The culated t-values for the slope and
intercept coefficients were 0.357 and 0.332, respectively. The null hypothesis was

accepted for both coefficients. That is, the slope and intercept coefficients from the

i isti i nt.
Calibration and validati.... data were not statistically differe
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It had been mentioned that large data sets should be used when fitting
empirical curves to physiological data due to the large variability in the data, Only
eight subjects were used to fit equation 70. However, there was no additiona] data
available. A search of the literature showed no one else who had presented the
relationship between minute ventilation and oxygen consumption in the same way. In
order to have included more subjects, the Vemax Was required. It is not common to

Teport this variable. For instances where Voz and Vg data would be reported, such ag

N graduate theses where different Vo, max tests were compared, no additional

Constant-rate exercise tests were performed. So, there were no additional data that

Could have peen included.
Equation 69 was developed over a work range of 25 —85%. Work rates in the

Overall model will include work rates outside this range. Generally, a model should

not be used outside the range over which it was developed (McCuen, 1993).

However , as there were no additional data available, equation 69 was used for other

Work rates. For this reason. one of the selection criteria was the %VEemax predicted by
redict a2 % Vemax near 100%

€ach equation for 100%Vosmax. Models that did notp
5% range was possible. Certainly,

Were rejected. No other validation outside the 25-8
ader range of work rates to

data should be obtained on more subjects over a bro
for a larger population. For now,

determine how well equation 69 makes predictions
ck of data could limit the expected

this equation was the best one available, but this I

accuracy of model results.
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Tidal Volume 45 4 Function of Oxygen Consumption

The plots of steady state tidal volume versus steady state oxygen consumption
are shown for two typical subjects in Figures 21 and 22 (see Appendix B, Fj gures 9§
0 103 for the plots for the other subjects). The relationship between the variables fo,
four of the subjects (023, 145, 173, and 214) was curvilinear. The other four subjects
had different patterns. Tl plot for  dject 001 showed that there might be a linear
relationship up to a point where the tidal volume leveled off. This was the
relationship reported by Martin and Weil (1979) for subjects undergoing incrementg]
CXercise. However, their subjects had linear curves up to the anaerobic threshold,
With tida] volume plateauing above the anaerobic threshold. For subject 001, the

Plateau appears before the anaerobic threshold. Martin and Weil (1979) did state that

not all subjects exhibited the same pattern.
The steady state tidal volume values were obtained when oxygen consumption

Ieached a steady state. While minute ventilation was also at a steady state, tidal
volume was often quite variable particularly at the lower work rates. At the higher
Work rates, there was less variability in the 30-sec tidal volumes. These differences
are probably due to the fact that the subjects had more willful control over their
ventilation at the lower work rates than at the higher rates. The differences in the
Patterns of tidal volume versus oXygen consumption are likely to be due to the non-

Steady state values of tidal volume for some of the subjects at the lower work rates.
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The tida] vol .
. ume at a given oxygen consumption varied by Subject. A way of
ating the ¢
& the tidal volume to OXygen consumption independent of the particular sy
ar subject

as Necegg . .
ary. The maximum tidal volume was obtained for each subject, T
- These

Vaﬁed fr
om 1.43t0 3.16 L. The % V1max and %Voyma, were obtained. (See Appendi
' ndix

By Fi u
gures 104 to 111 for plots of the data). At stage one, %V 02max ranged from 2¢

1% whi
hile v, ranged from 22-36%. So, there wasn’t a Jot of variability jp
%V
Tmax OF %V 0gmax at the Jow work rates. However, at stage five, there were lar
1 ge

diffe
Tences. For work rates of 77-86% of Vopmax, tidal volume ranged from 6] 90
909,

So e
y Cve : .
N when the tidal volume was expressed relative to the maximum for each

Suh:
Ubject there Was a lot of variability.

The data from the subjects were pooled. A plot of the data is shown in Figur,
e
23, )
From the plot, it appeared that there was a linear relationship between the

Var N
ables, However, the individual plots of %Vrmax versus %Voym, for four subjects

Show, - . . )
ed a curvjljnear relationship. So, linear (y = ax + b), quadratic (v = ax? + bx +

c :
) €Xponentia] (v = ae?), and power (y = ax”) models were fit to the pooled data. A

sy C )
Mmary of the Statistics is shown in Table 13.

ITable 13. Stan

in dard error ratio, bias, mean bias, and correlation coefficient for the
far, quadratj

¢, exponential, and power models fit to the % Vyma.. and %V 02max data
Linear / Quadratic / Exponential / Power '

0.425 / 0.402 / 0.446 / 0.427

/ 0.002 / 0.065 / -0.797 / -0.792

/ 3.52E-05 / 0.001 / -0.015 / -0.015

/ 0.9077 / 0.9077 / 0.8947 / 0,90307
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The standard error ratios indicated that all four models made improved
Predictions compared to predictions made with the mean. All four models had hj gh
Correlation coefficients. The exponential and power model had biases of —0.8,

indicati ng that they consistently under-predicted the %Vrmax. The linear and

Quadratic models had small positive biases and thus over-predicted. The fact that the

Mean biases for the latter two models were near zero indicated that the model biag

Was small cor d to the average y-value (%VTmax). Because of their larger biages,

the exponential and power mode  were eliminated.

« 1€ linear and quadratic models had comparable statistics. For 100%V 02mmay,
the linear model predicted a tidal volume of 98% of maximum while the quadratic
Predicted 99% of maximum. The percent errors were evaluated. The total number of
Points greater than + 20%, + 40%, + 50%, and + 60% we letermined. Both models
had 1] points greater than + 20%, 3 points greater than * 40%, 2 points greater than
*50%, and no points eater than * 60%. As the statistics and percent errors were
about the same for the linear and quadratic model, there were no sraistical reasons for

selectin g one model over the other. The linear model was selected because it was

simpler. The linear model was:

2
%V, =0.9987 % Vym ~1-6809 (72)

A plot of the data and the regression line are shown in Figure 24. (See Appendix B,
tial, and power models.)

Figures 112 to 114 for plots of the quadratic, exponct
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Linear model fit to the pooled data from the eight subjects who completed the current study
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The plot of the validation data from subjects 224 and 230 is shown with a plot
of the equation in Figure 25. For these two subjects, the model consistently under-
P “cted the % Vrmax. The residuals showed that the errors were larger for lower

%VOZmax (see Appendix B, Figure 115). This did not agree with the residuals

obtained with the original data set. The percent errors ranged from -42% to 0.2%.

Seven of the ten data points were within * 20% error while nine of the ten were

Within + 40%. | .jese | \ com ble with those of the calibration data set, A
larger datq set is needed to truly validate equation 72. However, there are no other

data ava; lable. Based on the limited data available, equation 72 makes adequate

Predictions of %V max as a function of %V 02max-
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Maximum Tidal Volume as a Function of Maximum Oxygen Consumption

In order to use equation 72, the maximum tidal volume (Vrma) needed to be

determined. As the VEmax Was shown to be related linearly to Voymay, it was possibie
three studies were sorted in ascending order by Vozmax S0 that the full range of Voo,
X

Values were used for both calibration and validation. A plot of the calibration data

and tl linear  :ssion equation are shown in Figure 26. The equation was:

(73)

Vi =0.3864 -V, +0.6416

where: Vg, maximum tidal volume, L

V 02max, Maximum oxygen consumption, *

The standard error ratio was 0.769,which indicated that an improvement in the

Prediction accuracy was obtained with equation 73 compared with predictions made
with the mean. The correlation coefficient was 0.664. The standard error ratios for

the slope and intercept coefficients were 0.266 and 0.502, respectively. McCuen

(1993) had found from experience that ratios higher than 0.3 to 0.4 indicated
pt may not be accurate. The

coefficients of questionable accuracy. SO, the interce
pe (0.663) indicated that the slope coefficient

Partial r  ession coefficient for the slo
~7.4E-05 and —4.1E-05,

was an important predictor. The bias and mean bias were
the model made unbiased predictions. The residuals

As both were essentially zero,
116).

had no apparent pattern (see Appendix B, Figure
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The validati ;
ation data and the [inear regression equation are shown in Figure 27.

The €quation is:
Vo'lmax = 0'5 ) V’]‘mx + 0.3879 (74)

The correlation coefficient for this equation was 0.816. The calculated t-values for
the slope and intercept coefficients were 0.662 and -0.575, respectively. As both
were within the critical value of + 2.306, the null hypothesis was accepted for both.
That is, the slope and intercept coefficients from equations 73 and 74 for the

calibration and validation data were the same.

Summary of Tidal Volume as a Function of Oxygen Consumption. Tidal
volume as a function of oXygen consumption for incremental exercise was shown for
some subjects to increase linearly below the anaerobic threshold and plateau above
the anaerobic threshold (Martin and Weil, 1979). Data plots for the subjects in this
study showed that this relationship did not hold for steady state exercise. Four
subjects exhibited curvilinear relationships while the other four each had different
relationships. Part of the difference may be due to the fact that a steady state tidal
volume was not always reached at low work rates even though oxygen consumption
and minute ventilation were steady. Subjects were instructed to maintain breathing,
stride, and arm movement as constantly as possible at the low work rates. However,
many subjects reported that they would breathe shallowly and then take a deep breath.

The overall minute ventilation did not change much, but the tidal volume did. This
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valj { . . .
alidation equation was statistically the same as the calibration equation. The fact
that the correlation coefficient was higher for the validation equation than for the

Calibration equation is another example of why small data sets should not be used

with physiological data.

The Effects of Resistance on Minute Ventilation and Tidal Volume

The multiple regression equations relatingm’  te ventilation * inhalation ang

¢xhalation resistance for each of the five stages were:

Stage one: V, =0.3705-0.0037R , —0.02236R (75)
Stage two: V., =04754 -0.0018R, ~0.0206R )
Stage three:  V,, = 0.6088~0.0065R ;;, — 0.0469R ,, (77)
Stage four: 'V, 0.971¢ 0.0I56R;, - 0.0846R (78)
Stage five:  V, =1.3979~0.0454R,, — 0.0967R . (79)
where: Vg, minute ventilation, L/s
R..p, inhalation resistance, cmH,0/L/s
Ry, exhalation resistance, cmH,O/L/s
The equations for tidal volume were:
(80)

Stagcone:  Vy =0.5023+0.0059R;y, +0-[046R,
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Stage two:  V; =0.6271+0.0092R,, +0.2080R (81)

Stage three:  V; =0.9698 - 0.0091R ,,, +0.0890R _ . (82)
Stage four:  V, =1.4525-0.0027R,, —0.0024R (83)
Stage five:  V, 1.7955-0.0162R , +0.0746R (84)

where: Vr, tidal volume, L
Rian, inhalation resistance, cmH,O/L/s

Rexn, €xhalation resistance, cmH,O/L/s

Plots of the intercept and slope coefficients versus work rate for the minute
ventilation and tidal volume equations are shown in Figures 28 to 31. The minute
ventilation increases curvilinearly. This is to be expected from equation 69 relating
minute ventilation to oxygen consumption. Similarly, the increase in tidal volume
with work rate is linear as was shown in equation 72 relating tidal volume to oxygen
consumption. Figure 29 shows that the resistance coefficients for minute ventilation
related to work rate have a greater magnitude as work rate increases, with the
exhalation resistance coefficient always having a greater  _ tur  than the
inhalation resistance coefficient. The resistance coefficients for tidal volume shown
in Figure 31 do not have a definite pattern.

The standard error ratio and correlation coefficient for the regression of
minute ventilation or tidal volume on inhalation and exhalation resistance separately
are shown for each of the five stages in Table 14. The bias for each model was

approximately zero.
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37% of the time when it is false. In other words, the regression is considered not

Significant 37% of the time when it really is.

The standard error ratios were low and correlation coefficients were high for
the minute ventilation equations. These statistics indicated that there was a strong
relationship between minute ventilation and resistance and that the equations
Provided improvements in prediction accuracy over predictions made with the means,

For the tidal volume equations, the standard errors were high and the
correlation coefficients low for stages one, three, and four. These statistics indicated
that the equations relating tidal volume to resistance at stages one, three, and four
Were not accurate. The equations for stages two and five had low standard error

ratios and high correlation coefficients. Thus, equations 81 and 84 provided good

Predictions of tidal volume.
All of the slope coefficients in the minute ventilation equations were negative,

indicatin g that minute ventilation decreased with increased resistance. These results
agreed with those reported in the literature (Flook and Kelman, 1973; Silverman et
al., 1951; Hermansen et al., 1972; Cerretelli et al., 1969; Caretti and Whitley, 1998;
Johnson et al., 1999; Caretti et al., 2001). Flook and Kelman (1973) found that the
slope coefficients for inhalation resistance for work rates of 35, 50, and 70% were ~
0.0023, -0.005, and ~0.214, respectively. These work rates corresponded with stages
two, three, and four in the current study. The slope coefficients in the current study (-
0.0018, -0.0065, and ~0.0156) were of the same order of magnitude as those found by

Flook and Kelman (1973). Johnson et al. (1999) reported an inhalation slope
coefficient of ~0.0687 for work at 80 — 85% of Vozmax- The slope coefficient of
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Wwhich was of the same order of magnitude as the Flook and Kelman (1973)
coefficient. The coefficients of inhalation and exhalation resistance for stage two
were both positive, which indicated that tidal volume increased with increasing
resistance. This agreed with the results of Silverman et al. (1951) and Hermansen et
al. (1972) that tidal volume at low work rates increased with resistance,

There were little data on the effects of resistance on tidal volume at very low
work rates. The equation for stage one of the current study was rejected because of
the high standard error ratio. Silv.__1an et al. (1951) found for subjects pedaling a
bicycle ergometer with no load that tidal volume increased with resistance. This
would appear to conflict with the current study that there was no effect of resistance
on tidal volume at the lowest work rate. The rejection of the stage one equation may
be due to the fact that the power of the current study (0.63) was lower than the
conventional value of 0.8 (Ewen, 1971). With a low power, the regression may be

found insignificant despite the fact that it is significant.

The fact that the equations for stage three (45 ~ 50% Vo2max) and four (65 —

70% V oymay) in the current study did not provide accurate predictions indicated that
there was not a significant effect of resistance on tidal volume at these two stages,

These results agree with those of Flook and Kelman (1973). Silverman et al. (1951)

found also that there were only small changes in tidal volume with resistance at

moderate work rates.
At high work rates, Hermansen et al. (1972) and Silverman et al. (1951) found

ith increased resistance. Caretti and Whitley (1998)

that tidal volume decreased w.
eat8C 85% Voomas. However,

found that tidal volume was insensitive to resist..
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the external work rate was adjusted for each respirator conditions so that the subject
was working at 80 — 85% Voamax With each respirator. Assuming the subjects were
able to continue to increase their tidal volumes with the increased externa] work rates,
the effect of resistance may not have been seen. Tidal volume may have increased,
but the increased resistance could have offset the tidal volume increases.

The slope coefficient of the exhalation resistance for stage five was positive,
indicating that the exhalation resistance increased the tidal volume. While both
Silverman et al. (1951) and Hermansen et al. (1972) found that tidal volume
decreased at high work rates, the individual contributions of inhalation and exhalation
resistance were not quantified. For stage five in the current study, the percent
changes in tidal volume compared to the lowest condition were 3.5, 2.6, and —3.5%.
So, the tidal volume increased and decreased. If the percent changes were instead
compared to the first respirator condition, the changes were —1 and -7%. Both
Silverman et al. (1951) and Hermansen et al. (1972) used only two resistances. As
the effects of resistance on tidal volume in the current study depended on which
resistances were compared, perhaps the true effect of resistance on tidal volume was

not seen in the other two studies.

Change in Minute Ventilation with Dead Space

The minute ventilation and dead volume data are presented in Table 15. The

dead volumes shown in the *-*-le differ from the actual values used by Stannard and
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Stannard and Russ (1948) noted that the slopes of the two equations were
similar and that there appeared to be a 2 L/min or 0.033 L/s difference betweep the
corresponding minute ventilations. The t-test of the slope and intercept was used to
test this observation statistically. The calculated t values for the slope and intercept
were 0.13 and -8.47, respectively while the critical t value was 3.182. So, the null
hypothesis was accepted for the slope coefficient but not for the intercept coefficient.
Thus, the slope coefficients of equations 85 and 86 were the same while the intercept

coefficients were different.
The average difference between the predictions made with equations 85 and

86 were 0.0301 L/s, or 1.80 L/min, slightly less than the 2.0 L/min observed by
Stannard and Russ (1948). The light exercise involved work rates that doubled the
resting oxygen consumption. Actual data were not provided. If the resting Oxygen
consumption was assumed to be 0.45 L/min and the Voomsx Were 3 L/min, the resting
Oxygen consumption was 15% of Voamax While the light exercise was 30% Vooma..
These resting and maximal oxygen consumptions were typical values obtained from
the current study. If it is further assumed that the minute ventilation decreases ].8
L/min for every 15% increment in %V ozmax 2N equation can be developed that relates
the change in minute ventilation to both dead volume and work intensity. The 1.8

L/min decrement could be subtracted from the original resting equation. This would

yield:
av.. -015)(138
5 _—( 60) ®7)

AV, =0.170432V, —0.00681-= %

200



The third term decrements the minute ventilation 1.8 L/min or 0.0301 L/s (1.8/60) for
every 15% increment in work intensity. For a work intensity of 15%, equation 87
reduces to equation 85.

Equation 87 was applied to the light exercise data. The residuals indicated
that the model over-predicted for low dead volumes and under-predicted for higher
dead volumes (see Appendix B, Figure 119). With only five points, it was difficult to
tell whether the was truly a pattern to the residuals. The percentage errors were
194, 35, -4, -10 and =3%. The 194%  >roccurred for the 0.249 ™ dead volume.
The actual change in minute ventilation was very small, 0.0019 L/s or 0.1129 L/min.
The predicted value was 0.33 L/min, so the error is really just 0.22 L/min. So,
equation 87 does make accurate predictions for light exercise.

For heavy exercise, Johnson et al. (2000) reported no change in minute
ventilation with external dead space. Equation 87 predicted negative changes in
minute ventilation for work rates of 80% Vozmax- If the results were forced to zero,
equation 87 would be accurate.

For equations 85 and 86, change in minute ventilation were predicted for no
added dead volume. The data on which these two equations were based only looked
at dead volumes between 250 and 645 mL. Generally, models should not be used
beyond the data ranges for which they were developed (McCuen, 1993). However,
data were not available at lower dead volumes for subjects at rest or during light
exercise. The overall model of the pulmonary effects of respirator wear will include a
no mask condition, and hence a condition with no added dead volume. Equations 85

and 86 will be used for that model. If the equation predicts a negative minute
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Change in Tidal Volume with Dead Space

The tidal volume and dead volume data are shown in Table 16.

Table 16. Changes in tidal volume (L) with external dead volume (L) at rest and
during light and heavy exercise. The rest and light exercise data are from Stannard
and Russ (1948) while the 80 — 85% Vo2max data are from Johnson et al. (2000).
Vp AVr | exercise Level
L 1w
0.25 |0.132 | Rest
1 0.7 10.209 | Rest

N <~ 1Nn163 | Rest
vaz U144 1 Reer L
0.55 [0.347 | Rest
0.640 | 0.410 | Rest
0.25 | 0.006 | Light Exercise
0.35 [0.111 | Light Exercise
0.42 |0.114 | Light Exercise
0.55 ]0.310 | Light Exercise
0.640 | 0.386 | Light Exercise
0.288 |0 80 — 85% Voomax
0.381 |0 80 — 85% Voomax
0.445 0 80 - 85% V02max
0.645 | 0 80 — 85% Voomax
1.162 |0 80 — 85% Voomax

The equation obtained from regression on the resting data was:

AVT = 0.7468vD —0.08445 (88)

where: Vp, added external dead volume, L

AVr, change in tidal volume, L

The data and the regression line are shown in Figure 34. The correlation coefficient

was 0.9229, which indicated that there was a high correlation between the dead
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volume and the change in resting tidal volume. The model and relative bias were
Z€r0, indicating that the model neither consistently under- or over-predicted. The
Standard error ratio of 0.43 indicated that equation 88 made better predictions of tida]
volume than the mean tidal volume. There might be a pattern to the residualsg (see
Appendix B, Fj gure 120). The model may under-predict for low and high vajueg of
dead volume and may over-predict for moderate values. However, at a dead volume
of 0.35 L, the model over-predicts one point and under-predicts the other. With only
six data points, a pattern to the residuals was difficult to detect. The percentage error
ranged from —23% to 59%. Four of the points were within + 20%. The statistics
indicated that equation 88 made adequate predictions of the change in tidal volume
With dead volume for resting subjects. However, due to the variability seen in
Physiological data, any equation obtained from only six data points should be used
with caution,
For light exercise, the relationship between the change in tidal volume and

dead volume was:

Fi 35 showed the data and regression line. The correlation coefficient of 0.9837

: - n tidal volume and dead
indicated that there was a very strong relationship betwee
Indicated that there

-predicted as indic * 1 by the
1 Th del neither consistently over- nor under-pre y
volume. The mo

i 0.2076. This indicated
d relative biases. The standard error ratio was
zero model and rela )

' e in tidal volume
h 89 made much better predictions of the chang
that equation 89 m
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€Ompared to using the mean change in tidal volume. The residuals indicated thg; the
mode] under-predicted the change in tidal volume with low and high dead volumes
and over-predicted at moderate dead volumes (see Appendix B, Figure 121). Again,
With only five data points, the actual pattern to the residuals was difficult to assess.
The percent errors ranged from ~189% to 43%. However, the point that generateq the
~189% error had a negative predicted tidal volume change. The actual value was
0.006 L ang essentially represented no change in tidal volume with a dead volume of
0.25L during light exercise. Three of the five points were within 15% of the actua]
values. The statistics indicated that the model made accurate predictions of the
change in tidal volume with dead volume except at low dead volumes. If negative
Changes were predicted, the change was forced to be zero.

Stannard and Russ (1948) reported that the exercise intensity was selected to
double the resting oxygen consumption. Maximal oxygen consumption and resting
OXygen consumption values were not reported. Assuming a resting oxygen

consumption of 0.45 L/min, doubling the resting value would yield 0.9 I/min. The
Testing oxygen consumption expressed as %Vozmax would be 18% while the light
exercise would be 36% assuming a Voo Of 2.5 L/min. If the Voomax were 3.0 L/min
instead, the resting and light exercise would be 15% and 30% respectively. The
Testing and Vigpm, values were typical values from the current study. So, the resting
and light exercise values from Stannard and Russ (1948) were assumed to occur at

15% and 30% of Voamax-

The multiple regression equation fit to the data in Table 16 was:
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AV 0.4256%VO dmax
T= 0.1950+O.2517VD - 100 (90)

The correlation coefficient of 0.79 indicated that there was a strong reIationship
between the change in tidal volume and dead volume and %V ozmax- The mode] and

mean bias were zero which indicated that the model did not consistently over- or

under- predict, The standard error ratio was 0.6583. Thus, predictions made with the

Model were better than predictions made with the mean. There was no pattern to the
residuals (see Appendix B, Figure 122). The percentage errors ranged from 649 1,
40%. Thus, equation 90 made acceptable predictions of the change in tidal volume

Tesulting from added dead volume.

For high work rates and low dead volumes, the multiple regression equation
Predicted negative changes in tidal volume. This contrasted to the zero changes in
tidal volume with dead volume found by Johnson et al. (2000) and Caretti and

Whitley ( 1998) for work rates of 80-85% Vozmax- This can be corrected with the
Mmultiple regression equation by setting all predicted negative changes to zero. For
resting and lightly exercising subjects, equations 88 and 89 had smaller errors than

€quation 90, the multiple regression equation. For this reason, equations 88 and §9

were used for predicting the changes in tidal volume with dead volume for resting or
lightly exercising subjects (30% Vozmss)- All predicted negative changes were forced
t0 zero. Additionally, for a 0.25 L dead volume at 30% Vozmax, the change in tida]

volume was close to zero. For all work rates greater than 30% Voz2max. the effect of

dead volumes of 0.25 L or smaller were assumed to be zero. It is possible that as
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work intensity i
Yy Increases, the amount of dead space that does not affect tidal volume

will increase. For example, it may be that at 50% Vo2max, dead volumes of 0.3 L and

lower have no effect on tidal volume. Because there were no data to support this
contention, such an effect was not included in the model.

There are a number of studies that have been conducted on the effects of dead
volume at moderate intensity exercise, but these studies did not provide useful data
for this model. Harber et al. (1982) had subjects working at moderate intensities and
reported that the dead volume caused a decrease in tidal volume. However, subjects
selected their own work rates so that the rate was consistent with long-term work. So,
the effect can’t be quantified because the subjects were not all working at the same
absolute or relative work rate. Additionally, individual subject data was not reported.
Other studies conducted by the same group of authors (Harber et al., 1988; Harber et
al., 1984; Harber et al., 1990) looked at the effects of one load that consisted of an
inhalation resistance and a dead volume. While adding dead space usually adds a
resistance as well, including more conditions would have made comparisons possible.
One study by these authors (Shimozaki et al., 1988) did look at combinations of
inspiratory and expiratory loads and dead volume. Unfortunately, only subjective
responses were reported. Ward and Whipp (1980) studied the effects of dead spaces
of 0.1 to 1.0 L on three subjects during exercise. The effects of the dead space on
tidal volume were not reported.

More information on the effects of dead volume on tidal volume during light
and moderate intensity exercise is needed. The multiple regression equation based on

the Stannard and Russ (1948) data assumed work rates for the reported data. Clearly
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relationship between the two variables. The standard error ratio for the model was an
indicator of the improvement in prediction accuracy for predictions made with the
mode] compared to those made with the mean. The closer the number is to Z€ero, the
greater the improvement. So, a large improvement in prediction accuracy was
achieved using the model. Standard error ratios of coefficients indicate the
importance of that coefficient. Values close to zero indicated important predictors,
Both the slope and intercept coefficients were important predictors. The model bias

Was zero, which indicated that the model neither under- nor over-predicted

consistently. There was no pattern to the residuals (see Appendix B, Figure 123). The
percent errors ranged from —20% to 46% with 90% of the errors less than + 30%.

Eighty-seven percent of the errors were within £ 25%. Overall, the statistics indicated

that the model made accurate, unbiased predictions.

The validation data are plotted in Figure 37. The percent errors ranged from —

9 to 16% with 90% of the error within = 10%. These errors were smaller than those

obtained with the calibration data.

Oxygen Consumption as a Function of Tidal Volume

Regression usually assumes that all of the variability is in the x-variable and
none is in the y-variable. For this reason, equations developed by regressing yon x

should not be used to solve for x unless the correlation coefficient is one (McCuen,

1993). Therefore, equation 67 (from tidal volume as a function of oxygen

consumption) was not solved for the oxygen consumption.
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The data and the regression line are plotted in Figure 38,

Vo: =1.3851V, +0.2896 92)

Where: Vr, tidal volume, L
Vo2, oxygen consumption, L/min

The correlation coefficient, standard error ratio of the model, and standard error ratjog
of the slope and intercept e« fic itsv ¢ 0.924, 0.388, 0.068, and 0414,

Iespectj vely. The high correlation coefficient indicated that there was a strong
reIationshjp between the two variables. The standard error ratio of the ~ yde] indicates
whether any improvement in prediction accuracy has occurred with the model, The
Tatio of 0.388 indicated that a Jar_ increase in prediction accuracy occurred. The
Standard error ratios of the coefficients indicated the accuracy of the coefficients.

IeC =n ¢ 1993) found from experience that values greater than 0.3 to 0.4 may

indicate a coefficient of questionable accuracy. So, the slc, :coeffic 1t wag

accurate, but the intercept coefficient may be of questionable accuracy. The mode]

bias was zero, indicating that the model neither consistently over- nor under-

Predicted.
There was not a pattern to the residuals (see Appendix B, 124). The percent

€Trors ranged from -31% to 53% with 90% of the errors within + 30%. Eighty-seven

Percent of the errors were within 25%.
Figure 39 shows the validation data plotted with the regression line. The

Percent errors rar  d from —30% to 42%. Ninety percent of the errors were within +
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30% and eigt_, .= it were within 25%. The errors with " : v " lation dat: sre
Similar to the errors seen with the calibration data.

The predictions made with equation 87 were unbiased and a hi gh degree of
correlation was found between oxygen consumption and tidal volume, The intercept

Coefficient was of questionable accuracy; this may have led to the larger errors.

However, overall, the model fit the data well.

Actual Oxygen Consumption

Actual oxygen consumption was determined using the equation for oxygen
consumption as a function of minute ventilation. This equation was selected over the
tidal volume equation due to the largere.._ s in the tidal volume equation and the
intercept coefficient with questionable accuracy. Both equations were determined in

order to see which equation was more accur “-

Oxygen Deficit

Oxygen deficit was found as the difference between the oxygen consumption

. .. ' justed for the resi
Tequired by the actjvity and the oxygen consumption adjus resistance and

dead volume of the respirator:

93
02 deficit = Voz,required - VOZ.ndjust:d ( )

where: O, deficit, oxygen deficit, L/min
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Because transient effects were not included in the model, no direct predictions

of performance time for respirator wearers may be made. However, the difference
between the oxygen consumption required by the activity and the modified oxygen
consumption of the respirator wearer would give an indication of the oxygen deficit.

Activities with a large oxygen deficit would not be able to be continued for a long

time,

Performance Time

While accurate predictions of performance time can not be made presently, a
Tough estimate of performance time was added to the model. The predictions of
performance time should in no way be considered reliable. This parameter was added
for two reasons. The first was to provide very rough estimates of performance time
S0 that different respirators could be compared. The second and main reason was that
eventually the model will be able to make predictions of performance time so

performance time was added to provide the structure for future development of the

model.
Bearden and Moffatt (2000) found that the maximum oxygen deficit for work

above the anaerobic threshold was 4.03 L. This value was used as the maximum
OXygen deficit in the present model. If the maximum deficit were divided by the

actual deficit, a performance time could be predicted. Therefore, the equation for

performance time was:
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Pert o 403
€ mme =
U, dericit (94)

where: Perf time, performance time, min

Respiratory Rate and Respiratory Period

Respiratory rate was found by dividing the adjusted minute ventilation by the

adjusted tidal volume:

RR =- """ (95)

T.adjusted

where: RR, respiratory rate, breaths/sec

RCSpiratory period was determined from the inverse of the respiratory rate:

RPD = (96)
RR

where: RPD, respiratory period, sec



Exhalation and Inhalation Times

The theoretical model developed by Johnson and Masaitis ( 1976) was not
used to determii  the inhalation and exhalation times because preliminary analysis of
the data from the inhalation/exhalation study (Johnson, et al., 2001b) indicated that
the model was not producing reliable results. Caretti et al. (1992) had indicated that 5
power-law relationship existed between exhalation time and respiratory rate, It was
believed that if the same rel; - nship could be shown for a large data set, then this
relationship could be used to directly calculate exhalation time from respiratory rate.

The data from the inhalation/exhalation study showed a power-law
relationship similar to that obtained by Caretti et al. (1992) (see Appendix B, Figure
125). The variability of the data in the region below 20 breaths/min was larger than
the variability above 20 breaths/min. This variability was seen also by Caretti et a].
(1992),

Figure 40 shows the exhalation time plotted against the respiratory period, the

regression line, and the regression equation. There was a larger variability in the data

at the longer respiratory periods. The regression equation was:

97

T, =0.6176RPD ~0.2145

where: T, €xhalation time, sec

RPD, respiratory period, sec
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The analysis of the regression line resulted in the following statistics: R=
0.93, Sc/Sy =0.36, Se(b;)/b; = 0.01, Se(bg)/by = -0.03, and bias = 0.00. These statistics
indicated that the model was accurate. The fact that the ratio Se¢/Sy is much less than
one indicates that the predictions made with the model are a i gnificant improvement
over predictions that would be made using the mean. The standard error ratios for the

slope and intercept coefficient are close to zero, which indicated that they are

sonably accurate. Finally, the m "l provided unbiased estimates and had a hj gh
correlation coefficient.

The residuals showed that as respiratory period increased, the spread of the
predicted values increased (see Appendix B, Figure 126). However, the same pattemn
Was seen with the raw data: there was more variability as respiratory period
lengthens. This variability was seen by other researchers (Caretti et al., 1992). I

seemed logical that if the raw data had a higher variability in one region then the

Predicted values would exhibit a higher variability as well.
Analysis of the percent errors in the residuals indicated that there were 722

Predicted values that were greater than 20%, 110 greater thar ~ 0%, and 1 greater

than +100%. This meant that 84% of the predicted values were within £20% of the

actual value and 97.5% were within $40% of the actual value.

The validation data and regression line are shown in Figure 41. The resulting

regression equation was:
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T 0.627RPD -0.2325 (98)

The calculated t-values were 0.73 and —1.59 for the slope and intercept
Coefficients, respectively. Both t-values were within the accepted range. Thus, the
Ml hypothesis was accepted. The slope and intercept coefficient obtained for the

validation datq were the same as the slope and intercept coefficients for the

Cal  jop a.

Caretti et a]. (1992) showed at a power-law relationship existed between
€xhalation time and respiratory rate. The current analysis indicated that a similar
relatj Onship existed. The change of variable from respiratory rate to respiratory
Periogd simplified the statistical analysis. The statistics indicated that the model

(equatiop 98) provided an accurate, unbiased prediction of the exhalation time over
the fange of respiratory periods from 0.9 to 8 seconds.
Dlm'ng exercise, inhalation time can be obtained by subtracting the exhalatjon

time fropm, the respiratory period. At rest, there is a brief pause between exhalation

and inhalation.

Brea; hing Waveform Based on Work Rate

The inhalation waveform changes from sinusoidal at rest to trapezoidal during
; i an exponential
Moderate intensity exercise. The exhalation waveform begins as p at
i te becomes limited
et and becomes trapezoidal during eXercise. When flow ra

' 91). Whil
dud"g heavy exercise, exhalation becomes exponential (Johnson, 1991) ile
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Johnson and Berlin (1974) investigated the transition from a trapezoidal exhalation
Waveform tg 4 limited-flow exponential, the work rate at which the waveforms
fransition from, sinusoidal inhalation and exponential exhalation to trapezoidal i

Unknown, The waveform transition was assumed to occur at 40% V...

At heavy work rates, there is a partial collapse of the airways due to hj gh
€Xternal pressures and high internal flow rates (Johnson, 1993). Because of this, flow

becomes limited. Johnson and Berlin (1974) found that limited expiratory flow was a

factor ip lermination of exercise for young men wearing respiratory protective masks.
The ¢xhalation time at exhaustion was 0.66 seconds. Therefore, when exhalation

lime wag 0.66 seconds or below, the exhalation waveform was assumed to be a flow-

limiteq €Xponential.

Respir atory Work Rate

' i ide rid
Respiratory work rate equations for sinusoidal, trapezoidal, hyb
ial we I o
expoﬂential, and flow-limited hybrid exponential waveforms were obtained from

Johnson (1993). Values for the Rohrer coefficients, compliance and inertance were

faken from ghe same study.



Implementing and Evaluating the Model

The model was Implemented in a Visual BASIC program. Default values
Were provided for all inputs so that a user could start the program and run it without
entering any values. Four respirator conditions were possible. The default conditiop
Was no respirator worn, The U. S. Army M17 and M40 masks were possible options.
These were added because these masks have been used in many studies. Data from

the literatyre could be simulated by selecting one of these two masks. The fourth

OPtion was to allow the user to enter values for inhalation and exhalation resistance,

dead volume, and mass.

Four possibilities were available for the external work rate as well. The user

“ould choose 1o enter a work rate, select a treadmill speed and grade, select bike

Crgometer values, or select stepping values.

All outputs were displayed in text boxes on the screen. Buttons were provided

10 allow the user to get to the forms where the data was entered. The name of the

utput file could be chosen by the user.

The program was intended to be user friendly and easy to use. The program

wag Structured so that future development of the model could be incorporated easily,

The evaluation of the model occurred in three stages. The model equations

Were first checked to ensure that they had been entered correctly. Data from six

Subjects was then used to evaluate the model predictions. Finally, simulations were

™Un for a respirator and no respirator condition.
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The plots of the actual and model simulation results for oxygen consumption,
Minute ventilation and tidal volume are shown in Figures 42 - 44, Clearly, the mode]
did not Make very good predictions. Percent errors for oxygen consumption, minute

Ventilation, and tidaj volume, respectively ranged from —57 to 15, -66 to 58, and 58

to9,
As minute ventilation and tidal volume are functions of oxygen consumption,

0 _indete; Ztheoxy, consumption will be compounded when minute

ventilation and tidal volume are determined. Possible errors in determining the

OXygen consumption were errors in the relationship between oxygen consumption and

Physiological work rate and errors in determining the physiological work rate.

Physiological work rate in this model was determined from the external work
Tate and efficiency. It was known that there were problems with determining external
Work on 3 treadmill. Ac *“ionally, the efficiency equation was evaluated using a
Small number of data points. As mentioned previously, errors in one _lationship get
Compoundeq when other parameters are based on the faulty relationship. As the

Pandolf ¢ al. (1977) equation has been shown to make accurate predictions of

Ph)'siological work rate for subjects exercising on a treadmill (Myles and Saunders,
1979) it was decided to use the Pandolf equation for all subjects exercising on a

treadmjj, This bypasses the external work rate and efficiency calculations.

Additiong] work should be performed to investigate improvements in determining

€Xternal work rate and efficiency.
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The reason for trying to use external work rate and efficiency instead of
©quations such as Pandolf was that the external work rate/efficiency method should
be applicable across different physical activities. Equations such as Pandolf and
those developed by ACSM (2000) are applicable only to certain activities. As
Tespirator wearers are not always walking on a treadmill, stepping, or cycling, a
method of determining the physiological work rate is needed for various activities,

The relationship between oxygen consumption and physiological work rate
Was evaluated also. The graph presented by Astrand and Rodahl (1970) and the
€quatijon developed here (equation 55) showed a zero-intercept linear equation. The

data from the current study are shown in Figure 45. The linear regression equation fit

to the data was:
Vo, =0.0028WR ,  +0.4398 99)
where: WRyys, physiological work rate, W

Vg, 0xygen consumption, L/min

The slope s very close to the slope of equation 55 (0.0029). However, equation 99
Shows that there is a large intercept. Both the slope and the intercept were found to
be Significantly different from zero. The correlation coefficient was 0.98, the bias
Was zero, and the standard error ratio was 0.21. All of these statistics indicz™ " that
©quation 99 was statistically valid. The standard error ratios of the slope and

' 0.3 to 0.4 “~icate accurat
intercept coefficient were 0.04 and 0.14. Values less than rate

Predictors (McCuen, 1993).
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Equation 99 replaced the previous relationship between oxygen consumption

and physiological work rate in the model. The physiological work rate was
determined from the Pandolf et al. (1977) equation. Model simulations were run
again for subjects 002, 224, and 230. Plots of the calculated versus measured oxygen

consumption, minute ventilation, and tidal volume are shown in Figures 46 - 48. The

percent errors for oxygen consumption, minute ventilation, and tidal volume,

TeSpectively ranged fr  —28 to 18, -27 to 88, and —32 to 15. Three of the errors for

tidal volume were greater than fifty percent. The rest of the errors were below 219,
The modified model made much better predictions of oXygen consumption, minute

ventilation, and tidal volume than the original model. The errors in the calculations

here are of a similar magnitude to those of the original equations.

The plots of the data from the three subjects who participated in the inhalation

/ exhalation resistance study for oxygen consumption, minute ventilation, and tidal
volume are shown in Figures 49 - 51. The oxygen consumption and minute
ventilation are consistently under-predicted. Errors in the prediction of oxygen
Consumption, minute ventilation, and tidal volume, respectively ranged from -52 to

41,~48t0 0, and -31 to 73. The model was not making accurate predictions at high

Work rates.
There were large decreases in the minute ventilation due to the resistance of

the respirator. If there were an error in determining the adjusted minute ventilation,
then there would also be an error in determining the adjusted oxygen consumption
based on that minute ventilation. A multiple regression equation was fit to the minute

. . ermine if there were a
Ventilation and inhalation and exhalation resistance data to det
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drastic dj
difference between the effect of resistance with these subjects and the effectg

ShOWn i .
n the study conducted as part of this research. ...e resulting €quation was:

Ve 1.48-0.024R,, -0.0758R,, (100)
Wi re: Riu, inhalation resistance, cmH,O/L/s
Rexn, exhalation resistance, cmH,0/L/s

VE, 1 e ventilation, L/s

Th :
€ slopes of the above equation are similar to those for tl - equation developed

Previous] Y. he slopes of equation 79 were —0.045 for inhalation resistance and —

0.0967 for exhalation resistance. So, it does not appear that the previously developed
quatic  x was unreasonable.

Two possible reasons for the discrepancy between the predicted and actua]
Values could pe the small sample s : and the fact that equation . ) was based on
average minute ventilation values. Because of the variability in physiological data,
Using smaj sample sizes can lead to errors in equations fit to the small sample,
HoweVer, as was discussed previously, the slopes of the inhalation and exhalation
TeSistance are consistent with values found in the literature. The present slopes do
differ from those for 4 by Johnson et al. (1999) and Caretti et al. (2001). Caretti et
al. reporteg that the effects of inhalation resistance were three times greater than those

of exhalation resistance. Perhaps the results of the study on the combined effects of

lnhalan'on and exhalation resistance (Johnson et al.,, 2001b) will . p resolve this

differen(:e_
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Model simulations were run using data from the stage 5 respirator condition B
from the current study. The percentage errors for oxygen consumption, —~‘nute
ventilation, and tidal volume ranged from —36 to 14%, -34 t¢ "%, and -38 to 34%,
fespectively. These errors are closer to the errors of the original equations. This
Would be expected since the equations were based on the data of these eight Subjects.

But, it does show that the model was performing as expected based on the smal]

Population on which the equations were based.

The second possible reason for the discrepancy in predicted versus actual

values is that average minute ventilations at each stage were used to make the

Predictions of the effects of inhalation and exhalation resistance. Additionally, the

Tegression equations for the effects of resistance assume that the amount of the

decrease in minute ventilation is dependent on the resistance and work rate only and

Not on the minute ventilation with zero external resistance. The percent change in

Minute ventilation may be a better approach than an absolute change.

To investigate the possibility of using percent changes in minute ventilation,
the difference in minute ventilation from the levels determination session to each of

the respirator conditions was determined for stage four for the eight subjects who

Participated in the current study. The results are shown in Table 19.
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A study should be conducted in which a large number of subjects perform

exercise at a variety of work rates while wearing respirators with different
€ombinations of resistance and dead volume. This data would be used to examine the

model equations and the validity of the overall model. Sufficient data to conduct a

full validation and sensitivity analysis of the model was not available.

Mask/No Mask Simulations

Plots of adjusted minute ventilation, adjusted tidal volume, adjusted oxygen
consumption, respiration rate, inhalation time, exhalation time, inspiratory work rate,
CXpiratory work rate, inspiratory work, expiratory work, total respiratory work, and
total r espiratory work rate versus percent of maximum oxygen consumption obtained
from mode] simulations of mask and no mask conditions are shown in Figures 52 to
63. The %V 02max Was obtained from the required oxygen consumption for both the

mask and no mask conditions so that direct comparisons could be made.
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discrepancy could be the small sample size or incorrect determinations of steady-state
values. Care was taken to ensure that the steady-state values were accurate. While
minute ventilation and oxygen consumption values were typically steady, tidal
volume fluctuated particularly at low work rates. The fluctuations are likely due to
the fact that there is more voluntary control of breathing at the lower work rates. The
tidal volume data from the current study were averaged over three minutes, which
should have decreased the impact of a single large or small breath. However, if large

changes in tidal volume occurred throughout the three-minute sample, then the

average value would be affected.

Inhalation and exhalation times increased and then decreased as work rate
Increased. This was a result of the pattern for respiratory rate. Higher respiratory

rates are associated with shorter inhalation and exhalation times. As respiratory rate

decreases, the inhalation and exhalation times lengthen.

Respiratory work rate increased as the physiological work rate increased.

This was true even with the shortened inhalation and exhalation times at rest in part

because the respiratory waveform was chosen based on the work rate and not the

inhalation and exhalation times (except for the flow limited case). Using the values

for Tespiratory work rate and inhalation and exhalation times given in Johnson (1993),

the totg] respiratory work for a resting subject with sinusoidal inhalation and hybrid

€Xponential exhalation was 0.62 N-m. The current model predicts total respiratory
Work of 0.56 N-m for a resting subject. As the parameters (minute ventilation,
inhalatjon and exhalation times) in the Johnson (1993) model were hypothetical,
direct comparisons cannot be made. However, the respiratory work predicted by the
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current model is of the right magnitude. The total respiratory work rate predicted by
Johnson ( 1993) was 0.14 W which is much lower than the 0.40 W predicted by the
current model. This is due to the short exhalation and inhalation times predicted by
the currep, model. The large jump in total respiratory work rate at the highest work
rate is due to the limited-flow exponential waveform. The exhalation time is below
0.66, 50 the limited-flow waveform was used. As shown by Johnson (1993), exhaling
With this waveform resuited in a much higher work rate compared with o** -
Waveforms,

When simulations were run with a masked subject, the minute ventilation
decreased gy 4 work rates. (See Appendix C, Table 70 for the simulation data.) This
effect has been shown in previous studies (Flook and Kelman, 1973; Silverman et al.,
1951; Hermansen et al., 1972; Cerretelli et al., 1969; Caretti and Whitley, 1998;
Johnson ¢ al., 1999; Caretti et al., 2001). At rest and for work rates one and four
there were small changes in tidal volume. At rest and work rate one, the tidal volume
Was increaged dye to dead volume. At stage four, the increase was due to the
increase Physiological work rate and required oxygen consumption caused by the
respirator mass. The second work rate showed a large increase in the tidal volume.
This wag due to a combination of the resistance and dead volume. Flook and Kelman
(1973), Silverman et al. (1951), and Hermansen et al. (1972) showed increases in
tidal volyme due to resistance at low work rates. Dead volume was shown to increase
tidal voJyme during light exercise (Stannard and Russ, 1948). For the third work rate,
the smajj increase in tidal volume was due to the increase in dead volume compared

: i ork rate was due to
to the no mask condition. The increased tidal volume at the fifth w
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the resistance. The regression equation obtained for the resistance effects on tidal
volume for the current study had a positive slope for exhalation resistance and a
negative slope for inhalation resistance. As the magnitude of the exhalation slope
was larger than the magnitude of the inhalation slope, the tida] volume increased over
the no mask condition. Silverman et al. (1951) and Hermansen et al. (1972) found
that tidal volume decreased at high work rates while Carettj and Whitley (1998)
found no effect of resistance on tidal volume at high work rates. The results of the
current study conflict with these results. Tidal volume did not fluctuate as much
during the high work rates as it did during the low work rates, so that should not be a
problem with the current data. Caretti and Whitley (1998) adjusted the external work
rate for each respirator condition so that the subject was at 80-85% V gy, for each
test. It is possible that an increase in tidal volume due to the increased external work
rate was offset by a decrease in tidal volume due to the resistance. Small sample
sizes may be a problem as well. Eight subjects and three resistance combinations
were used in the current study. Silverman et al. (1951) and Hermansen et al. (1972)
both used two resistance combinations. Perhaps the true effect of resistance at high
work rates was not seen in either the two published studies or in the current study.
Adjusted oxygen consumption increased at rest and work rate one. Decreases
in the adjusted oxygen consumption occurred for the higher work rates. The
increases at rest and the lowest work rate could be due to the different methods used
to calculate minute ventilation from oxygen consumption and adjusted oxygen
consumption from adjusted minute ventilation. As minute ventilation is decreased,

the oxygen consumption should decrease also. The determination of minute
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Ventilation from OXxygen consumption was based on the maximum minute ventilation
and the percentage of maximum minute ventilation. Adjusted oxygen consumption
Was based only on adjusted minute ventilation. As the correlation coefficients for
both methods were not one, there were errors associated with the use of each method.
The increase in OXygen consumption may be a result of these errors.

The decreased oxygen consumption at the higher work rates was due to the
effects of resistance. Oxygen consumption has been shown to decrease as resistance
Was increased (Johnson et al., 1999; Caretti et al., 2001; Flook and Kelman, 1973;
Silverman et al,, 1951; Harber et al,,1984),

Respiratory rate for the mask simulation at each work rate is lower than the
reSpiratory Tate for the no mask condition. Inhalation and exhalation times were
longer With the mask than without at all work rates. This is to be expected. Resistive
IOading increases inhalation and exhalation times and decreases the respiratory rate
(Johnson, 1991). This effect was seen in studies investigating the effects of resistance
On breathing parameters (Flook and Kelman, 1973; Silverman et al., 1951; Harber et
al, 1984; Hermansen et al., 1972).

Inhalation work was always higher with the mask than without. Exhalation
Work wag higher with the mask up to the fourth work rate. At the fourth work rate,
the ¢xhalation work was nearly the same for the masked and unmasked conditions.

The minute ventilation during stage four with the mask is much lower than the
Minute vensijation without the mask. The components of the work equation are a
function of the maximum flow rate that in turn is a function of the minute ventilation.

i i is much
Becauge the minute ventilation is lower with the mask, the maximum flow is m
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lower with the mask. This results in a decreased amount of work. Respiratory work
should increase when a mask is worn (Johnson, 1992). The error here is likely related
to the fact that minute ventilation has been shown to be underpredicted by the current

Model at high work rates for the respirator condition. A higher minute ventilation

Would result in 3 hj gher amount of work being performed.

At the fifth work rate, the exhalation work rate was much hi gher without the
Mask because the flow-limited waveform was used. The flow-limited waveform was
Used whenever the exhalation time fell below 0.66 sec (Johnson and Berlin, 1974),
The magk Caused the exhalation time to increase above 0.66 sec for the fifth work rate
and the flow-limited waveform was not used for the mask condition. The work of

inhalation and exhalation were discussed here because the work rate is affected by the

Inhalation and exhalation times.

Summar)’ of Model Evaluation

The evaluation of the model showed that for three subjects exercising below

70% Vo2max, the model predicted oxygen consumption, tidal volume, and minute
Ventilation for both respirator and no respirator conditions with the majority of the
Crrors in the range of ~32 to 21%. The percentage errors for these subjects were in

the same ran;  as the errors for the individual equations. However, for three

Subjects working at 80-85% Voamax While wearing respirators, the percentage errors

for ox ygen consumption, minute ventilation, and tidal volume were greater than those

of the orj ginal equations. These errors may result from the fact that the model
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©Quations were developed for average responses. Thus, predictions for any one
Person may have large errors. The comparison of masked to no mask results from
Model simulations showed that overall the model made rational predictions of the
effects of respirator wear. Minute ventilation and respiratory rate were lower with the
Mask than without. Inhalation and exhalation times and inhalation and exhalation
Work were higher with the respirator, as was expected.

Many of the equations developed in the model were based on small
Populations because additional data was not available. One of the benefits of thijs
Model was that jt showed areas where more information is needed.

At the start of this modeling project, it was not known whether or not the
Selected structure would be functional. Many simplifications were made in
deve]oping this model. While prediction accuracy for individuals was less than that
for averages, this was to be expected as the equations in the model were based on
dverage responses. Results of this analysis showed that the model structure was valid

and that the mode] was capable of making rational predictions of the average effects

of respirator wear on the pulmonary system during physical activity.
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CONCLUSIONS

The conclusions that may be drawn from this research were:
1. The model of the pulmonary effects of respiratory protective masks during

physical activity was implemented successfully.

2. For three subjects exercising below 70% of Voamax With and without a respirator,
81% of the model prediction errors were in the range =32 to 21%. These errors

were of the same magnitude as those of the original equations.

3. Model prediction errors for three subjects wearing a respirator while exercising at

80-85% of Vgomay Were greater than the errors of the model equations,

4. The model did well at making general predictions but did not predict well for an

individual,

5. Overall, the model made rational predictions of the effects of respirator and no

respirator conditions for rest and exercise up to 80-85% of Vozmax during

simulatjons.
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: he user to
6. The model was implemented successfully as a design tool that enabled the us

' orming a physical
assess the pulmonary effects of a respirator on a person perf g a phy

activity.

so that future
7. The program that made up the design tool was structured

. 1y,
development of the model could be integrated easily
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SUGGESTIONS FOR FURTHER STUDY

An experimental study should be conducted that investigates the effects of a large
Number of resistance and dead volume combinations on a large number of
Subjects working over a broad range of constant work rates from rest to maxima]

exercise. This information could be used to further assess the accuracy of the

Model equations and the overall model.

Better methods of predicting oxygen consumption based on external work rate for

various activities should be investigated.

The existing model should be developed to include effects of training, age,

gender, and anxiety on all equations.

The literature should be examined, and, if necessary, an experiment conducted to

determine the maximal oxygen deficit.

Equations should be developed to include transient effects in the model.
Transient effects should include the initial changes in pulmonary parameters as

activity begins as well as changes due to factors such as oxygen drift and the slow

component of oxygen consumption.



6. The i
equations for res 1
piratory work rate should be devel
oped further to incl
ude the

effects of
frequency and volume on the model parameters
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Principal Investigator:

Associate Investigators:

Project Title: The effects of

DESCRIPTION OF HUMAN SUBJECTS USE

Karen M. Coyne / Arthur T. Johnson, Ph.D.
Graduate Student / Professor

Department of Biological Resources Engineering
University of Maryland

College Park, MD 20742

(301)405-1184

William H. Scott, M.A.

Department of Biological Resources Engineering
University of Maryland

College Park, MD 20742

(301) - 1199

on the relationship between tidal volume, minute volume, and

oxygen consumption during sicaay state exercise

A.

Subject Selection

1) Who will be the subjects? How and from where will they be obtained? If you plan to
advertise for the subjects, include a copy of the notice.

Between S and 10 subjects will be selected for participation in this study. Subjects will be .
selected from an existing pool of individuals who have participated in other projects conducted in
our labaratory on the campus of the University of Maryland College Park.

2) Are the subjects being selected for any specific characteristics, e.g., age, sex, race, ethnic
origin, religion, or any social or economic qualifications?

Individuals (both male and female) between the ages of 18 to 39 years of age will be selected to
participate in this investigation. Within this age range, only those individuals who are apparcnﬂ)’
healthy and are free of coronary risk factors, as determined by completion of a n.xe_dlcal hlslory'
questionnaire and the PAR-Q, will be considered for study participation. In addition, prospective
subjects who score above 45 on the Spielberger Trait Anxiety Inventory (The State-Trait Anxiety
Inventory. Palo Alto, CA, Consulting Psychologist Press, 1983) will be cxclpded from study
participation due to the possibility of exhibiting anxiety while wearing a respirator.

3) State why the selection is made on the basis given in (2).

The intent of this study is to quantify the relationship bet: ti_dal volume, mir[ute yolumc am(ih .
oxygen consumption during steady-state exercise and to determine the cffcc.:ls of resistance on ';'l:s
relationship. In order to do this, subjects will be asked to complctc_ treadmill exercise at intensiti
up 10 80% of a subject’s maximal oxygen consumption. Thf: Amcncan College of Sports besin
Medicine (ACSM) recommends that apparently healthy individuals bclow. the age gf 40 can begi
such a vigorous exercise program without obtaining medical c'lcnrange. Since me@ncal clearaer:e
will not be provided to any prospective subjects, selected subject§ ywll be calcgonch as stat
above to conform to the ACSM guidelines. In addition, only individuals free of c'ard.lor.esplratory
disease can participate in studies that represent a substantial challenge and fcsull in significant
increases in heart rate and respiration. The fitness level of the sclcct;d subjects will not bc:I .
considered to be a major factor because each subject will serve as their own copl.rol and relative
levels of maximal oxygen consumption will be used for testing. The Tr.alt Anxiety Invemc‘)‘ry
(TANX) is a measure of individual differences in anxiclty proneness. High TNA?( scor.e[:1 havt‘:l
been shown to be a predictor of respiratory distress during respirator wear combined with heavy
exercise (Am. Ind. Hyg. Assoc. J. 46:363-368, 1985).

Page 1 of 4

271



What preciscly will be done to the subjects? Explain in detail your methods and procedures in

terms of what will be done 10 the subjects.

Orientation
All prospective subjects will be required to complete a detailed medical history questionnaire ang

the P{\R-Q. An investigator will meet with each subject to review and discuss information
contained in the questionnaires. Prospective subjects will also complete the Spielberger TANX to
scores will be given

assess general anxiety. Subjects with acceptable medical histories and TANX
an informed consent document to review. This document describes the methods and procedures

that the subject will be asked to perform in the study. Each volunteer will receive a verbal
explanation of the points covered by the informed consent document and will be given every
opportunity to discuss concerns or questions regarding their participation before being asked 10
sign the document. All subjects will sign the informed consent document before any test session

begins.
Pre-test Measurement of Maximal Oxygen Consumption

Prior to commencement of test trials, each subject will complete a test to determine maximal
oxygen consumption (VOyn,,) using a standard protocol (Guidelines for Exercise Testing and
Prescription, 2000) on a treadmill. Throughout the test, subjects will don a nose-clip and breathe
through a mouthpiece while all ventilatory and metabolic measurements are obtained. The criterja
for test termination when measuring VQ;g,, include a change of less than 200 mU/min of oxygen
uptake with increasing workload, a respiratory exchange ratio of greater than 1.0, achievement of
maxima predicted heart rate, and/or a rating of perceived exertion (RPE) greater than 17 (very
hard). Subjects can voluntarily terminate the test at any time. Heart rate, ECG, RPE, and blood
pressure will be monitored during VO;n,, testing. Abnormal exercise responses observed for any
of these measurements will result in termination of testing before a maximal level of effort has
been attained. Subjects who exhibit an abnormal blood pressure response will be noted. These
subjects will have their blood pressure monitored during the three submaximal walking tests.
Laboratory personnel experienced with the administration and interpretation of VOyp,, fests will
be present for all testing. Personnel who have received CPR training and who are aware of the
procedures that must be followed to initiate emergency response will also be present for all VO,,,,,

tests.

Treatmeny Sessions

There will be three conditions of submaximal exercise testiflg that will be ran@omly assigned and
will occur on separate days. Exercise for each condition will involve submaximal, constant load
treadmill exercise at five intensity levels: 25-30%, 35-40%, 45-50%, 65-70%, and 8.0'85% of
VO1p, while wearing one of three respirators. The three respirators are: full-faccplecc respirator
with inhalation and exhalation valves removed (nominal resistance), full-facepiece respirator with
inhalation and exhalation resistances of .84 and 1.69 cmH;0/L/s, and fu]!-faccpiccc fespirator
with inhalation and exhalation resistance of 5.73 and 1.01 cmH;O/L/s. Prior to the
commencement of cach treatment session, subjects will complete a five-minute warm-up period of

treadmill walking. The treadmill will then be stopped momentarily so the subject can don the test
respirator, Once the respirator is in place, subjects will begin exercising at 25-30% of VOy,,,.

After a steady state is achieved, the exercise intensity will be increased to 35-40% of VOy,,,. This
will continue with intensity increasing sequentially to 45-50%, 65-70%. and 80-85% of VO,,.
Testing will continue until one of the following cvents occurs: stcndy-sl_atc has been rcac;hcd at
each exercise intensity; a subject requests to terminate the proccdurc oris unaplc to continue; heart
rate reaches maximal rate recorded during VO;ru testing; the principal investigator determines
that continued participation in the test would threaten the vol.unteer's safety; or the mc.miton'gg
equipment is unable to provide adequate measurements or fails, These treatment sessions will

occur after the initial VO,,,, session.

Page 2 of 4
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The following cardiorespiratory and subjective parameters will be monitored during cach testing
session: heart rate, ECG, tidal volume, minute volume, oxygen consumption, RPE, breathing
apparatus comfort, and thermal sensation. The State-Anxiety test, a measure of situational
anxiety, will be administered before and after each treatrment session. All testing procedures will
be conducted at ambient room temperature (74°F) in an environmentally controlled laboratory to
minimize environmental influences on the data. Each subject will be instructed to get adequate
rest the night before cach test, to eat breakfast or lunch, and to drink plenty of fluids, excluding
alcohol and caffeine, before reporting to the laboratory. Volunteers will be clothed in T-shirts,

shorts, socks, and sneakers for all exercise trials.
Are there any specific risks to the subjects? If so, what are the risks? What potential benefits will
accrue to the subjects to justify these risks?

The procedures and circumstances encompassed by this protocol provide for 2 high degree of
safety. The performance of any exercise can entail the potential hazards of injury from
overexertion and/or accident. The possibility of cardiopulmonary overexertion is slight;
screening (via the medical history questionnaire and the PAR-Q), selection, and monitoring
procedures that are designed to anticipate and exclude the rare individual for whom exercise might

be harmful will minimize its chance for occurrence.

All testing procedures will be administered in the presence of laboratory personnel certified in
cardiopulmonary resuscitation. All investigators are experienced in administering exercise stress
tests. The principal investigator and/or one of his associates will be present during all facets of
data collection. Immediately prior to testing, an investigator will question each volunteer to insure
that no apparent condition exists in the volunteer that would jeopardize histher safety or health,
Examples of such conditions would be an upper respiratory tract infection, excessive fatigue,
musculoskeletal injuries, recent excessive use of alcohol, taking of medications that would
adversely interact with increased metabolic activity, or other illness that may negatively affect the
ability to exercise or compromise subject safety. Individuals who report to have or appear to have
any such conditions will not be allowed to participate in testing on that particular day. Such
volunteers will be rescheduled for testing at another time once they have fully recovered from
their ailment. The monitoring of vital signs (e.g., heart rate, ECG, RPE, etc.) will ensure that the
investigators are aware of the individual’s exercise responses and will be used to determine
whether or not an exercise session should be terminated prematurely. Blood pressure will be
monitored during the three submaximal walking tests for any subject that had an abnormal blood

pressure response during the maximal exercise test.
Accidents may result in bodily injury during physical activity. The risk of this is far less during

the completely supervised activities used in a research study than in unsupervised exercise or
competitive sports. Safeguards will be taken whenever the possibility exists that the volunteer

may have difficuity in bodily control or balance.
There is a slight chance for transmission of viral infections from one subject to the next due to

repeated use of the test respirators between test volunteers. This risk will be minimized because
all respirators will be cleaned with sanitary respirator wipes or alcohol pads before and after cach

use.

Some individuals may experience minor skin irritations as a result of the procedures used to obtain
heart rates and ECG recordings. This condition is commonly resolved within a short period of

time.

No direct benefits are expected for the volunteers participating in this study. Subjects will receive
a copy of their VO, test results so that they may compare their fitness levels with others such as

athletes whose VO, values are often published in magazines or journals.
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Generally, anonymity of the subjects must be preserved. What procedures will be used to insure

anonymity?

Subjects arc assured anonymity as participants in this investigation. Subjects will be assigned
identification numbers and will be referred to by this number during data acquisition and analysis.
Infi ion pertaining to the subjects will be accessible only by individuals involved with the
conauct of this study. All subject records and medical information will be considered privileged
and will be held in confidence. Subjects will not be personally identified in any presentation of

publication of the results of this study.
State specifically what information will be provided to the subject about the investigation. State
how the subject's consent will be obtained.

Each subject will read and sign an informed consent that describes in detai] the nature of the study

and the specific methods and procedures that will be administered at each test session. Each
volunteer will receive a verbal explanation of the points covered by the informed consent
document and will be given every opportunity to discuss concerns or questions regarding their
participation before being asked to sign the document. An investigator will ensure that subjects
understand that their participation in this study is voluntary and that they are free to withdraw
from participation at any time without fear of penalty, Withdrawal requests may be made to any
investigator either orally or through written documentation. All subjects will sign the informed

consent document before any testing sessions begin.

Where will the study be conducted?

This study will be administered in the Biological Resources !.Engir?ccring‘ D;panmcnt's Human
Performance Laboratory (room 0534 in the Agricultural Engincering Building) on the University

of Maryland, College Park, MD campus.
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Consent Form

Title: Thc. effects of resistance on the relationship between tidal volume, minute volume, and oxygen
Consumption during steady state exercise

» state that I am between the ages of
, Ph.D., Karen

lv
18 and 39 years old and wish to participate in a project being conducted by Arthur Johnson,
s Biological Resources Engineering Department

Coyne, and William Scott of the University of Maryland'

on the College Park campus. The purpose of this study is to assess the cffects of breathing resistance on the
rcllationship between the volume of air exhaled with cach breath, the volume of air respired during one
minute, and oxygen consumption. The data to be obtained from this study will help to quantify the

rclau'onships.

Tunderstand that, prior to participation in this study, I will report to the laboratory for an orientatjon session
that will last approximately 30 minutes. At this session, this informed consent, which describes the
Procedures, methods, and individual subject rights for this study, will be given to me for my review. |
understand that I will be asked to complete a medical history questionnaire that details my medical history.

I'understand that I will be asked to complete a PAR-Q questionnaire that will assess my ability to
Participate in physical activity, I understand that I will also be asked to completc a computer-administered

survey that will be used to rate my general level of anxiety. Iunderstand that this survey is not a reflection
Of my past or present emotional stability. I understand that an investigator will be present to answer any

questions that I may have concerning this investigation and my participation.

I'have been informed that on my first visit for testing I will undergo a maximal exercisc test. This test wjj]
be done on & treadmill and involves exercise that allows work rate to be increased progressively until [
become exhausted and decide to end the test or other signs or symptoms dictate the stoppage of this test. |
understand that [ will probably become exhausted within 9 ~ 15 minutes during this maximal exercisc test,
Also, I am aware that this entire session will require about onc hour of my time. Iunderstand that my
blood pressure, heart rate, rating of perceived excrtion, and oxygen consumption will be monitored
throughout the maximal exercise test. I understand that performance of any exercise test involves some
risk to my heart and lungs, which are potentially lifc threatcning, However, I understand that this risk is
minimal for individuals within my age group who have no known symptoms of heart or lung disease. The
risk of death during or immediately after an exercise test is less than or equal to 0.01%. The results of my
maximal exercise test will be used to assess by cardiorespiratory fitness for study participation and to
determine the exercise level that I will be exposed to for subsequent treadmill tests.
1 understand that I will be asked to complete three conditions of submaximal treadmill exercise z'md that
these copditions '\'viu be random % as;ig’lcd and will occur on different test days. These test sessions will
*© invdlve consebit 1bﬁd’é¥'éréisc"ai ihtensities of 25-30%, 35-40%, 45-50%, 65-70%, and 80-85% of my
maximal exercise capacity while wearing either a full-facepiecc mask with varied inspiratory and )
expiratory breathing rcsisumce. undaystand that it may bc. uncon}fonablc to breathe when wearing I.he.
- - Hywher}ﬁrcxp&' ‘t'a high level of breathing resistance. I understand that I w;ll exercise
v g each intcrﬁhy‘ Yevdrdin my oxygen consumption has reached a slcady-statc. I am aware that it may take
3 10 6 minutes to reach a steady-state at cach intensity level and that I will be waiking on the treadmill for
15 to 30 minutes. I understand that a test administrator will stop a test for r_ncdlcal_ reasons (e.g., abnormal
ECG, heart rate, etc.) or if there is an unforeseen problem with data col.lccnon equipment, These three
treatment sessions will occur after my initial maximal exercise test session. I understand that each

treatment session will require about one hour of my time.

I'understand that the following measures will be obtained at va.ric_)us timcs throqghout cagh test s«':ssion:
heart rate, oxygen consumption. minute volume (the volume of air respired during one minute), tidal

volume (the volume of air exhaled with each breath), breathing resistance, rating of perceived exertion,
breathing apparatus comfort, and thermal sensation. I understand that my blood pressure may also be taken

at various times throughout each test session. I will also be asked to complete the 'comput.er-administcrcq
State-Anxiety survey, a measure of situational anxicty, before and after cacl'{ exercise session. I also rFalxu
that I will complete a test to assess the level of respiratory resistance that exists within my lungs and air
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teo 1950 - PAR - bz & YOU

(A Questionnaire for Peopie Ageq 15 to 69)

Y 1S fun ang heaithy, and increasingly more ceoole are starting to become more active evegry tay. Bemg more

_=SQuiar onvsical acnvir
most ceoore. However, some people snouid creck with their doctor pefore they stan pecomng much morg

Py

;.ve 'S very sate for
~7Vsicaly actve.

"'-’ OU are planning 1o become much more physically active Inan you are row. start Dy answening the seven questions i e box oelow, )
*2U are oetween the ages of 15 ana 69. the PAR-Q will telf you if you SRCuiQ check with your doctor betore you stan. it You are gver 69 yealrs

- 3Ge. ana you are not used to Deing very active. check with your accior.

-3Mmon sense 15 your best guide wnen you answer these questions. P'ease read ine questions caretully ang answer eacn one honestly:

hecx YES or NO.
e

' YES  NoO

|! = J 1. Has YOu doctor ever said that you have a Neart cCnaitton and that you shoukd only do physicat activity
| fecommanaed by a doctor?

i' = 3 2 Doyouleetpanin your chest when you do physicat activity?

= 30 3 inte past month, have you had chest pain wnen you wvere not doing physical activity?

, = 0 4 Doyoulose your balance because of dizziness or co YOU ever lose consciousness?

H

! = T 5 Do you have a bone or joint problem thai could be maqe worse by a change in your physical activity?
= 2 5 s yourgoctor currently prescnbing drugs (for examcie. water ouis) for your blood pressure or neart conartion”
; = = T Do YOU Know of any other reason why you Snould nct CO onysical activity?

YES to one or more questions

E you have a

Talk with your doctor by phone or in person BEFORE you stan becoming much more physically active or BEFOR
hiness aooraisai. Teli your doctor abaut the PAR-0 ang wnich Guesiions vou answered YES.

* You mav e able (0 0o any aclivity you want-—-as :0ng as vOu SIart slowly ang build up graduallv Ot vou may nBed 10 restact

YOUur activihas (o 1hoss which are sale lor you. Tais wih vour doctor aboul tne kinds of activilies YOU wisn o pancioate in

ang lollow mis:her agvice.
* Fing out wiuch comfmunity programs g safe ana naiplul for you.
DELAY BECOMING MUCH MORE ACTIVE:

] * I vou are not taeung wai because of a temoorary winess Sucn

1 yoy answerec NO honestly 10 ait PA;-O questions, you can be 3% a COIQ O A f@ver—wail unlil you feet Dener: or
'Qllonamy sure tnat you cap: = * f you are or Mmay be pragnant—lax 10 your goctor gerore you
|+ san Bocoming mucn more pnysicaily active—begin siowly and bund 5tan becoming more achive.
] =0 graduarly, This is tne safest and easiest way 10 go.
;" 'ake 0ann a hiness appraisar—ins 15 an excesent way 10 caterming
LWW Dasic titness so that you can plan Ine best way for you 10 ive

P
P . Heaith CAna0A. ard INew AGENIS S33UMe NO NADMY fOr DRISONS WNO LNGEMake ONYSCA actvity, ang

T3 ot e PARD The € Socie for €
! 001 aMer Compraimg inis QuEBIIGNAANe. CONBAAL vOur GOCIDF Do 10 DRYSICAI aciViry
l-—You are encouraged to copy the PAR-Q but oniy if you use the entire form ’
ar & Hiness W3 S6COON MAY 0@ used 10r ‘ga) o

I

Please note: if your heaith changes so that you then answer YES o
any of the aDove quastions, tell your hiness or hen profassional,
Ask whather you should change your physical 2CTVILY pian.

n 3 ghy acivaty 0rog.

“OTE 11 ine PAR.Q 5 2819 given 10 2 person delore ne or she

1M siratve puposes
! have read, undarstood and completed this questionnaire. Any questions t had were answered 10 my full satistaction,

1AME
S'WTUHE DATE

N ‘NITNESS

SGNATURE OF pARENT

" GUARDIAN 1tor DANICIOANLS LNCR! the Jae O) MBIOTTTY)

N SuLoOoNea oy!

v Canaaian Socisty for Exercise Phvsioiogy e g:::l gm.

SOC1ete canacienne de DNySI0iNgIe 08 | @XETICS
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SELF-EVALUATION QUESTIONNAIRE

Developed by Charles D. Spielberger

1n collzboration with

R. L. Gorsuch, R. Lushene, P. R. Vagg, and G. A. Jacobs

STAI Form Y.1

Name Date S
Age Sex:M ____ F____ _
DIRECTIONS: A number of statements which people have used to
describe themselves are given below. Read each statement and then 4
blacken in the appropriate circie to the r'ighz of the statement to ipdi- b . c,,* ‘?4;
cate how you feel right now, that is. at this moment. There are no right . 1, % o + L,
or wrong answers. Do not spend too much time on _ one statement T ", "'6,’ %, G,
but give the answer which seems to describe your present feelings best. © e T,
oD feel calm ..o e e e, T 2.3 o
2. I feel SECUTE .. .... e ey, 2 T 3 9
S L AM tONSE .o oot e e e e D 3 9 »
4. Ifeelstrained ....... oo rinminirii et e, 2 2 3 o
5. I fe@l AL @2SE .. .\oet it et 2 T 9 o
6. [ feel UPSEl ......couinaii i @ T 9 »
7. [ am presently worrving over possible misfortunes .............. D D 9 @
8. I feel SatiSFOd ... .ot e T T a2 3
9. I feel frightened . ... ..oooviiiiiiiir e T I 3 9
10. I feel comfortable . ... ... ccinrrieiiai i D D 3 @
LE, I feel Self-COnBAENt ..\ ot raninsns st eaisaasecnans, 2 T 3 o
12, [ feel RErvous ..........coooeerintiinii 2 2 3 o
I8, T aMJIltery . ..o..ovvvverreeres e s 2 T 9 @
14, ] Feel indecisive . ...oovveveertieasnsosssstaascsssaroasocasan. 2 2 3
15, [amrelaXed .......coveenrcrnesenemurssensoniostaniaaneananes 2 I 9 o
16. I Fe@l COMIEME .. vvi v iine s ara ettty 2 I & »
17. Ilamworried . ... ... iriniciiiraninaei s 2 @ 9 o
18. [ feel CONMUSEE ... vvvrrereorarsscsinsenssrst sttt ianeenee, 2 T @ @
19, 1 feel StEaAY .. ..vuun.ivrrne i an et 2 3 9 9
20. I feel PIOASANT ...vvuveeivrnerr e 2 ? 3 o

a__. L...A-——-‘ .
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Name

SELF-EVALUATION QUESTIONNAIRE
STAI Form Y-2
Date

DIRECTIONS: A number of statements which people have used 0

describe themselves are given below. Read each statement and then 7
b!ackcn in the appropriate circle to the right of the statement to in- g
dicate how you generafly feel. There are no right or wrong answers. Do

not spend too much time on any one statement but give the answer
which seems to describe how vou generally feel.

39.
+0.

. 1 feel pleasant

- 1 feel satisfied with mvself

- 1 wish [ could be as happv as others seem to be

- 1 feel like a failure

. 1'feel inadequate

- I am content
. Some unimportant thought runs through my mind and bothers me

. | take disappointments so keenlv th

I feel nervous and restless ... oo vrer v errsirianeieecenananans,

I feel rested
I am “calm. cool, and collected™ ..o viriiiiii
[ feel that difficulties are piling up so that I cannot overcome them

[ worrv too much over something that really doesn't matter

.............................
...............................

at [ can't put them out of my

I'am a steady person
[ getin a state of tension or turmoil as | think over my recent concerns

.........................

and interests

. s
Copenght 1968, 1977 by Charles D. Sputbergrr, ff'rp::{wu."__‘ﬂ?: _"':’ fest wr any purisan thevenf
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University

of Maryland

Health H;story Questionnaire
Name Address
Ph¢ . (day) (evening) Age
Date ot -Binh Social Security # Race
eee—
Personal Physician Address
Office Phone
Marital Starus Sex Height ____ Weignt

e

Eamilv_Historv

List aj] deceased immediate family members (parents, grand

Parents and brothers/sisters) as well as cause of death and age
at death.
Mec*~-tjons |

dietary supplements you may

List any current medications or
be taking and the reason:

Alley

‘es Cinclude ullergies to medications as weil)
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Personal Health Cong:is ne

Have vou had anv .: ::e rollowing?

response:

high blood pressure
heart murmur
heart artrtack
stroke

Jdiseases of the .rtar:..
dngina

rheumatic fever. .curict lever
thyroid disease
emphysema

diabetes

bronchitis, pneumorniz
vellow jaundice

hepatitis

Kidney disease

Jdepression

arthritis

tuberculosis

epilepsy

asthma

leukemia

cancer

glaucoma

elevated cholesterci

polio

diptheria

yes
yes

yes

ves
ves
yes
yes
yes
yes
yes
yes
ves
ves
ves
ves
ves
yes
yes
yes
yes
yes
yes
ves
ves
yes

no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no

- . : o?
Have vou ever expericnced any of the following

appropriate response:

19

281

Please circle appropriate

Please circle



frequent headaches ves no

frequent colds ves no
nose bleeds ves no
recurrent sore throats ves no
wheezing spells ves no
coughed up blood ves no
coughing up phlegm yes no
heart palpitations yes no
chest pain wlexercise yes no
dizzy spells ves no
shortness of breath ves no
swollen feetankles ves no
heartburn or intestnai problems Y €S no
pain or cramps in legs ves no
painful joints yes no
ulcers yes no
recurrent constipation ves no
recurrnet diarrhez ves no
prostrate (rouble ves no
kidney problems yes no
phlebitis yes no
varicose veins YES no
0steoporosis yes no

Smoking Check the .ppropriate response below.

n 10 vears ago

stopped more tha
1-2 pack/day. 3+

never smoked
smoke

smoke up to | pack/day
pack/day

What type of smoking: (vircle all that apply) cigarette  cigar

pipe
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Trigiycerides

Total Blood Choiesteroi
LDL Cholesteerol________

HDL Cholesterol

Most Recent Hospualizauon and Reason:

Date and Amount or Last Blood Donation:

For Women Onlv :Circle appropriate responses)

Are vou currenty pregnant? yes no
Are vou currentiy menstruating? ves no
[f ves. are yvour menswual cycles regular (once per month)?
) ) yes no

ith [ e
[ do have heaith insurance (circle one) yes no

If ves. my insurance vrganization
is:

[ do have dental coverage icircle one) ves no

Do »~- Write Bejow This line:
Total Number of Curarovascular Risk Factors:
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College Park, Maryland 20742.
301.405.4212 TEL 301.405, 835

KN I V.E RS ITY OF 2!00Lee8uilding
A

INsTI L REVIEW BOARD

Reference:  [rp ysp Identification Number - 0lagric00]

March 2, 2001

! M
ication
Notice of Results of Final Review by IRB on HSR Applicatio

TO: Dr. Arthur T. Johnson

. Karen M. Coyne o
g{cspartmcnt of Biological Resources Engineering

FROM: Dr. Marc A. Rogers, Co-Chair
Dr. Joan A. Lieber, Co-Chair

Institutional Review Board

roject entitle € rilects i i idal
RE P, d “The Eff of Resistance on the Relatlonshlp Between T
| ool Volume, atnd Oxyglcn Consumption Dun'ng Steady-State
Volumc, Minute Volume,

Exercise” _
. bjects review
h the departmental humaz? su ! W
ituti i d (IRB) concurs wit ; ication. This application
[')Fhe II.ISt"U!fOH.a] Rcvxe?\’ fg?‘t hé above referenced human subjec;s a;pg:aﬁxlzni e IR‘;Spofﬁce.
IR Prehmm??’ Y‘il‘:: human subjects research and has been plac
approval for

ar V tocol You are required to submit the
iati the appro ed protocol,
€ any deviations from

ot j iew committee.
cations to your departmental human subjects revi

modify o
i mré8@umail.umd.
Ifih questions about this, please contact either of us at mr68@umail.umd.edy
€re are any 3

i very much.
139@umail.umd edu or at extension 54212. Thanks very

/ref
enclosures
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Consent Form

Title: The effects of resistance on the relationship between tidal volume, minute volume, and oOxygen
consumption during steady state exercise

I, » state that I am between the ages of
18 and 39 years old and wish to participate in a project being conducted by Arthur Johnson, Ph.D., Karen
Coyne, and William Scott of the University of Maryland's Biological Resources Engineering Department
on the College Park campus. The purpose of this study is to assess the effects of breathing resistance on the
relationship between the volume of air exhaled with each breath, the volume of air respired during one
minute, and Oxygen consumption. The data to be obtained from this study will help to quantify the

F onships,

Tunderstand that, prior to participation in this study, I will report to the laboratory for an orientation session
on, this informed consent, which describes the

that will last approximately 30 minutes. At this sessi
prc Ires, methods, and individual subject rights for this study, will be given to me for my review. |
y medical history,

unaerstand that I will be asked to complete a medical history questionnaire that details m
I understand that will be asked to complete a PAR-Q questionnaire that will assess my ability to
Participate in physical activity. I understand that I will also be asked to complete a computer-administered

survey that will be used to rate my general level of anxiety. I understand that this survey is not a reflection
of my past or 1 1t emotional stability. I understand that an investigator will be present to answer any
Questions that 1 may have concerning this investigation and my participation.

I'have been informed that on my first visit for testing I will undergo a maximal exercise test. This test wil]
be done on a treadmill and involves exercisc that allows work rate to be increased progressively unti! I
become exhausted and decide to end the test or other signs or symptoms dic!'alc lh'c stoppage of this test. |
understand that I will probably become exhausted within 9 ~ 15 minutes du!'mg this maximal exercise test,
Also, I am aware that this entire session will require about one hour of my time. [ L'mders!and‘ that my
blood pressure, heart rate, rating of perccived exertion, and oxygen consumption will be monitored
throughout the maximal exercise test. | understand that performance of any exercise test mvolv;s some
risk to my heart and lungs, which are potentially life threatening. However, I understand that this risk is
mit | for individuals within my age group who have no known symptoms of heart or lung discase. The
Tisk of death during or immediately after an exercise test is less than or equal to 0.01%. The results of my

-maXimal exXercise 1dst will be used to assess by cardiorespiratory fitness for study participation and to
"détetmine the exerdse level that I will be exposed to for subsequent treadmill tests.

T understand that I il be asked to complete three conditions of submaximal treadmill exercise and that
be randomly assigned and will occur on different test days. These test sessions will

these conditions wi
involve constdnt lodd exercise at intensities of 25-30%, 35-40%, 45-50‘@. 65-‘{'0%., anq 80-85% of my
maximal exertise ¢ pacity while wearing either a full-facepicce mask with varied inspiratory and .
expiratory breathing resistances. I understand that it may be uncomfortable to breathe when wearing the
mask espaziaity wien | am exposed to a high level of breathing resistance. Iunderstand that [ will exercise
at each intensity level until my oxygen consumption has reached a s!ead'y-s(a!c. I am awa:: that it may take
3 10 6 minutes to reach a steady-state at each intensity level and that I will be walking on the treadmill for
15 10 30 minutes. I understand that a test administrator will stop a test for fncdxcal. reasons (e.g., abnormal
ECG, heart rate, etc.) or if there is an unforeseen problem u{i!h data col.lccuon equipment. These three
treatment sessions will occur after my initial maximal exercise test session. I understand that each
treatment session will require about one hour of my time.

Iunderstand that the following measures will be obtained at various times U;rO?EhOU* each test sg:sllon:
heart rate, oxygen consumption, minute volume (the volume of air respired during ;mc m'f“;";’)v tida
volume (the volume of air exhaled with each breath), breathing resistance, rating of percetv Clxengoﬂ. )
breathing apparatus comfort, and thermal sensacion, I understand that my blootc'!I pressure mayda s0 be rt:d en
at various times throughout each test session. I will also be asked to complete the computer-a I""]"‘-‘" -
State-Anxicty survey, 2 measure of situational anxiety, before and after cach °"°’,c’;_° scss:lon. a s: realize
that I wili complete 1 test 10 assess the level of respiratory resistance that exists within my lungs and air
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Consent Form

instructed that this test will require me to use a mouthpicce and a nose-clip and to

passages. [ have been d that severa|

breathe normally in and out of my mouth while I hold my checks with my hands. I understan

breaths will be analyzed 1o record my respiratory resistance but that ' .
the test is normally Z(z)mplewd within 5 minutes. [ understand that all testing procedures will be conducted

at ambient room temperature (74°F) in an environmentally controlled laboratory. I have been advised to

: lunch, and to drink plenty of fluids,
8et ade. : rest the night before each test, to eat breakfast or :
excluding aicohol and cgaffeinc, before reporting to the laboratory. I understand that I need to bring my

own T-shirt, shorts, socks, and sneakers to wear for all trials.

I am aware that I am free to ask questions about this study and withdraw my.pam'cipnuox? :; any time
without any penalty. 1realize that the University qf Maryland clioes not Provxfie any r_r::dlc or
hospitalization insurance coverage for study parﬁﬂP‘{“‘m".‘:’s‘;{,‘;;'ﬁ:cg;: \;esr:gur;::; lb; lca‘:vmplc::;;?sm;
L . ; icipation in thi :
e s B
would jeopardize my safety or health. I am aware that if I am excessively tired, have any musculoskeleta]
tly consumed excessive amounts of alcohol, or report to have a cold I will not be allowed

:gjr‘:lrx)"t.i:ia ‘;cr ‘in testing. I understand that if this situation should arise that I will bg rescheduled for t.esu‘ng
at anov.hef time once liave fully recovered from my ailment. I undcrslzakndfu::.t qcc;_dc;ns n‘;ay.rcst:l:t in
I . . ivity. Howevcr.lamawaret{m the ris of this is far less uring the
‘?Odlli’cll:{ury dunv':gczhay::ic\:{i:ims in a research study than in unsupefvucd exercise or competitive
eve beom ed that some individuals have experienced minor skin irritations as & result of the
;fgcﬂ:éu::;a::;?;;‘t;ﬂm rates. 1 understand that this condition is commonly resolved within a short

period of time.

i i red in this study that pertains to me u{ill bc h'eld m.lhc.stnC(csl
<I:::f"xj;::ca:gn!ga\:rialr):u;?t:cn:’:\:’ezllleﬁat?myone that is not directly involvci:zl&;l:l; :‘:}Ile:glg::fcx:v cl -
understand that this study has not been designed for my benefit. I understa iing oy receive o t.l}llcs

icipation. However, I will be given mfonnfuxon regar e; g my g 1 s
;:3; 'ﬁnﬁﬁﬁﬁdf?ﬁﬂ' {f;n;rce to withdraw as & participant without being penaliz "; ::y‘v;ay- am
. ithdraw either by word of mout,h or in writing. 1 undlerslan a mnlu;s( sl,lgge
:h‘::li’:f:)hr:;:dm:gn:ﬂ:e;:ffmw; will be allowed to participate in this investigation. I am aware that I wi

givena copy of the signed consent form prior to beginning my participation

1B APPAOVED
VALID UNTIC

Invcsu’gators:
Karen Coyne, Arthur Johnson, Ph.D., and William Scott
Department of Biological Resources Engineering

University of Maryland
College Park, MD 20742 UNIVERSITY OF MARYLAND
COLLEGE PARK

Karen Coyne's phone: (301) 405-1186 or (410) 6754578
Arthur Johnson's phone: (301) 405-1184
William Scot’s phone: (301) 405-1199

Volunteer's signature

Witness's signature
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May 15, 2001

MEMORANDUM

To:  Dr.Marc . Rogers, Chair
Human Subjects Review Committee
Department of Kinesiology

From: Karen M. Coyne

of Resistance on the Relationship Between Tidaj

Re: Project tled “The Effe:
rojec tle e n Con. “on During Steady-State

Volume, Mint  Volume, and Ox
Exercise” originally approved February 19, 2001

The treadmi]] in our lab does not go slow enough to allow three of my SU.bJeCtS to work in
the 25-30% of maximal oxygen consumption range necessary for the project. I would
like to amend the above protocol to have these three subjects step up and down a 22.5 ¢y
Step at a rate that would put them in the targeted range.

Thank you,

w. M. |
Advisor’s Signature: @%" P A—
4
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Figure 65. Second test of respirator condition A for subject 145. After each stage, the subject rested
until oxygen consumption returned to baseline.
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Figure 66. Third test of respirator condition A for subject 145. After each stage, the subject rested until
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Figure 68. Regression equation fit to last four minutes of data for stage 5 of the second test of respirator
condition A for subject 145.
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Figure 71. Residuals for the zero-intercept model relating oxygen consumption to physiological
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Figure 81. Steady-state minute ventilation versus oxygen consumption obtained during the levels
determination session for subject 145.
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Figure 108. Percent of maximum tidal volume versus percent of maximum oxygen consumption obtained
during the levels determination session for subject 173.
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Figure 110. Percent of maximum tidal volume versus percent of maximum oxygen consumption obtained
during the levels determination session for subject 221.

90





















15142

3)

0.008

0.006 %

0.004

0.002

Residuals

-0.002

0.1

0.2

0.3 0.4

0.5

0.6

-0.004

-0.006

Figure 117. Residuals from the change in minute ventilation with added dead volume for resting subjects.

Dead Volume (L)







Se

0.008

0.006 - &

0.004

0.002

Residuals (L/s)
o

-0.002

0.5 0.6

-0.004

-0.006

-0.008

Dead Volume (L)

Figure 119. Residuals from the change in minute ventilation with added dea
exercising at 30% Vymax-

volume for subjects lightly













Residuals (L/min)

6ve

15
|

| °®
1 _ —
05 &
.o ® ® ®
L J ¢ S P'S ¢ °*
POl 3 . S
0 S - L 2 .—‘—t - - - - -
0 20* ¢ *40 60 80 * 100 120
o I’ 4
¢ O 0. .
.05 ® Ad
®
®
-1

Minute Ventilation (L/min)

Figure 123. Residuals of oxygen consumption from regression of oxygen consumption on minute
ventilation.






IS¢

Exhalation Time (sec)

0 10 20 30 40
Respiratory Rate (breaths/min)

Figure 125. Exhalation time and respiratory rate calibration data.

50

60

70






Appendix C Data
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Time
h:m:s
0:00:35
0:01:.07
0:01:37
0:02:08
0:02:38
0:03:09
0:03:40
0:04:10
0:04:41
0:05:11
0:05:43
0:06:13
0:06:44
0:07:15
0:07:46
0:08:17
0:08:47
0:09:18
0 50

02
%
17.96
17.87
17.02
16.7
16.71
16.74
16.86
16.94
17.12
17.29
17.29
17.3
17.36
17.34
17.43
17.51
17.37
17.29
17.07

CO2
%

2.06
2.13
2.29

2.4

2.5
2.52
2.57
2.54
2.46
2.42
2.44
2.47
2.44
2.45
2.38
2.31
2.43
2.53
2.68

Ve
{(L/min)

47.6
54.26
55.94
64.54
62.49
67.06
70.09
76.12
79.39
84.62
89.85
101.4
105.2
110.21
116.33
118.56
113.77
65.02
12.66

VT
(L)

1.29
1.26
1.36
1.65
1.52
1.68
1.71
1.65
1.62
1.73
1.76
1.78
1.88
1.87
1.79
1.77
1.75

1.3
0.28

354

Voz Vo2
(Umin) (mL/kg/min)

1.53 16.68
1.8 19.57
243 26.44
3.05 33.11
2.93 31.83
3.1 33.8
3.13 34.05
3.34 36.26
3.31 36.01
3.36 36.57
3.57 38.78
4 43.5
4.08 44.34
4.29 46.67
4.42 48.07
4.41 47.9
4.4 47.85
2.57 27.89
0.53 5.76



Table 21.

Time

him:s

0:00:35
0:01:06
0:01:38
0:02:08
0:02:39
0:03:10
0:03:41
0:04:12
0:04:42
0:05:14
0:05:44
0:06:14
0:06:45
0:07:16
0:07:47
0:08:17
0:08:48
0:09:18
0:09:50
0:10:20
0:10:51
0:11:24
0:11:52

SU“ 'Ct 002 VOZmax teSt

02
%
16.91
1712
16.89
16.79
16.53
16.48
16.37
16.54
15.97
16.44
16.53
16.5
16.7
16.61
16.55
16.9
17.2
17.2
17.12
17.45
17.45
17.88
18.01

CO2

%
2.53
2.59
2.58
2,57
2.68
2.72
2.8
2.74
2.9
2.83
2.87
2.91
2.87
2.89
2.89
2.77
272
2.73
2.79
2.62
2.59
242
2.37

Ve
(L/min)
26.69
25.46
27.24
29.45
27.09
28.43
29.89
37.5
32.24
33.76
33.66
35.03
35.78
37.1
4457
46.69
48.2
49.59
57.39
54.56
67.26
73.8
77.14

V1
(L)

0.61

0.5
0.76
0.76
0.54
0.73
0.75

0.6
0.85
0.79
0.99
1.17
0.94

0.9
0.97
1.33
1.18
1.34
1.43
1.21
1.46
1.48
1.54

Vo2

Vo2
(Umin) (mL/kg/min)

118 20.33
1.05 18.16
1.21 20.8
134 23.16
132 22.69

14 24.12
151 25.96
181 31.24
1.78 30.63
1.67 28.73
1.62 279
169 29.21
165 28.4
174 30.08
2.13 36.73
2.04 35.17
1.93 33.25
198 34.2
2.35 40.46
2.03 34.99

o5 43.15
2.38 40.99
037 40.83
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Table 22,

Time
h:m:s
0:00:35
0:01:06
0:01:37
0:02:08
0:02:38
0:03:09
0:03:40
0:04:11
0:04
0:05:13
0:05:43
0:06:14
0:06:44
0:07:15
0:07:46
0:08:17
0:08:47
0:09:18
0:09:49
0:10:19

ibject 023 Vozmax test.

02
%
17.25
16.99
16.58
16.58
16.65
16.78
16.72
16.77
16
16.83
17.09
17.14
17.39
17.5
17.49
17.54
17.73
18.04
18.13
18.2

CO2

%
1.98
2.11
2.3
2.36
2.39
2.38
2.41
2.45
2.44
2.45
2.39
2.4
2.33
2.3
2.31
2.27
2.16
2.06
2.01
1.96

Ve
(L/min)
21.58
25.21
22.44
2416
28.13
27.57
28.14
28.86
30.18
33.54
37.69
44.55
44.93
45.2
46.04
49.54
59.36
63.47
66.87
65.29

Vr
(L)
0.36
0.35
0.56
0.89
0.69
0.71
0.78
0.96
0.75
0.96
0.84
1.31
1.55
1.29
1.32
1.21
1.65
1.51
1.63
1.42

Voo Vo
(L/min) (mL/kg/min)

0.89 19.02
1.12 23.76

1.1 23.43
1.18 25.1
1.35 28.64
1.28 27.15
1.32 28.11
1.33 28.38
1.34 28.53
1.52 32.42
1.59 33.93
1.86 39.48
1.74 36.94
1.69 35.92
1.73 36.74
1.83 38.99
2.06 43.92
1.98 42,08
2.02 42.91
1.92 40.92

356



Table 23.

Time

h:m:s

0:00:35
0:01:06
0:01:37
0:02:08
0:02:39
0:03:00
0:03:40
0:04:11
0:04:42
0:05:12
0:05:43
0:06:14
0:06:45
0:07:16
0:07:46
0:08:17
0:08:48
0:09:19
0:09:50
0:10:20

Subject 145 Vozmax test.

02
%o
17.04
16.71
16.81
16.87
16.99
17.52
17.53
17.48
17.53
17.94
17.24
17.79
17.65
17.82
18.14
18.2
18.28
18.51
18.42
18.51

CO:

%
2.5
2.56
2.55
2.6
2.61
2.53
2.42
2.5
2.52
2.41
2.68
2.46
2.58
2.53
2.42
2.36
2.3
217
2.21
2.16

Ve
(L/min)
42.81
48.12
53.31
37.12
51.62
56.42
64.76
69.83
79.25
68.27
79.16
82.78
91.57
104.17
108.06
113.63
126.31
127.64
135.38
133.61

Vr
(L)
0.81
1.34
1.1
0.93
1.36
1.06
1.38
1.55
1.76
1.29
1.93
1.69
1.87
2.08
2.16
2.14
2.22
2.24
2.33
2.23

Vo2

Voz
(Umin) (ml/kg/min)
1.83 19.87
2.24 244
2.42 26.3
1.65 17.96
2,22 24.13
2.06 22.36
2.38 25.83
2.59 28.13
2.89 31.36
2.15 23.37
3.14 34.13
2.76 29.98
3.18 34.59
3.41 37.09
3.13 33.98
3.22 35.03
3.48 37.85
3.19 34.68
3.51 38.21
3.33 36.18
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Table 24.

Time

h:m:s

0:00:35
0:01:06
0:01:38
0:02:08
0:02:38
0:03:10
0:03:40
0:04:11
0:04:41
0:05:12
0:05:43
0:06:14
0:06:45
0:.07 3
0:07:48
0:08:18
0 48
0:09:20
0:09:50
0:10:21
0 152
0:11:22

Subject 173 Vg,  test.

02

18.07
17.13
16.16
16.56
16.67

3.86
16.72
16.83

3.94
17.06
17.07
17.27
17.31
17.37

.41
17.43
17.49
17.45
17.48
17.56
17.65
17.79

CO>
%
1.92
2.26
2.42
2.39
2.49
2,51
2.62
2.64

-
Z

2.6
2.64
2.73
2.78
2.76
2.73
2.7
2.69
272
271

2.7
2.63
2.56

Ve
{L/min)

25.65
26.82
41.6
44.09
50.86
50.92
53.84
55.72
57.72
60.3
63.75
68.35
72.03
71.08
74.46
77.5
79.39
80.36
82.79
84.39
88.96
95.99

Vr
L

1.28
1.03
1.39
1.42

1.7
1.76
1.86

1.8
1.86
1.88
1.99
2.14
218
1.97
2.19
2.35
2.34
2.36
2.44
2.34
2.28
229

Vo2

Voz
(Umin) (mL/kg/min)

0.8 10.67
1.13 15.08
2.25 29.96
2.16 28.86
2.41 32.15
2.28 30.45

25 33.27

2.5 33.39
2.52 33.62
2.54 33.85
2.67 35.62
2.68 35.73
2.77 36.97
2.69 35.84
2.79 37.15
2.88 38.43

29 38.64
297 39.56
3.03 40.35
3.01 40.08
3.07 40.99
3.17 42.29
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Table 25.

Time

h:m:s

0:00:35
0:01:06
0:01:37
0:02:08
0:02:39
0:03:09
0:03:40
0:04:11
0:04:42
0:05:13
0:05:44
0:06:14
0 44
0:07:15
0:07:46
0:08:17
0:08:48
0:09:18
0:09:49
0 X220
0:10:51
0:11:22
0:11:53
0:12:23
0:12:54
0:13:25
0:13:55
0:14:26

Subject 2 Voomax test.
0O: CO: VE
% % (L/min)
18.65 2 11.79
17.88 2.41 12.29
17.52 2.54 14.18
17.36 2.61 16.85
17.26 2.74 32.6
16.16 3.38 36.29
16.18 3.42 53.42
16.2 3.62 52.95
15.74 3.9 56.06
16 3.86 63.63
16.15 3.82 67.3
35 3.71 66.53
16.16 3.79 71.48
16.23 3.71 72.54
16.12 3.8 73.47
16.12 3.86 75.34
16.15 3.89 77.54
16.38 3.77 76.46
16.26 3.84 79.32
16.48 3.76 96.9
16.62 3.79 111.61
16.97 3.63 116.83
17.14 3.53 117.12
17.09 3.53 123.15
17.28 3.4 123.26
17.39 3.34 132.32
17.51 3.21 123.39
17.57 3.18 19.3

Vr
(L)

0.84
0.82
0.75
0.84
0.84
113
1.78
2.21

2.8
2.65
3.06
2.15
2.75

2.9
2.62

2.9
2.77
2.94
2.64
3.13
2.79
3.16
2.93

2.8

2.8

25
2.37
0.41

Voz

Voz
(L/min)  (mL/kg/min)

0.28 3.62

0.4 5.15
0.52 6.72
0.65 8.39
1.28 16.6
1.87 24.25
273 35.44
2.66 34.55

3.1 40.27
3.32 43.06
3.39 43.97

3.2 4153

3.6 46.65

3.6 46.75
3.74 485
3.82 49.53

3.9 50.53
3.64 47.23
3.89 50.44

4.5 58.37
4.97 64.5
4.74 61.52
4.53 58.72
4.83 62.67
4.59 59.53
4.77 61.83

4.3 55.72
0.66 8.54
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Table 26.

Time
h:m:s
0:00:36
0:01.07
0:01:37
0:02:08
0:02:38
0:03:09
0:03:40
0:04:12
0:04:42
0:05 3
0:05:44
0:06:14
0:06:45
0:07:16
0:07:47
0:08:17
0:08:49
0:09:19
0:09:50
0:10:21
0:10:51
0:11:22
0:11:53
0:12:23

Subject 221 Voomax test.

02
%
15.35
15.5
15.28
15.68
16.01
15.99
15.77
16.19
16.42
16.83
16.71
16.64
16.63
16.99
16.91
16.86
17.11
1712
16.43
17.32
17.23
17.33
17.43
17.47

CO:2

%
3.13
3.12
3.31
3.37
3.27
3.33
3.4
3.32
3.22
3.08
3.1
3.1
3.08
2.94
2.98
3.02
2.95
2.91
3.21
2.85
2.85
2.77
2.69
2.64

Ve
(L/min)
35.06
39.81
46.95
53.35
51.33
58.58
60.49
70.09
76.39
73.94
78.38
72.51
84.36
92.87
99.14
98.28
102.85
103.03
114.77
115.57
116.62
120.39
126.5
123.06

VT
L)

0.95

1
1.47
1.44
1.71
1.15
1.14
1.75
2.06
1.95
212
1.65
2.16
1.98
2.42
2.05
2.24
1.54
2.67
2.46
2.12
2.74
2.69
2.56

Vo2

Vo2
(L/min) (mL/kg/min)

2.19 29.17
2.41 32.14
2.95 39.32
3.07 40.94
2.75 36.72
3.15 41.98
3.41 45.42
3.59 47.83
3.72 49.54
3.23 43.11
3.55 47.29
3.34 44.59
3.91 52.14
3.91 52.14
4.26 56.81
4.28 57.07
4.17 55.67
417 55.64
5.56 74.2
4.42 58.94
4.58 61.1
4.61 61.45

4.7 62.72
4.54 60.53
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Table 27.

Time

h:m:s

0:00:35
0:01:06
0:01:37
0:02:08
0:02:38
0:03:10
0:03:40
0:04:11
0:04:41
0:05:12
0:05:43
0:06:14
0:06:44
0:07:15
0:07:46
0:08:17
01 47
0:09:18
0:09:50
0:10:20

Subject 224 Voomax test.
02 CO: VE
% % (L/min)
16.67 72 36.4
16.87 2.49 37.41
16.55 2.49 41.08
16.33  2.53 43.72
16.41 258  48.18
16.63 2.61 50.64
16.77 2.59 47.59
16.37 2.71 52.16
16.1 282 57.09
16.68 2.68 57.55
16.85 26 60.33
16.9 257 60.68
16.91 257 57.1
16.7 2.64 62.71
1685 2.59 61.62
.56 269  70.76
16.8 266 7625
16.97 2.61 75.96
171 256 77.32
17.14 253  79.69

Vr
(S
0.93
0.85
0.84
0.93
1.12
1.08
0.95
0.84
1.27
1.22
1.28
1.21
0.98
1.28
0.98
1.31
1.11
1.43
1.52
1.48

Vo2

Voz
(L/min) (mL/kg/min)

17 28.35
1.68 28
2.01 33.44
2.26 37.61
2.43 40.53
2.41 40.12
2.18 36.36
0 64 43.94
3.07 51.12
2.69 44.86

2.7 45.06
2.68 44.72
252 42.02
2.92 48.71
2.76 46.01
3_42 56.93
3.45 57.5
3.29 54.77
3.23 53.75

3.3 54.93
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Table 28.

Time

h:m:s
0:00:35
0:01:06
0:01:37
0:02:08
0:02:39
0:03:10
0:03:40
0:04:11
0:04:42
0:05:12
0:05:43
0:06:14
0:06:44
0:07:15
0:07:46
0:08:17
0:08:48
0:09:19

St ject 230 Voomay test.

0,

16.72
16.25
15.64
15.03
15.05
15.65
15.89
16.43

16.6
16.76
1€ !
16.99
17.18

17.1
17.48
17.562
17.43

.22

CO2
%
2.29
2.43
2.62
2.68
2.77
2.87
3.04
2.89
2.82
2.84
2.77
2.79
2.7
2.77
2.58
2.49
2.49

Ve
nin)
21.34
29.09
26.56
40.59
39.83

40.9

48.27
47.73
51.08
53.98
60.35
65.08
64.57
72.75

69.5

76.4
69.63
80.

Vr
(L)

0.51
0.57
0.63
0.88
1.14
1.05
1.18
0.92
1.19
1
1.28
1.45
1.5
1.62
1.29
1.56
1.42
1.58

Vo2
(Umin) (ml/kg/min)

362

1.01
1.54
1.59
2.74
2.67
2.42
2.69
2.35
242
2.44