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CHAPTER I
THE PROBLEM
GENERAL CONSIDERATIONS

Accurate determinations of oxygen consumption and minute venti-
lations are desirable for many physiological and clinical purposes.
Needless to say, one must be fully aware of the characteristies of the
types of apparatus he uses as well as of possible inhereht sources of
errors.

Several procedures have affirmed themselves for the measurement
of oxygen consumption. Modern instruments in both the open and closed
circuit categories have relagated the traditional but aécurate Douglas
bag and Micro-Scholander to the rank of réference mephod.

In fact, efforts to simplify procedures and save time, to improve
the precision of.results, to allow more elaborate experimental designs,
have led to the pfoduction of a series of increasingly automated closed
circuit systems. In these, the quantity of circulating air, the air
temperature and humidity and the partial.gas éoncentrations can be

regulated and the ventilatory parameters continuously monitored.
STATEMENT OF THE PROBLEM

The object of this study on a closed circuit system (spirograph

Dargatz Magnatest type #510, figure 1.1) was to observe if there could

1.1



1.2

be detected, inherent to the functioning of the apparatus or associated
with its operation, variables which could affect and/or misrepresent the
true physiological behavior of the subjects performing in the range of
physibal working capacities of normal adults.‘

More specifically the study was conducted to find out what could
be:

1. the nature and extent of oxygen and carbon dioxide concentration
changes and temperature variations in thé closed circuit system at various
work loads,

2. what wogld be the effects of the variations, if any, on the
physiological behavior of the subject, and on the oxygen .consumption
slope obtained when the oxygen concentration in the abparatus is regulated

manually.

NEED FOR THE STUDY

The spirograph 510 is available with or without certain automatic
features, one of which continuously restores the oxygen concentration in
the system according to the latter's oxygen preésure; Should the appa-
ratus not be equipped with this option, the oxygen concentration is
maintained through manual volume stabilizatiqn.

It is known that volume stabilization of spirographs may fail to
maintain the proper oxygen concéntration, that carbon dioxide absorption
is sometimes incomplete, that local dynamic temperature changes and
differences cannot be controlled entirely and that air leaks in and/or

out of the system may OCCUI.

These variables, in different combinations, may affect the
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1.4

concentration of gases in the apparatus and the oxygen consumption slope;
therefore, they were observed individually with the objective of
identifying the nature and extent of their influence on the accuracy of
metabolic measurements obtained with the Dargatz type 510 spirograph

operated manually.
BACKGROUND CONSIDERATIONS

A comprehensive understanding of the functional relationships in
the spirograph leads to the detection of certain factors which could
directly or indirectly alter oxygen concentration and oxygen consumption
results. Most of these are related to the basic 1aws1 describing the
behavior of gases.

Charles' law states that the volume of a gas at constant pressure
is proportional to the absolute temperature. Charles showed that the
coefficient of volume expansion of all noncondensing gases at constant
pressure and O degree centigrade is equal to 1/273.

Dalton's law stipulates that the pressure exerted by any gas in
a mixture of gases is equal to the pressure which the quantity of that
gas would exert were no other gases present in that same volume.

It is also known that one mole of a g#s has a volume of 22.4

2
jiters containing, according to Avogadro's number, 6.02 X 10 3 molecules

lF.w. Sears, N.W. Zemansky, College Physics (3r ed.; Reading,
Massachusetts: Addison - Wesly Publishing Company, Inc., 1960), pp-
349-382; A.W. Smith, J.N. Cooper, Elements of Physics (7th ed.; New-York:
McGraw-Hill Book Company, 1964), pp. 250-268; R.P. Graham, L.H. Cragg,
The Essentials of Chemistry (24 ed.; Toronto, Ontario: Clarke and Irwin
Co. Ltd., 1959), p. 239.
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at 0 degree centigrade and 760 millimeters of mercury.

Volumes,;temperatures and concentrations in the spirograph are
subject to variations. The following explains how the variations in
oxygen concentrgtion and in the slope of the oxygen cdﬁsumption are
related to the behavior of gases as described in the law;.

The three bell system is so conceived that insufficient or ex-
cessive oxygen fefilling, although altering the oxygen concentration,
will not directly affect the oxygen consumption slopé.provided the mixing
gases are in thermal equilibrium. This effect is achieved by the action
of the balance bell, mechanically linked to the oxygen oﬁe, which expands
invvolume by that of the oxygen added into the system. The spirometer
bell volume is thérefore independent of the oxygen volume added. The
functional in;errelationships in the three bell system Qill be thoroughly
discussed farther. Large oxygen concentration variations do indirectly
affect the oxygen consumption slope, which may then not reflect the other-
wise expected physiological behavior of the subject.

Temperature alterations in the closed air circuit result in volume
instead of pressure variations because of the mechanical behavior of the
spirometer beli which absorbs the variatioms. Therefore, since the oxygen
consumption shoula equal the total spirometer bell volume change over a
given period of time, thermal increases would tend to decrease the volume
change associéted.with the consumption, thereby leading to an underestimation
of the latter, while thermal decreases inqrease the volume change, leading
to an overestimation of the consumption.

Unlike thelspirometer bell, the oxygen bell has nb cooling system.
Temperature differences between them can cause more oOr less perceivable

alterations in the oxygen concentration and in the consumption slope since
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two volumes equal to each other in different ATPS conditions do not remain
the same when they are brought to.common ambient conditioms. It is so
that comparatively colder air in the spirometer bell tends to oxygen
concentration decreases and oxygen consumption slopé increases while
comparatively warmer air in the same bell tends to produce the opposite
effects.

Figure 1.2 illustrates the former case where the spirometer air
is colder than that in the oxygen bell. Although x liters of oxygen were
consumed and x liters of oxygen were added, these do not cancel each
other in terms of molecules per 1iter since their temperatures differ.

At equal pressures, there are less molecules in a liter of which the
temperature is higher than that of another. This explains why the initial
oxygen concentration decreases in the present case (figure 1.2A).

In other words, if these volumes which are numerically equal were
brought to STPD conditions, the volume with the higher temperature would,
at the end, be smaller than that with the initially lower temperaturé.
Since the number of molecules per unit volume is identical at STPD con-
ditions, the number of oxygen molecules added into the system would prove
to be insufficient.

Besides decreasing the oxygen concentration, colder spirometer
air leads to oxygeh consumption overestimations (figure 1.2B). Because
the spirometer and oxygen bells are mechanically linked, a volume decrease
in the latter 1is accompanied by an equal volume increase in the former,
at equal temperatures and pressures. When an expanded volume is created
in the spirometer system by an upper displacement of the balance bell it
should be precisely filled up by the oxygen volume added into the spi-

rometer. Because of the temperature differences between the bells, the
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1.8

added oxygen volume shrinks as a result of thermal equilibration, leaving
the expanded volume created incompletely filled. A transfer of air from
the spirometer to the balance bell fulfills the expanded volume. The
transferred volume.is recorded and interpreted as a volume consumed.

Figure 1.3 illustrates the effects of warmer spirometer air on
the ;xygen concentration and consumption.

Although the numbers of liters of oxygen consumed and added are
identical when reported at their respective ATPS conditions, they do not
exactly equal each other when converted to STPD conditions. In fact,
when bdth volumes are brought to a comparable basis; the oxygen volume
added is actually larger than the one consumed. The initial oxygen
concentration in the spirometer is therefore increased (figure 1.34).

On the other hand, when the oxygen volume added reaches the spi-
rometer's temperature, its jncreased volume is larger than the expanded
volume. The difference between the former and the latter volumes is
absorbed by the rising of the spirometer bell (figure 1.3B). This re-
action leads to an underestimation of consumption.

An additionai gource of gas increasing the spirometer air volume
manifests itself when carbon dioxide is incompletely absorbed. It
decreases the volume change associated with consumption in the bell
thereby leading to a subestimation of the oxygen consumption. Incomplete
carbon dioxide absorption could be due to saturated soda lime and/or to
air flow rates, inside the system, which would not allow the carbon
dioxide molecules to be in contact long enough with the ghemical agent to
favor a reaction between the two elements.

Alr leéks into and out of the spirometer lead to volume and oxygen

concentration variations.
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Exfilﬁrations lower the spirometer bell and mislead into over-
estimations of oxygen consumption. Obviously a leak-out in itself does
not alter gas concentrations inside the system. However, a leak-out is
recorded as a spirometer volume decrease and is theréfore associated with
an increased raté of oxygen consumption. When oxygen is added to replace
what 1s thought to have disappeared, the oxygen concentration in the
system is increased.

Infiltrations raise the spirometer bell. This results in under-
estimations of oxygen consumption. The leak-in in iéseif does not alter
the oxygen éoncentration provided the gas concentrations in the room
ai; and in the system are equal. However, the leak-in conceals the true
disappeared oxygen volume by counteracting the effect of consumption on
the spirometer volume change. The leak-in is recorde& as a decrease in
spirometer volume change which is then associated with.a lower or decreased
rate of oxygen consumption. As oxygen will only be added according to
the spirometer volume change, believed to reflect the true oxygen volume
consumed, the oxygen concentration is decreased in the system.

The oxygen concentration could also decreaée during normal ope-
ration if the minute oxygen consumption exceeded the maximal minute oxygen

flow that can come through the manual oxygen regulator.
SCOPE OF THE STUDY

The present study was conducted with twenty voluntary adult
subjects selected on the basis of their ability to perform a maximal work

capacity test up to and including 325 watts.

The work period on the Lanooy bicycle ergometer lasted six minutes
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at each of the following levels: 100, 150 and 200 watts. Observations
were made during six minutes while the subject remained seated at rest
prior to the 100 watt period.

From 250 watts'on, the work load changed by minute increments of
50 watts until 325 watts.

While a rgst was accorded to the subject in between the successive
six-minute work periods, the spirograph was washed out and filled with
room air. |

New carbon dioxide absorber was used with each subject.

The parameters recorded every minute were:

1. inspired oxygen and carbon dioxide concentrations,

2. respiratory parameters,

3. four local temperatures in the system,

4. duration of operation of the two cooling systems.
LIMITATIONS

Althoughlthe gas sampling lines were kept at minimal lengths, time
lags in the gas concentration analysis could not be entirely avoided.
The commercially obtained soda-1line (BDH) was considered as having

a normal absorbing capacity.

The commercially obtained pure oxygen cylinder was considered as
containing 100 percent oxygen.
Time lags could not be avoided in the analysis of gases by the

oxygen and carbon dioxide analysers.

The work pattern and work times selected did not tax the spirograph

to its reported functional limits.
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DEFINITIONS

Spirograph Dargatz Magna Test 510: closed circuit system; with

automatic temperature and humidity control; adjustable ventilation: 400
liters per minute; reported maximal oxygen uptake measureﬁent capacity
to seven liters.

Mixing box: five liter plastic box added to the spirometer systeﬁ
on the side of expired air, before the soda lime containers.

Three bell system: it is a closed circuit system in which the

spirometer, oxygen and balance bells are utilized.

Two bell system: it is a closed circuit system in which the

spirometer and oxygen bells only are utilized. The balance bell is cut

off from the system.

Spirometer bell: it is the bell recording the breathing movements

and the volume changes in the spirograph.
Oxygen bell: it is the bell containing the pure oxygen used to
replace the oxygen consumed. .

Balance bell: it is the bell linked to the oxygen bell by a small

chain and linked to the spirometer bell by a large air hose.

Volume stabilization of oxygen: it is a method by which the

oxygen concentration is maintained by adding jnto the system the same

volume of oxygen as the volume of oxygen consumed.

Oxxgen'regulator: it is an oxygen inlet valve which can be

gradually opened by the spirograph operator to replace the oxygen consumed.

Manual operation of the spirograph: it is an operation method

which requires the operator to restore the oxygen concentration by ma-

nipulating the oxygen regulator.
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Oxygen consumption slope: it is the slope drawn at the end of

all the expiration movements traced in red on the spirographic paper.
It represents a yolume change in the spirograph normally caused by the
oxygen consumed.

Added oxygen slope: it is the slope on the spirographic paper

representing the volume changes in the oxygen bell. These changes are
brought about by the addition of oxygen into the spirometér system to
replace the oxygen -consumed. .

ATPS fatio: it is the ratio of the number of liters of oxygen
added into thebsystem to the number of liters of oxygen consumed during
the same one miguﬁe period, when both volumes are expressed at their
respective ATPS conditions before being divided.

STPD ratio: it is the ratio of the number of liters of oxygen
added into the system to the number of liters of oxygen consumed during
the same one minute period, when both volumes are brought to STPD con-
ditions before being divided.

Cumulative ATPS ratio: it is the ratio of the oxygen volume
added into thé'system, from the start to a specified moment of a given
period of work, to the oxygen volume consumed during the same period of
time, when bofh volumes are kept at their respective ATPS conditions
before being divided.

Cumulative STPD ratio: it is the ratio of the oxygen volume

added into the éystem, from the start to a specified moment of a given
.period of work, to the oxygen volume consumed during the same period of
time, when both volumes are brought to STPD conditions before being

divided.
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CHAPTER 1II
LITERATURE REVIEW

In the review of literature which follows the accent will be
placed on research>reports and findings related to gas concentrations
in closed spirograph systems, to carbon dioxiaeAabsorbing reagen:s, to
respiratory responses to carbon dioxide concentrations up to one oOr two
percent, and to respiratory responses to oxygen concentrations as low

as fifteen percent.

GAS CONCENTRATIONS

IN CLOSED SPIROGRAPH SYSTEMS

Rbskaﬁm et al.1 reported oxygen and carbon dioxide concentration
variations in thé Dargatz, type 510, spirograph. Their subjects worked
for 6 minutes at 50, 100 and 200 watts, afterviich their load was in-
creased by 25 watts per minute until they were exhausted. The oxygeﬁ
concentration was automatically restored according to the oxygen pressurc
in the system.

For loads up to 200 watts corresponding to an oxygen conéumption
of about 2.5 liters, the oxygen concentration in the inspired air de-
creased from 20.72 percent to 20.41 percent. At maximal work loads the

. concentration dropped to 20.12 percent.

1H. Roskamm et al., "Uber die Genauigkeit der Op - Aufnahme
und Atemminutemvolumenbestimmung in einem geschlossenen Spirometer-
system," Sportarzt und Sport Medizin, Heft 3:57-61, 1970.
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The carbon dioxide concentration in the inspired air showed no
variations at work loads up to 100 watts. At 200 watts, it increased on
the average to 0.165 percent. In maximal work, higher than acceptable
values were found in some cases.

The authors concluded that the gas concentratiopAvariations
recorded did not lead to limitations of efficiency.

The automatic restoration of oxygen concentration seems therefore
quite acceptable.

One could expect greater variationms with volume stabilization of
oxygen concentration since it can be affecfed by such factors as
temperature differences between bells, air leaks in and out of the
system, operator's judgment and carefulness, purity of oxygen, etc...

Beneken Kolmer and Kreuser2 found that the change in the oxygen
_concentration iﬁ the spirometer during the experiment'was significantly
greater'with volume stabilization than with concentration stabilization
both at rest and #t a 75 watt load. However there were no systematic
difference in mean oxygen concentratidn before and after the experiment
with the volume stabilization technique and with the concentration
stabilization technique. The variabllity as expressed by the standard
deviation was about ten times smaller with concentration than with
volume stabilization.

The way in which the oxygen was added with the volume stabili-
zation method is different frdmithat in the Dargatz 510 spirograph. It

was done automatically and intermittently by a mechanically operated

2H.H. Beneken-Kolmer, F. Kreuser, "grabilization of Oxygen
Tension in Closed Spirometer Systems," Respiration Physiology, 4:246-
254, 1968.

PSSy 72
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valve which opéned only during inspiration. In the Dargatz spirograph
there is a continuous oxygen refilling reguléted by the operator according
to the slope of fhe expiration curve. Descriptive informations on the
system used are too scarce to determine whether the engineering characte;
ristics of the refilling mechanism influenced the concentration restoration.
In the 510 spirograph, the oxygen regulator is opened dccording to the
need. Because.of»the foregoing differences it is difficult to predict
whether or not siﬁilar variations would be obtained with the Dargatz.

Moreover, the work load was quite light.

CARBON DIOXIDE ABSORBING REAGENTS

Margaria et al.3 built their own carbon dioxide absorber because
the conventional soda lime canister or other type of filters based on
absorption by alkaline solutions could not absorb the carbon dioxide at
a high enough rate without introducing too high a resistance to the air
flow. Their absorber was a cylindrical vessel in which a potassium
hydroxide solution was watered from above and was kept circulating by a
pump. The expired air flowed through the cylinder cédntercurrent to the
solution. They obtained complete absorption of carbon dioxide in
expired air with a two-tower absorber at ventilation of 140 liters BTPS

per minute.

The 510 spirograph has two parallel tower absorbers filled with

3R. Margaria, E. Galante and P. Cerretelli, "An Efficient CO9
Absorber for Experiments on Metabolism," Journal of Applied Physiology,

14:1066-8, 1959.
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conventional soda lime. Roskamm et a1.4 reported relatively high concen-

trations of carbon dioxide at maximal work in their 510 spirograph.
RESPIRATORY RESPONSE TO CARBON DIOXIDE

Some ch;racteristics of the respiratory response of man to inha-
lation of a constant concentration of carbon dioxide in the inspired gas
were described by Dripps and Cumroe5_6. The tidal volhme increased slowly
to a maximum dﬁring the inhalation and returned slowly to previous levels
when air replaced the carbon dioxide mixtﬁre. Frequency of breathing
also increased as the concentration of carbon dioxide increased. When
the gas mixtures contained one percent and two percent of carbon dioxide
the minute ventilation increased by one and two liters respectively.

These are two levels of carbon dioxide concentration expected to
be found in the spirometer system. The changes in ventilation were much
more important when the carbon dioxide concentration was greater than
thfee percent;

Sensitivity of the respiratory center to carbon dioxide is

calculated as the change in minute ventilation volume for each change of

4Roskamm et al., loc. cit.

5R.D. Dripps, J.H. Cumroe, Jr., "The Respiratory and Circulatory
Responses of Normal Man to Inhalation of 7.6 and 10.4 Percent COj with a
Comparison of the Maximal Ventilation Produced by Severe Muscular
Exercise, Inhalation of COi and Maximal Voluntary Hyperventilation,"
o

American Journal of Physiology, 149:43-51, 1947. :

6R.D. Dripps, J.H. Cumroe, Jr., "The Effect of the Inhalation of
High and Low Oxygen Concentrations on Respiration, Pulse Rate, Ballisto-
cardiogram and Arterial Oxygen Saturation (Oximeter) of Normal indi-
viduals," American Journal of Physiology, 149:277-291, 1947.
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one millimeter of mercury in alveolar or arterial PCOé. The average
value reported\by»Cumroe is about 2.5 11ter§ per minute per millimeter
of mercury change in PCOZ. He did not state whether this was at rest or
at a certain level of work7. Lloyd found that the sensifivity increased
as arterial POZ decreaseda. |

Shepha.r:d9 reported results gimilar to those of Cumroes. At rest
the ventilation increment was smaller th#n one liter when one percent of
CO2 was inspired while with four percent the ventilation was approximately
doubled. |

Schaefer10 showed that a carbon dioxide concentration as low as
1.5 percent maintained a continuous stimulating effect on the respiratory
center throughout an exposure period of 42 days during which the res-
piratory minute vqluﬁe was significantly elevated. The control mean

differed from the experimental mean by one liter per square meter of body

surface area. The oxygen consumption did not change significantly during

the experimenf. _Alveolar carbon dioxide tension was elevated 2 or 3 mm. Hg.

throughout exposure to 1.57% COZ‘ The increase in ventilation was ac-

complished mainly through an increase in tidal volume.

7J.H._Cumroe, Jr., Phxsiology of Respiration, (Chicago: Year
Book Medical Publishers Incorporated, 1966), p. 62.

8B.B. Lloyd, M.G.M. Jukes, D.J.C. Cunningham, "The Relation
Between Alveolar Oxygen Pressure and the Respiratory Response to Carbon
Dioxide in Man," Quarterly Journal of Experimental Physiology, 43:214-227,

1958.

9R.J. Shephard, ''Some Effects of Carbon Dioxide on Foreign Gas
Uptake," Journal Applied Physiology, 14(3):333-338, 1959.

1OK.E; Schaefer et al., ''Respiratory Acclimatization to
Carbon Dioxide," Journal Applied Physiology, 18(6):1071—1078, 1963.
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Asmusseh and Nielsonll showed that during work the respiratory
center reacted ﬁo increases in alveolar PCO2 in much the same way as
during rest, i.e. the ventilation increased linearly up to a certain
value with increasing values of PCOZ, but the stimulus-response. curves
were displaced to the left of the resting curve and the more SO the
higher the work iﬁtensity. In low oxygen (POé: 54 mm. Hg.) and increased
alveolar PCQZ experiments, the lower part of the stimulus-response curves
were much steeper than and displaced to the léft of the corresponding
curves from the éxperiments in atmospheric air at the same work intensity.

From Cumroe and Shephard's studies repo;ted previously it was
shown that a one percent carbon dioxide conecentration in inhaled air pro-
duced a minuté ventilation increase of one liters Schaefer showed that a
1.5%Z carbon dioxide concentration caused an alveolar pressure increase of
2 or 3 mm. Hg. 1In view of these findings and.of these of Asmussen, the
minute ventilation could be expected to increase approximétely two to four
liters around three hundred watts if carbon dioxide concentrations of
one percent were reached.

Craigl2 reported results similar to those of Asmussen. His
subjects were measﬁred at rest and at wprk intensities of 1.5, 3.0, 4.0
and 6.0 miles per hour. The inspired carbon dioxide concentration varied

from zero to ten percent at each speed. At rest a two percent concen-

tration increased the ventilation by approximately two liters. The

llE. Asmussen, M. Nielson, nyentilatory Response to CO2 during
Work at Normal and Low Oxygen Tensions," Acta Physiologica Scandinavica,
vol. 39, fasc. 1,_1957.

12F.N. Craig, ''Pulmonary Ventilation during Exercise and Inha-

lation of Carbon Diowide," Journal of Applied Physiology, 7(5):467-471,
1955.
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ventilation increase paralleled the 1oad increase. At six miles per hour
about ten liters of a 35 litef ventilation were due to the presence of a
two percent carbon dioxide concentration.

Bellvillé'and Seed13 plotted the theoretical relationship between
the partial pressure of carbon dioxide in the inhaled air and in the
alveolar gas under conditions of constant net carbon dioxide excretion.
They assumed a respiratory response curve slope §f 1.5 liters per minute
per mm. Hg. Pcozland a carbon dioxide excretion of 240 ml. per minute.

P

A one percent concentration at rest would raiée A'CO by one mm. Hg.; two

2
percent would faiég it by two mm. Hg. This is in agreement with the

previously reported studies.
RESPIRATORY RESPONSE TO OXYGEN LACK

The height and slope of the oxyhemoglobin dissociation curve
{1lustrates that, at the P02 normally existing in arterial blood, hemo-
globin is 97.5 percent gaturated with oxygen. At oxygen tensions greater
than 100 mm. Hg., hemoglobin cannot accept much_more oxygen. Between
oxygen tensions of 100 and 70 mm. Hg. there is very little change in the
amount of oxygen held by hemoglobin. A decrease from 100 to 90 decreases
the saturation to only 96.5 percent, from 100 to 80, to 94.5 percent and

from 100 to 70, to 92.7 percentlh.

13J.W. Bellville, J.C. Seed, "he Effect of Drugs on the
Respiratory Response to Carbon Dioxide," Anesthesiology, 21:727-741,
1960.

laJ.H. Cumroe, Jr., thsiologx of Respiration (Chicago: Year
Book Medical Publishers Incorporated, 1966), pp. 161-162.
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Dripps and Cumroe15 observed that the respiratory minute volume
was not affected at rest when men breathed air with oxygen concentrations
of eighteen percent. It increased slightly at 16, 14 and 10 percent.
There was a powefful response when the oxygen concentration in inspired
air decreased further. When men inhaled 18 or 16 pefcent oxygen, slight
tachycardia resulted. The arterial oxygen saturation dropped to 93
percent when 17 percent oxygen was inspired.

Hollmann16‘obtained significantly higher oxygen consumption,
minute ventilatiohs and heart rates when his subjects breathed 15 rather
than 21 percent oxygen during a maximal work load 1asting fifty seconds.
The increments were approximately two hundred milliliters in consumption,
twenty liters in ventilation and fifteen beats in heaft rate.

An oxygen concentration drop to eighteen percent in the spirograph
air would seem to be within acceptable limits with an arterial blood satu-
ration of 94 percent. Seventeen percent might provoke slight increases

in ventilation and perhaps oxygen consumption.

15R.D. Dripps, J.H. Cumroe, Jr., "The Effect of the Inhalation
of High and Low Oxygen Concentrations on Respiration, Pulse Rate,
Ballistocardiogram and Arterial Oxygen Saturation (Oximeter) of Normal
Individuals," American Journal of Physiology, 149:277-291, 1947.

16W. Hollmann et al., 'Der Einfluss unterschiedlicher 0y -
Konzentrationen in der Inspirationluft auf das Kardio-pulmonale Verhalten
bei 12-bis 50 sekindigen Maximal belastungen,' Sportarzt und Sportmedizin
Jargang XVII/1966, Heft 4:137, 1966. :
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CHAPTER 1I1II1
RESEARCH METHODOLOGY
INTRODUCTION

The primary objective of this study was to oﬂserve the oxygen
and carbon dioxide concentrations in a closed spirometer system, and to
determine the effects of their variations on the physiological behavior
of the subject and on the oxygen consumption slope during submaximal and
maximal work on a bicycle ergometer.

Decisions relative to the duration of the total exercise period,
the intensity of the work per unit of time, were made in the light of
the following considerations:

1. The desirability of having a suitably long testing period to
allow the subjects to perform aerobically and anaerobically up to maximal
work loads.

2. The'désirability of simulating frequently used procedures in
routine testing or research experiments.

3. The necessity of observing the absorption capacity of the
soda lime on the long run.

4. The desirability of comparing the ability to maintain, by
manual operation, appropriate gas concentrations in the system during

submaximal and maximal work loads.

VAINIEN LISICNT T
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THE WORK PATTERNS

Type of Work

Work coﬁsisted in cycling from a sitting position on a Lanooy
ergometer.
Duration

The total test period lasted 28 minutes. It was divided into
four six-minute periods, each interrupted by a pause; a fifth and final
" work period lasted four minutes.
WOfk Rates

‘The cycling rate was left to the conveniencé of the subjects
since they were familiar with this type of work.

During the first six-minute period the subjects remained at rest,
seated on the bicycle ergometer.

The second, third and fourth six-minute periods were of 100, 150

and 200 watts, respectively.

VAIVIEI L1773

The initial minute load of the fifth period was set at 250 watts
and was then increased every minute by 25 watts, up to 325 watts.
Pauses |

Work was stopped after each period. The subject remained connected
to the system.which was opened to room air in order to insure identical
conditions at the onset of each work period. Work resﬁmed a few minutes

afterwards with the consent of the subject.




3.3

THE SUBJECTS

Twenty-subjects from the region of Quebec were selected on the
pbasis of their expected ability to work up to a level of 325 watts on the
Lanooy ergometer. The mean age, height and weight were: 23.8 years,
175.0 centimeters, 74.1 kilograms.

Most of fhe subjects were involved in bicycle racing from the
regional to the international level. A few were involved in athletics,

cross—country skiing or kayak competition.
THE OBSERVATION POINTS

Seven observation points were determined during each six-minute
period. Measurements were taken at the end of the-minute preceeding the
official six-minute period while the subject was at rest, and at the end
of each minute of the period. In the final period where the work load
was increased every minute, measurements were taken in the same manner

as in a six-minute period.
THE VARIABLES MEASURED

In this experiment, an observation meant the actual measurement
of a variable at a specific and pre-determined point on the time axis.
For all practical purposes, the measurements were considered as "simul-
taneous" measurements. At each cbservation point the following were

retained amongst measured variables.

YAIVILS LIDTY “r
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Respiratory

Ventilation
Oxygen consumption

Gas Concentrations

Percentage of oxygen in inspired air
Percentage of carbon dioxide in mixing box, before CO2 absorption
Percentage of carbon dioxide in inspired air
Temperatures
Temperature of inspired air as recorded on the Dargatz thermometer
Temperature in the oxygen bell
Temperature of inspired air as recorded by a YSI thermisfor probe
Temperature in the balance bell
Gas Volumes
Volume of oxygen added in the spirometer

Cooling Systems

Cooling system I operation time

Cooling system II operation time

EQUIPMENT AND FURNITURES

Spirometer System

The apparatus used was a Dargatz1 Magna—Test,'type 510, high
capacity spirograph with a closed air-circulation system. A simplified

diagram of the spirometer is presented in figure 3.1.

1
Albert Dargatz, Hamburg 28, West Germany.
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The air system. The main air circuit is made up of a blower

(Geblise) and filter, an immersion cooler (Tauchkiiler), the air locks
(Schotts), a spirometer bell (Spirometerglocke), a U-shaped safety
delivery tube (Einleiter), a contact thermometer (Kontactthermometer 1),
a mask (Maske), 'a gas box, two parallel water-cooled soda-lime absorbers
(Absorber), a heater (Vorheizung), a second contact theiymometer (Kontact-
thermometer II), and a throttle valve (Drosselklappe).

| Important elements connected to this main circuit are an oxygen
bell (O2 - Nachflillglocke), a manual oxygen regulator (Sauerstoffregler),
a balance bell (Stabiglocke) and a writing system.

The plggg; can clrculate up to 400 liters bf air per minute in
the system. An air filter is adjusted to it to eliminate any soda-lime
or other foreign particles within the air flow. The filter is easily
removed and éleaned with tap water.

The immersion cooler is half-filled with water from the central

water supply. The temperature of this water is regulated by conduction

VANVIE v

process where running water flowing through tiny pipes (Tauchkﬂhlerkﬁhlrohr)
in contact with the immersion cooler reduces the inéide‘water temperature.
This automatic cooling system eliminates the rising heat in the blower
resulting from mechanical friction and air turmoils. Immediately after
leaving the blower the air passes into the immersion-cooler where it is
cooled and humidified. The automatic cooling and moistening elements
guarantee that temperature in most of the air curculatidn system can be
kept at a level of room temperature; or slightly below, and that the

relative humidity remains between 95 and 100 percent. Furthermore, the

air is always pleasant to inhale.
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The air 1ocks.(Schotts) give the opportunity to ventilate the air
circulation systém.within the shortest time and to supply it with fresh
air. It also gives the opportunity to move the spirometer bell to the
desired height. A special mechanism in the air locks allows to quickly
fill or empty the spirometer bell. Figure 3.2 illustratés the four
functions of the air locks. The levers at the side of each diagram are
the Schotts manoeuvring controls on the front panel of the spirometer.
The left side lever opérates the lower airlock while‘the right one
operates the upper lock. Their actual position for each function is
illustrated. When the Schotts are opened they uncover small holes by
which air can enter or leave the system. In figure 3.2a both locks are
closed, that is no air exchange occurs between the spirometer and the
room.

In figure 3.2b both locks are opened. When the upper lock is
1ifted it pulls up a ball that blocks the air way below the openings just
uncovered, preventing straight through circulation. Therefore the
circulation arriving from below cannot pass through; since the lower
lock is opened the air is forced out of the spitometer by the blower.

At the same time the blower sucks room air into the ;ystem by the upper
openings; therefore the spirometer is completely opened to room air.

In figure 3.2c room air is sucked in through the openings since
the upper lock 1is 1ifted. This increases the spirometer air volume
because thé straight through circulation is blocked and the lower lock
is closed.

Tn figure 3.2d the lower lock is opened. Air can either move on
straight through or leave the system through the openings. Since the

air locks are only sepsrated from the blower by the immersion cooler, the
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high pressure at that point causes the air to leave the system, thereby
decreasing the spirometer volume.

The 18-liter spirometer bell (Spirometerglocke) as well as the

other bells, is extremely light in fabrication. It is this part of the
spirometer that absorbs the changes in volume occurriﬁg'in the spirometer.
It records the inspiration and expiration movements as.well as the volume
of oxygen consumed by the subject. A string connects the moving parts

of the bell with the recorder. To keep the moving parts as light as
possible, there is no counter-weight installed; a spring system serves

as a balance of weight and 1ife.

The U-shaped safety delivery tube (Einleiter) filled with water

up to an overflow level serves as a safety valve, preventing dangerously
low pressures from reaching the patient 1f the spirometer bell were empty.
Because of the atmospheric pressure gradient between the interior and
exterior of the‘Spirometer, room air forces its way into the system.

The contact thermometer (Kontactthermometer I) between the spiro-

meter bell and the mask controls the immersion-cooling system. It
indicates the inspired.air temperature. The desired temperature is set
on the thermostag above the thermometer.

Two wide hoses bring the air at each side of the mask while two
others return it to the system. The mask's surface must adhere completely
to the subject's face so that no air leak occurs. A higﬁ air circulation
is desirable to quickly remove from the mask the expired carbon dioxide.
For the subject's comfort the mask system is hung on springs. The
position of the mask can be adjusted at any required height.

A mouth piece system can be used for basal metabolic measurements

and must be used for lung residual volume determinations. When used, one

Pl aTA I A R TR L d
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soda-1lime absorber is cut off from the system by the absorber switch
(Absorberschaltwalze).

A five-liter gas mixing box was added to the system for the needs
of the experiment. Its purpose was to mix the expired gases to send
a reprensentative expired sample from the box to the carbon dioxide

analyzer.

Two parallel water cooled soda-lime absorbers eliminate by chemical
reaction the expired carbon dioxide from the system. An automatic water
cooling sxstem (Absorberkﬁhlsystem 1I) reduces the heat of reaction in
the absorbers and the heat of expired air to a preset temperature on a
segond thermostat further away in the circulation system.

The heater could be used to raise the air temperature if the
latter were found to be too far from the thermostat setting. The heater
will not operate automatically when the actual temperature is near the
desired temperature. |

The second contact thermometer (Kontactthermometer 1I) controls

the soda—lime.absorbers' automatic cooling system. Temperature readings
are not given on this contact thermometer; the thermostat only can be set.

The thrqttle valve (Drosselklappe) allows a ventilation adjustment

in the spirometer system.

The oxygen bell stores oxygen which serves to replace the oxygen
consumed by the subject so that the system's oxygen concentration remains
constant. The volume of oxygen sucked from the bell by the blower is
controlled by the amount of opening of a manually operated oxygen regulator
(Sauerstoffregler). This 1is aécomplished by the spirometer operator. A
string leads from the bell to a pen recording the volume of oxygen introduced

into the system. This bell is also linked by a light chain to a third
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bell in the system.

The latter bell is the balance bell (Stabiglocke). It is linked

to the spirometer bell by wide tubings allowing air transfer from one

bell to the other. It can be cut off the system by a balance bell switch

(Stabischalterwalze) which opens it to room air. A two bell instead of
three bell system is thus obtained.

The two bell system. This system is obtained by opening the

balance bell tO'rbom air by means of the balance beli switch. As already
mentioned, it éhduld be used only with the automatic restoration of the
oxygen conceﬁtration. Figure 3.3 illustrates the functional operation of
each part of thié.system'when four liters of oxygen are consumed over a
given period of time; the initial and final positions of the bells are
indicated by arrows. It should be noticed that the position of the
spirometer bell is identical at the start and at the end-of the period.

As to the balance bell, it drew four liters of air from the room as it

was pulled upward by the oxygen bell. 1In this system the oxygén consumption
volume is obtained indirectly by measuring the volume of oxygen added

into the system.

The threé bell system. This system is obtained by opening the
balance bell to the spirometer bell by means of the balance bell switch.
The system must be used when the oxygen ig restored through a manually
operated regulator. Figure 3.4 illustrates the functional operation of
each part of this system when four liters of oxygen are consumed in a
given period of time; the initial and final positions of the bells are
indicated by arrows. The oxygen and balance bells behaved in the same
manner as in the two bell system. The spirometer bell volume however

decreased by four liters, which was not the case in the other system.
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Since the balance. bell was opened to the séirometer bell, it drew four
liters from it as it was pulled by the oxygen bell. In other words, as
four liters of oxygen were added into the spirometer bell to replace the
four liters consumed, another four liters were drawn from the bell by
the balance bell which filled itself as it moved upwards.

The balance bell was so called because its function is to balance
the volume of oxygen added into the system in such a way that the
spirometer bell volume reflects the amount of oxygen consumed. The
balance bell will always draw from the spirometer bell a volume of air
equal to the volume of oxygen added. Even though,.thefefore, a maladjustment
occurs in the oxygen restoration, the oxygen consumpéion measure is not
affected.

The recording system. The ordinate of the spirographic paper is
calibrated in liters where 100 ml is the smallest division drawn. The
abscissa is calibrated in millimetres where 5 mm is the smallest division.
The paper speed ranges from 30 to 1500 millimeters per minute.

The writing unit (Schreiber) has two pemns: one usually containing
red ink records ;he spirometer bell movements caused by the respiration
of the subject. It will also register spirometer volume changes resulting
from such things as air leaks, temperature modifications, introduction
of foreign gases like helium, carbon dioxide, etc. In the three bell
system it records the volume change corresponding to the oxygen consumption.
The second pen, psually filled with blue ink, recqrdé the oxygen bell
volume changes brought about when pure oxygen is sucked by the blower
into the system; either to replace the oxygen consumed or to substantialiy

increase the oxygen concentration in the spirograph.
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Two methods are available for recording graphically the volume
changes in tﬁe spirometer bell. The horizontal writing (figure 3.3, far
right) is characterized by a respiration curve which ié kept parallel to
the abscissa, or to the volume division lines. On the other hand the
oxygen refilling curve moves diagonally across the paper. The oxygen
consumption must be read from the refilling curve. This type of writing
is obtained by removing the balance bell from the system. The two bell
system thus obtained should be used only when the oxygen concentration
can be automatically restored.

The vertical writing (figure 3.4, far right) is characterized by

a respiration curve which moves diagonally across the paper along with

oxygen refilling curve. The oxygen consumption must be read from the

regpiration curve. This type of writing is obtained with a three bell

system which must be used when the oxygen concentration must be restored

through a manual oxygen regulator. This writing can also be obtained .
when the oxygen is automatically restored but in such a case it is much ;
more advantageous to use the two bell system.

The air valve system. The system serves to introduce, under

control, certain amounts of gas into various parts of the spirometer

system (figure 3.5).

The common air \ialve2 can be dividéd into a bottom, mid and top
portion (figure 3.6). The alphabetical jetters P, A, and R printed on
the diagram actually correspond to openings named in the same manner oOn

the valve.

2
Burkert valve, Type 315 C, made in Germany.
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FIGURE 3.5
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From the top view of the bottom portion it can be seen that there
is a direct air line between the corresponding side—openiﬁgs (P-P, R-R)
as well as between the end-openings. The small circles on these lines
represent the‘air lines coming from the valve's mid portion.

If a gas enters a side opening, it must pass through the mid
portion to get out by an end opening and vice versa. The mid portion
1ines PA and AR can be cut off alternately by the action of the top
portion's electromagnet on an interrupter oOr by the manipulation of an
exterior lever. The activity of the magnet is controlled by push-buttons.
A continuous spring action on the interrupter results in a blocked PA
1ine when the magnet is not activated. When it is so, the magnet's force
overcomes that of the spring, pulling the {nterrupter across the AR line.
The suction of the blower is the force moving the air through the valves.

:n figure 3.8, a straight air 1ine across a valve, as in valve 1,
indicates that the bottom portion only of the valve isyused; a bended

air line, as in valve 2, indicates that the mid and bottom portions of a

o

vomorsscrP 57 ¢

common valve are used.

valve 1 is activated by the "02 LUftkreislauf" push-button. It
introduces oxygén directly into the main circuit from a commercially
obtained oxyéen gas cylinder.

valve 2 is controlled by the "02 Nachflillgasometer” push-button.
It serves to refill the oxygen bell with fresh oxygen. 1t is also used
to indirectly refill an empty spirometér bell during an experiment where
three bells are used. Referring to figure 3.5, it can be seen that as
the oxygen bell rises, the balance bell lowers while its content is

transferred into the spirometer bell.
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Valve 3 is operated by the "Luftsauger” push—bufton. It sucks in
room air and is mainly used with the mouth piece system where the back
soda-lime contaiher is removed from the circulation. In such conditions
the spirometer bell's refilling rate through the air locks is reduced.

It is increased with the action of valve 3.

Unlike:the others, valve 4 is constantly activated unless switch 2
comes in contact with the balance bell in which case the oxygen bell would
be empty. This mechanism prevents the creation of a vacuum in the bell
by the sucking action of the blower. The volume of oxygen sucked into the
system by the blower depends‘on the opening of the pxygén regulator placed
in between the blower and valve 4.

valve 5 is activated by the "He-Liftkreislauf" push-button to add
helium into the main circulation system.

Switch 1 is connected to the indicating light "voll" (full) which
goes on when the oxygen bell is full. It is also 1inked with valve 2
theough which oxygen is fed under pressure into the oxygen bell. Switch 1
cuts the circult between valve 2 and "02 - Nachfllllgasometer' push-button
when the oxygen bell is raised up to the switch. This arrangement prevents
a high pressure build up in the bell.

An eﬁpty oxygen bell causes fhe balance bell to close switch 2
which allows the electrical current to activate the indicating light
"leer" (empty). When this switch is closed by the balance bell, the
activation of the balance valve is impeded. This armangement prevents

the creation of a vacuum in the oxygen bell.

The balance valve3 (figure 3.7) allows i{nto ‘the main air circulation

3'Burkert: valve, Type 4801 M, made in Germany.
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system, per unit of time, much larger volumes of oxygen than would the
common air valve. It serves to increase rapidly the oxygen concentration
in the system. It would also be used to simply empty the oxygen bell in
order to clean it and refill it with fresh oxygen.

To increase the oxygen concentration in the gystem, the balance
push-button is pressed down (figure 3.5, 3.7).

To wash out the oxygen bell the balance and "02 - Nachflillgasometer"
push-buttons are pressed down gimultaneously. The latter controls valve 2
(figure 3.5).. Since the air flow is greater through the balance valve,
the oxygen bell eﬁpties jtself. When it is so, the balance bell closes
switch 2 (figure 3.5) which automatically cuts the current to the balance
valve. Valve 2 remains open and the oxygen bell starts refilling until
switch 2 is released by the balance bell which lowers as the oxygen bell
rises. This goes on as long as the push-buttons are pressed down. To
refill the oxygen bell completely the 02 - Nachflillgasometer push—bu;ton
only is pressed down. ' i

The balance electromagnetic valve has a large inlet and outlet.

The latter can be closed by the action of a spring on a rubber stopper
at the end of a hollow center steel cylinder. Then the blower suction
creates a force acting in the same direction as that of the spring. When
the electromagnet is activated, its force overcomes that of the spring to
pull upward the center cylinder and the rubber stopper attached to it.

This valve is designed to operate with an inlet pressure of
approximately one atmosphere. If it were connected to an oxygen gas
cylinder or a water tap, the forces exerted on the sloped sides of the
stopper could not be overcomed by the elec;romagnet forces with the

recult that the valve would not open.
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The central water system. By means of the force of gravity, the

oxygen and balgnce bell containers, the U-shaped safety delivery tube
and the immersion cooler are filled with water arriving in a distributor
box placed above them (figure 3.8).

To drain all the containers, a roller switch is pivoted; water

flows into a collecting pipe leading to a reservoir. When the water
reaches a certain level in the reservoir a pump switch activates a water
pump which empties the reservoir.

The central water system is controlled by valve 6 (figure 3.9)

connected to a timing gwitch. This is a common valve (figure 3.6) as
utilized in the air valve system.

The cooling water gystem. The soda lime and the immersion

cooler's cooling systems have already been described. The latter system
is controlled by valve 7 (figure 3.9) which is also a common valve
(figure 3.6). The valve will open according to the inspired air
temperature and the thermostat setting on contact thermometer 1 (figure

3.1).

e e em TS

A special water valve (figure 3.10) is used with the soda lime

cooling system which requires a larger water flow than the first cooling
system or central water system. The valve's top and mid portions operate
in the same manner as in the common air valve's top and mid portions
(figure 3.6). The electromagnet is activated if the gsoda-lime container's
temperature is higher than the thermostat setting on contact thermometer
11 (figure 3.1). Tap water arriveé under pressure at inlet P. If PB

1ine is blocked, a pressure is exerted under the piston head which is
pushed upward until the piston's end seals the R exit. Then water flows

through PA line into the soda-lime cooling system.
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1f, oﬁ the other hand, PB line is opened some water will flow
into it and exeft a pressure over the head of the piston. Since the
surface area ovetr which the pressure is exerted is larger over the piston
head than under it, the piston will be pushed down until PA line is
blocked, cutt;[ng the water flow to the cooling system. Exit R is branched on
the water collecting pipe (figure 3.9). |

The spirometer volume. The spirometer volume was estimated by

three methods. In the first one, the volume of some parts of the spiro-
graph was determined by the volume of water it could hold while the wolume
of other parts was determined in function of their length and diameter.
Wifh the spirograph bell at its highest point and the balance bell at

its lowest, as it is usually the case at the start of an experiment, the
volume of the spirograph was fifty three liters. It must remain very
nearly the same during experiments since the balance bell rises as the
spirometer beli ;owers when the consumed oxygen is properly replaced.

iIn the second method the temperature inside the spirograph was
varied. As stated in the first chapter, a gas volume varies by 1/273 of
its volume for every change of one degree centigrade. Therefore the
increase in volume caused by an increase of one degree was multiplied by
273. By this.method the estimated total spirograph volume was fifty five
liters.

In the third method the volume was estimated according to the
change in the oxygen concentration caused by the addition of a known
volume of pure oxygen. The estimated volume was approximately sixty
liters.

The magnitude and significance of gas concentration and relative

volume changes caused by temperature variation that can be observed in
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specific conditions were judged qbviouély always related to the total
gas volume insidé the closed circuit system.
Ergometer

A Godart-Lanooy Bicycle ergometer was used. The load on the
bicycle was consfant and independent of the revolutioné per minute between
40 and 85 rpm.; the error was expected to be less than 1 percent for total
evaluated work.4
Gas Analyzers

Oxygen. A Beckman paramagnetic analyzer, Model F 3M3-1AA, was
coupled to the spirometer system to monitorize the oxygen concentration
in the inspired air. The 0-25 percent range was used. The downscale
and upscale calibrations were made with 16.6 and 23.8 percent oxygen,
respectively. .

The air flow through the analyzer was kept at 200 ml/min. A
ninety percent response was obtained in forty seconds. The accuracy for
all ranges was £ 1 percent of full scale.

Carbon dioxide. A Beckman infra-red analyzer model 215A was also

coupled to the spirometer system to measure the carbon dioxide concentrations
in the mixing Box:as well as in the inspired air. The 0-10 percent by

volume range was used. The downscale and upscale calibration points were
determined with nitrogen and 2.01 percent carbon dioxide, respectively.

These values corresponded to 0 and 29.1 on the arbitrary scale. The
apparatus had a sensitivity of 0.5 percent of full scale and an accuracy

of 21 percenf. A ninety percent response was obtained in 0.5 second.

The flow rate through the apparatus was kept at 400 ml./min.

4Instruction Manual: Directions for Use for Godart Ergometer, Holland.
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FIGURE 3.10
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Flowmeters

One Brooks Sho-rate flowmetér was connected at tﬁe input orifice
of each gas analyzer to comtrol the air.flow rate through them.
Dessicant

Anhydrous CaSO4 dessicant called Drierite was inserted in between
the flowmeters and the gas analyzers.' |
Polyethylene Tubes

The polyethylene tubes consiéted of a tubular body 5/8 in. I.D.,
and separate serréted tips 7/8 in. long with a 3/32 in. bore. The length
of the tube was 100 mm. Color changes of the interior indicating substances
were easily obserﬁed through the tube. Glycerine was used to seal the
tips. These fdbes‘held dessicant or soda-lime.
Soda-Lime

USP "Wilson", 4/8 mesh, 2 percent moisture, gself-indicating soda-

lime was placea in polyethylene tubes to absorb the carbon dioxide in the
air leaving the carbon dioxide analyzer. "Carbosorb" soda-1lime, dis-
tributed by British Drug Houses Ltd., was used in the spirograph carbon

dioxide absorBers.

PINIVERSITY

Timers

Two Gralab Universal Timers, Model 165-S, were used. One was
placed on topiof the spirometer in front of the Dargatz operatof; the
oeher was placed in front of the Dynograph operator. The latter timer
was connected ﬁo the first in such a way that it automatically started

or stopped with the first ome.

Tele—-thermometers

¥S1 Thermistemp Tele-thermometers were used to measure the

temperature of the air in the oxygen and balance bells, and the temperature




3.29

of the inspired air. The manual gelection switchboard of YSI Model 44
was plugged directly intc a Beckman Dynograph thermisﬁof coupler, type
9858. The YSI thermistor probes, no. 409, used were designed to measure
surface temperatures. Their time constant5 was 1.1 second. Two of the
probes used provided exactly the same readings when placed in a water
bath at various temperatures. The third one used gave readings one tenth
of a degree centigrade higher that the two others. No corrections were
made for this divetgenée.

Thermometers

A partial immersion thermometer graduated in tenths of degrees
from 1 to 51°C was used as the standard thermometer. Although it was
not calibrated with regards to the melting point of ice and melting point
of a highly purified organic compound, it was consideféd as giving
acceptable absolute readings after compari;ons with two uncalibrated
thermometers. The results of these comparisons are shown in tabie 3.1.
Bladders |

Rubber bladders used with the Kofrany-Michaelis Respirometer were
connected to the calibration gas cylinders since there were no constant
flow regulators on these. The bladders were kept partially filled.
Dynograph |

An eight channel Beckman type R Dynograph recorded oxygen and
carbon dioxide concentrations, temperatures registered by the three YSI

probes, and the length of time the cooling systems were in operation.

5Time constant, the standard measure of probe response time is
the time required for a probe to read 63 percent of newly impressed
temperature. Approximately five time constants are required for a probe
to read 99 percent of the total change. Leaflet entitled, YSI Thermistor
Probes, published at Yellow Springs, Ohio, by Yellow Springs Instrument
Company.

PIVIVERSITE
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All the Dynograph amplifiers and pre-amplifiers were of the type 482 and
481B respectively. Table 3.2 summarizes the characteristics and the
functions of the couplers used on the Dynograph which was equipped with
the 501F/R zerqfweave paper drive and an ink curvilinear recording
system. The event marker on the Dynograph was in operation, marking
every first 55 seconds of the minute.

Valves

B-D MS10 iuer lock valves were employed 1n>the saﬁpling and
calibration syétems. |
Sampling stteﬁ

The oxygen and carbon dioxide sampling systems are described in
figure 3.1l1.

Oxygen. A sample of oxygen was continuously flowing through the
oxygen analyzer; ' It was taken by 2 in. I.D. tygon tubing from the large
spirometer hoses (Kupplungsrohr) leading to the mask; On the line in
between the sampling point and the oxygen analyzer were a luer lock valve,
a Brooks Sho-Rate flowmeter and a tube containing dessicant. The total
length of this sémpling line was 36 inches (91 cm) while its volume was
approximately 70 cubic centimeters. It took about five to seven seconds
for the sample to reach the analyzer. In order not to alter the volume
of the closed system, this sample was returned to the system by a tygon
tubing linked éo the back of the spirograph pump. This return line was
70 inches long.

The air was brought to the analyzer by the succion of the spiro-
graph pump. The flowmeter control knob was well opened; the flow
rate through the analyzer was set with a Hoffman clamp placed on the

return line. This procedure prevented the possible creation of a partial

TINMIVERSITE
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vacuum in the analyzer.

Carbon dioxide. Two samples were alternately introduced through
the ihfra—red analyzer. o

To switcﬁ the samples on the analyzer a Becton-Dickenson five
stopcock manifold was used in the following manner: the center stopcock
conducted either sample to the analyzer input through a 3 in. I.D. tygon
tubing. A Hoffman clamp, a flowmeter and a dessicant tube were inserted
in between the center stopcock and the analyzer. The total length of
this sample line.was 30 inches (76 cm.) while its voiume was abou£ 60
cubic centimeters. The Hoffman clamp between the stopcock and the
flowmeter served for minor flowrate adjustments during calibration.

A sample arrived at each stopcock adjacent to the center one.
These adjacent stopcocks could either be opened toward the center or end-
stopcocks.

When an adjacent stopcock was opened towards the center ome, its
sample was direct;d towards the analyzer. When an adjacent stopcock was
opened towards the end-stopcock, 1its sample was returned to the spirometer
system. During experiments, the adjacent stopcock that was not opened
towards the center stopcock was so towards the end one.

The purpose of this sytem was to prevent 'dead air" situations
in a sample line that was not opened to the analyzer. A "fresh" or
representative sample was always flowing right up to'the center stopcock.

The tygon tﬁbings 1ea§ing the end—stopcocks were connected to a
plastic "T" at one foot from the manifold. From there the 50-inch (127
cm.) return line was connected on the spirometer tube feeding pure oxygen
into the system. This connection was two feet away from the pump and

did not reduce the maximal volume of oxygen that could be sent into the
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system. A polyethylene tube containing soda-lime waé_inéerted into this
line to absorb cérbon dioxide. There was no need toléontrol the flow rate
on this return line.

The sample analyzed was returned to the back of the pump by a
55-inch (140 cm.)'long tygon tubing, passing through soda-lime in a
polyethylene tube. A Hoffman clamp on this line was used to regulate
the air flow wate through the analyzer whide the flowmeter control knob
.was well opened. This procedure prevented the possible creation of a
partial vacuum in the analyzer. | |

The first of the samples to be analyzed originatéd from a five-
liter, gas mixing box inserted into the closed system between the soda-—
lime bottles and.the hoses reﬁurning the air from tﬁe mask. This
analysis gave information on the relative amount of carﬁon dioxide going
through the soda-lime bottles for absorption. An 18-inch tygon tubing
brought the sample to an adjacent stopcock. |

The second sample oriented towards the carbon dioxide analyzer
originated from the large hoses (Knpplungsrohr) conducting air to the
mask. An 18-inch tygon tubing brought the sample to an‘adjacent stopcock.

Calibration System

Three gas cylinders were used to calibrate the analyzersﬁ
Scholander analyses were performed6 on two of cylinders. The third one
contained commercially pure nitrogen. The results of the analyses are
displayed in table 3.3. Rubber bladders with luer lock valves on their

end were directly attached on the cylinders.

6Analyses were made at the Biokinetic laboratory of the University
of Ottawa, on November 4, 1970.

o
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A luer-IQck.valve added at the end of the manifold allowed room

air and calibrating gases to reach the carbon dioxide analyzer. A

stopcock on the oxygen sampling line allowed the calibrating gases to

reach the oxygen analyzer.

STATISTICAL METHOD

The nature of the experiment required that repeated measurements

be made on the same subjects, that is, each subject was measured under all

treatments. The factors were treated one by one. The analysis of variance

model is referred to as a single-factor experiment having repeated measures

on the same elements.7 The mathematical calculations were all made with

an IBM - no. 360 Computer using Winer's method.8 The estimation of the

mean squares and of the F ratio as a test of significance was made for

each variable according to the model also described by Winer.9

In order to determine which means were significantly different

from others when the over-all F ratio was statistically significant,

multiple compariéons on treatment means were effected with the Duncan new

multiple range test as described by Edwards.10 The calculation of the

within-treatment mean squares was made wiﬁh an IBM no. 360 computer

The remaining calculations were made with a Munroe Epic 3000.

78.J. Winer, Statistical Principles in Experimental Design,
(Toronto: McGraw-Hill Book Company, 1962), Chapter &, p.105.

88.J. Winer, op. cit., pp. 105-110.
98.J. Winer, op. cit., ppP. 106-110.

erimental Design in Psychological Res

105,1. Edwards, Exp g y g earch,

(3d ed.; Toronto: Holt, Rinehart and Winston, Inc., 1968), pp. 130-135.
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Main Higothesis (Ho). There is no signifieant difference between

minutes in a work period, from the point of view of the variables measured.

Other Hypotheses.

loads, from the point of view of the variables measured.

There is no significant difference between thermometers from the

point of view of the variable measured.

There is no significant difference between bell temperauures, from

the point of view of the variable measured.

There is no significant difference between work
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CHAPTER IV

PRESENTATION AND DISCUSSION OF RESULTS

The objeét of this study of the Dargatz Magna Test 510 spirograph
was to observe firstly the variables that could alter the expected
physiological Behavior of a subject using the apparatus.aﬁd, secondly,
the variables that could falsify the oxygen consumption slope.

In the fitsticase, it was thought that the subject's behavior
could be altered by an increase or a decrease of oxygen concentration
and/or the presence of carbon diokide in the inspired.air, In the second.
case; it was thought that the consumption slope could'be tempered by the
presence of carbon dioxide and/orba difference of temperature between

the oxygen and spirometer bells.

The results will be presented and discussed along the following
iines. A first section will focus on the oxygen concentration changes
within each of the five work periods; a second section, on the carbon
dioxide concentration changes within each of the five work periodé; a
third section, on temperature differenceé between the bells; a fourth
secticn, on the Dargatz thermometer accuracy; a fifth section, on the
oxygen and carbon dioxide concentration differences among the work periods.

In each section will be grouped the observed variables that could

help to explain the changes observed in the variable focussed upon.



4.2

OXYGEN CONCENTRATION

Introductory Comnents

In each of the five work periods will be'gronped,the following
variables: oxygen concentration, carbon dioxide concgntrntion in the
system and in the box, ATPS rgtio, STPD ratio, cumulative ATPS ratio,
cumulative STPD ratio. The following paragraphs will specify'how each
of these variables will be used in the discussions of this section.

The addition of carbon dioxide in the system leads to a decrease

in the nitrogen and oxygen concentrations. Since approximately twenty-
one percent of the gas mixture in the apparatus is oxygen and seventy-
nine is nitrogen, oxygen will absorb twenty-one percent of a concentration
change brought abnut by the addition of carbon dioxide, while nitrogen
will absorb seventy-nine percent of that change. For example, if carbon
dioxide is added to the two gases SO that it forms one percent of the
mixture, the total change of the two original gases_nill be of one percent;
the oxygen concgntration will decrease by 0.21 percent while that of
nitrogen will decrease by 0.79 percent. In other words, since the ratio
of nitrogen to oxygen is 3.77, the nitrogen concentration change will be
3.77 times greater than that of oxygen. In the discussion, it will there-
fore be possible to estimate the influence of carbon dioxide pfesence on
the oxygen concentration.

The ATPS ratio was established to reflect the degree of parallelism
between the oxygen consumption slope and the added oxygen slope over a
period of one minute, when both volumes involved are kept at thelr re-
spective ATPS conditions. The volume stabilization method used to maintain

the proper oxygen-concentration required that both slopes be kept parallel,

re (;:/ 4" ‘
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4.3

or at least that the straight line that would join both ends of the added
oxygen curve be parallel to the oxygen consumption sioéef An ATPS ratio
smaller than one will indicate an insufficient amount of added oxygen while
a ratio greater than one will indicate a surplus of added oxygen. This
line of discussion would come to an end here if both volumes were at the
same temperature. Because different temperatures do exist, both volumes
must be compared at identical or standard cqnditions t6 yerify if the
amount of added%oxygen was adequate. Then, the problem is considered in
terms of number.of molecules per unit volume rather than only épace
occupied.

Therefore.the STPD ratio was established to reflect the degree of
parallelism betweén the two slopes over a period of one minute, when both
volumes involved are brought to STPD conditions. Its purpose is the same
as that of the ATPS ratio; in addition it accounts for the difference
between the temperatures of the oxygen and spirometer bells. This ratio
is really the measure that will indicate if the number of molecules
consumed were completely replaced.

The interactions of both ratios are given in table 4.1 when the
ATPS ratio is equal to or greater than one, and in taple 4.2 when the ATPS

ratio is smaller than one.

The cumulative ATPS ratio and the cumulative STPD ratio serve the
same purpose as fhe ATPS ratio and the STPD ratio, resbectively, except
that the volumes involved can cover more than a one minute period but must
always be cumulated from the start of a given period of work. In fact,
they are obtained by averaging the means of the ATPS and STPD ratios from
the first minute of a given period of work to a defined moment in that

period. Their interactions are the same as those of their counterparts.
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4.6

The ATPS and STPD ratios were given a value of 1.00 at the start
of each period in order to find out by statistical aﬁaiysis if a sig-
nificant change had occurred during the fifst minute of the period. For
example, if the STPD ratio of a first minute of work'was'l 00, it would
mean that the oxygen consumed was completely replaced and that the oxygen
concentration would be the same at the end of the first minute as it was
at the start of the minute, all other things being equ#l,

Period I (resting values)

While the.subjects remained at rest on the bicyclé ergometer during
this period, the o oxygen concentration increased every minute by approximately
0.20 percent (table 4.3, figure 4.1). From 20.60 percent, it rose to 21.88
percent; the corresponding standard deviations were 0.25 and 0.82. The F
ratio was significant at the 0.001 level. The Duncan multiple range test
revealed significant differences between each minute.

At no time were carbon dioxide traces found in the system. It there-

fore exerted no influence on the oxygen concentra;ion.

The ATPS ratio was 2.22 for the first minute but then decreased
progressively each minute, down to 1.64.v The F ratio was significant at
the 0.001 level and the Duncan multiple range test revealed that there
were no significant differences within any group of three consecutive
minutes. The fact that the ratio was never smaller than 1.00 means that
the oxygen consumption curve and the added'oxygen curve were not kept
parallel and that they always tended to approach each other. It can be
seen from figure 4.1 that the oxygen consumption changed very little from
minute to minute; the fact that the ATPS ratio decreased every minute
indicates that the supply of oxygen was reduced from minute to minute,

probably in an attempt to bring to two curves parallel to each other.

LIVERS?
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The STPD ratio curve.follows its corresponding ATPS ratio curve,

progressively decreasing every minute from 2 20 to 1.61. Their respective

standard deviations were 1.00 and 0.61. The F ratio was significant at
the 0.001 level. The multiple range test yielded results identical to
those of the ATPS ratio. The fact that the ratio was always greater than
1.00 means that the volume of oxygen consumed was always replaced with a
larger volume of oxygen. During the first minute, more than twice the
volume needed was added, while during the last minute 61 percent of the
volume added was in excess. Except for the sixth minute it can be seen
that the smalier'the STPD ratio is, the smaller is rhe ox&gen concentration |
increase for corresponding minutes. In other words the closer to 1.00 the
ratio is, the smaller is the oxygen concentration increase.

Since the STPD ratio values were always smaller than the corresponding
ATPS ratio values, the added oxygen was at a higher temperature than that
of the consumed oxygen. Referring to table 4.1, we have a type two situation
for every one of the six minutes in this period. This.means that the oxygen

concentration would have been slightly higher had the added and consumed

LIV ER S

oxygen temperatures been equal. In the present case the STPD ratio effect
counteracts but does mot reverse the increased oxygen'concentration effect

of the ATPS ratio.

The cumulative ATPS ratio ranged from 2.22 in the first minute to

1.93 in the last one which means that on the whole period the added oxygen
volume (ATPS) was 1.93 times greater'than the consumption volume (ATPS).

The cumulative STPD ratio followed the same pattern as the cumulative

ATPS ratio but its values were slightly lower, ranging from 2.20 to 1.91.

This means that on the’average the added oxygen volume was 1.91 times greater

than the volume consumed,
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We have a type two situation (table 4.1) for the interaction of 7%
the cumulative ratios. When temperature differences of both oxygen volume
are taken into account, the volume added according to the curve on the

spirographic paper is reduced by two percent.

Throughout the period therefore the oxygen concentration was high-

enough to maintain arterial blood normally saturated.

Period II (100 watts)

At a work load of one hundred watts the omygen concentration
dropped of 0.68 percent during the first two minutes, frem 20.49 to 19.86.
. The corresponding standard deviations were.O.él'and 0.56, Then, similar
values were observed during the second and third minutes, after-times the
concentration progressively increased until the sixth minute, reaching
20.31 percent, which is 0.18 percent lower than the initial value. The
average concentration was 20.14 percent, which is 0.35 percent below the s
starting concentration. The F ratio was significant at the 0.001 1evei
(table 4.5, figure 4.2).

At a protection level where &« 1s equal to 0.05, the Duncan multiple

UVIVES S

range test revealed that there was no significant difference between the
concentration at the start of the period anu that at the end of the period.
There was also no significant difference among minutes one, five and six,
between minutes four and five, and among minutes two, three and four.

Where & is equal to 0.001, the test revealed significant differences between
the middle values ef the period and the two values observed at each one of
the extremities of the period (table 4.6).

No traces of carbon dioxide were observed during the entire period.

All ATPS ratios were above 1.00 except the 0.73 ratio of the first

minute. From the second to the gixth minute they ranged from 1.06 to 1.10.
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The F ratio waS'eignificant,at the 0.001 level. According to. the multiple
range test, minutes zero and one differed significaﬁtlf'from each other
and from the remaining minutes at a protection level where & equals 0.05.
when & equals 0.001 the same results were obtained with the same grouping;
furthermore, there was no difference among minutes 0, 2, 3, 4 and 6

(table 4.6).

The added and consumed oxygen curves were not kept parallel. Except
for the first minete the added oxygen slope was always greater: the
quantities added.ranged from 1.06 to 1.10 liters (ATPS) of oxygen were
added for every liter (ATPS) consumed. The low ratio of the first minute
reveals that the.exygen supply was not increased as‘the:consumption
increased with the start of work. The adjustment made fer the second
minute seems to have been maintained during the third_minute since a
slight consumption increase was accompanied by a slight ratio decrease.
The supply was then increased during the fourth and fifth minute a little
more than the consumption increase (table 4.5, figure 4.2).

The STPD ratio curve is similar to the ATPS ratio curve. Its

QUVIY EL7 2

values are slighrly lower, ranging from 0.73 to 1.08 with respective
standard deviations of 0.14 and 0.08. The F ratio wasvsignificant at
the 0.001 level. fhe multiple range test results were similar to those
of the ATIPS ratio except that the fifth minute was included in the group
of minutes not significantly different (& = 0.001); t:l;erefore only the
first minute was different from the others; in rhe analysis of the oxygen
concentration, it was the second minute that was different from all other
minutes. This reflects the time lag in ‘the analysis of the oxygen sample.
During the first minute only seventy-three percent of the volume

consumed was replaced. The gituation was well corrected for the remaining
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of the period as every minute an excess of six to eight percent of oxygen
was added. It can be seen from figure 4.2 that everyfminute's excess |
contributed in raising the Oxygén concéntration back.towards its initial
value after it:had»decreased to 19.86 percent in the second minute.
Although the STPﬁ ratios did not differ significantly; that of the first
minute excepted; the oxygén concentration levels were.éignificantly
different from the initial value until the fifth minute.

Considering the interaction of both ratios ﬁe have a type eight
situation (table 4.2) for the first minute sincé both wgfe equal and
. inferior to one. The decreased oxygen concentratioq can be attributed
to a lack of oxygen supply only since‘the températures pf the added and
consumed oxygeﬁ were measured'equal. The third and fourth minutes are
type four situatibn while the secbnd, fifth and sixth'mihutes are type
two situations {table 4.1). |

The cumulative ATPS ratio which ranged from 0.73 to 1.02 indicates

that an excess of twenty milliliters of oxygen were added for each liter

of oxygen consumed.

The cumulative STPD ratio which ranged from 0.73 to 1.01 indicates

that an excess pfloxygen as little as ten milliliters per liter -consumed
was sent into thé system. This amount being smaller than the error of
measurement, the consumed volume can bg considered to have been well
replaced on the average. Although the final concentration is lower than
the initial one, it was not significantly different from it.

The interaction of the cumulative fatios is described in the type
two situation of table 4.1. When temperature differences of both oxygen
volumes are takeﬁ'into account, the VOluﬁe added according to the curve

on the spirographic paper is reduced by one percent.

197} 102 =1L A
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Even at the lowest concentrations observed in the second and third
minutes the arterial blood's saturation was derived as being above ninety- . J
four percent. The ventilation and the heart rate are rnerefore believed
not to have been affected by a significant amount.

Period III (150 watts)

The experimental and statistical analysis results of period three
are given in table 4.7 and 4.8 and in figure 4.3. At a work load of one

hundred and fifty watts the oxygen concentration markediy decreased from

the start of the period to the third minute, passing from 20.60 to 19.50
percent. Further smaller decreases were observed during the fourth and
fifth minutes, the lowest concentration being 19.42 percent. The total
drop was 1.18 percent. The oxygen eoncentration increased to 19.56 in
the sixth minute. The mean was 19.80 percent, 0.80 percent below the
starting value. The standard deviations ranged from 0.17 to 0'86', The
F ratio was significant at the 0.001 level. |

At a protection level where & equals. 0.001 the multiple range test
results indicate‘that the first two observations were not statistically

different frem each other, but differed from the last five observations;

11N E 3

these five did not differ from one another.

The concentration of carbon dioxide was 0.01 in the first three

minutes, 0.02 in the fourth minute and 0.03 in the fifth and sixth minutes.
The F ratio was significant at the 0.001 level. According to the multiple
range test when A equals 0.05, only identical concentrations did not differ
significantly from one another; when &fequals 0.001, minutes with a
difference of 0.01 were not considered significantly different.

gven the highest percentage of carbon dioxide in the period had

practically no influence on the oxygen‘concentration. Since the latter
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FIGURE 4.3
PERIOD III (150 WATTS) MEAN VALUES OF SEVEN VARIABLES
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.changed by about fwen;y percent of the amount of Ca;ﬁpn dioxide present,
it was onlyAaitgréd by 0.006 percent, a change too sﬁalilto be detéctedf
by the oxygén'analyzer. |

Except for the 0.77 ATPS ratio of the first mirute the others were
very close to 1. 00, ranging from 0.99 to 1.05. The F fatio was significant
at the 0.001 level. The results of the multiple range test indicated no
gignificant difference among minutes 0, 2, 3, 4, 5 and-among minutes 0, 3,
4, 5, 6.

In the first minute there was an important gap between the added
and consumption oxygen curves; they were kept almost patallel in the second,
third and fouf;h minutes; finally, the added oxygen volume was 1.04 and
1.05 times greatet'than the consumption volume in the fifth and sixth
minute respectively. |

Except fpr'the first minute, the ratios revealed that the oxygen
supply was increased as the oxygen consumption increased. The last two
ratios revealed a tendency to keep on»increasing regularly the supply

even though a relative steady state was reached. According to the multiple

22332 W 2t S

range test when « equals 0.001, the oxygen consum ption values (ATPS) did
not differ in the last three minutes. The three ratiqs above 1.00 in this
period were obtainéd at these times.

The STPD ratio values were in general slightly lower than those
of the ATPS ratio. They ranged from 0.76 to 1.04 with respective standard
deviations of 0.16 and 0.06. The F ratio was significant at the .00l
ljevel. The multiple range test results were identical to those of the
ATPS ratio.

puring the first minute, only seventy-six percent of the volume

consumed was replaced; during the second, ninety-eight percent was replaced;
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in the third and‘fourth minutes the consumed volume was completely replaced
without excess as it was the case in the fifth und'sixth minutes. The
major drop in the oxygen concentration was observed in the second minute.
It can be associated with the low ratio of the first minute since a close
look at the results séem to indicate a lag in the sampling and analyser
response time. In fact, the drop of 0.61 percent iu the oxygen concentration
observed in the second minuté in much too big to be uttributed to the 0.98
ratio of that minute, as the drop of 0.24 pércent in thé third minute is
too important to be attributed to the ratio of 1. 00.- Similurly, the slight
excess of oxygen*éent during the fifth minute was percéived, in terms of
oxygen concentrution, in the sixth minute only. |

Considering the interaction of both ratios, we had a type five
situation in the two first minutes where the temperature difference between
the two oxygen volumes contributed to decrease the oxygen concentration;
it remains difficult to quantify this effect. In the third minute both
ratios were gqual to 1.00. The last three minutes were type two situationms.

The cumulative ATPS ratio which ranged from 0.77 to 0.98 indicates

that the added oxygen curve parted from the consumption curve by about

twenty milliiiters per liter of oxygen consumed.

The cumulative STPD ratio 1ndicateé that on the whole period ninety-
seven percent of the volume consumed was replaced. During the six minutes
a total of 11.86 liters were coksumed. The three percent of this volume
that was not replaced represents approximately 360 millilitersu Meanwhile
the oxygen concentration decreased by approximately one percent.

The interaction effect of the cumulative ratios is identical to that

of period I1I.
The oxygen concentrations were within acceptable physiological limits

as in the previous periods.
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Period IV (ZOO.wattsl

The experimental and statistical analysis results of period four
are presented in table 4.9 and 4.10 and in figure 4.4. At a work load

of two hundred watts a remarkable oxygen concentration decrease was

observed during the three first minutes where it dropped of 1.48 percent,
from 20.53 to 19.05. Thereafter the concentration progressively increased
up to 19.73 in the sixth minute, 0.80 percent below tﬁe starting value.
The mean concentration of 19.63 was 0.90 percent lower than the initial
value. The standard deviation of the initial concentration was 0.32, that
of the third minute was 0.62 and that of the sixth was 1.09.

The F ratio was significant at the .00l 1eve1. At a protection
level where ( equals 0.05 the multiple range test revealed that minutes
zero and one were‘significantly different and that tney.were different
from all other ninutes. Minute five was not different from two and four
but was different from six. When A equals 0.001, minute zero and one were
not different from each other but were different from all the other minutes.
Two, five and six did not differ, as did not two, three, four and five.

During the first minute the carbon dioxide concentration passed

from zero to.Q.04.percent, thereafter increasing by 0.02 percent in the
second as well as in the third minute. The concentration of the fourth
which was identical to that of the third increased by .01 percent in the
£ifth and in'the sixth minute. The F ratio was significant at the 0.001
level. When equals 0.05, only minutes three and four were not different
from each other. When it equals 0.001, the third, foutth and fifth were
not different, nor were the fifth and sixth.

Had the final 6xygen concentration been twenty percent, the highest

carbon dioxide concentration observed would have caused a drop of only 0.02
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FIGURE 4.4

PERIOD IV (200 WATTS) MEAN VALUES OF SEVEN VARIABLES
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percent in the oiygen concentration. The mean effect would had been a
decrease of~0.903-percent per minute. Since.the final concentration was
- slightly lower than twenty, the effects were slightly iower thaﬁ'the
above mentionned ones.

Following a low first ATRS ratio of 0.67 were ratios of 0.97 and
0.99 in the second and third minutes. That of the fourth minute was 1.04
while those of the fifth and sixth equalled 1.06. The F ratio was
significant at the 0.001 level. The Duncan multiple range test revealed
- no difference among minutes 2zero, two and three, between minutes zero
and four and finally among minutes four; five and six (¢(==0.05). When
.the higher protection level was used no difference was obtained among
0, 2, 3, 4 nor among 0, 3, 4, 5, 6.

The méaﬁ ratio indicates that the consumption curve was four per=
cent greater than the added oxygen curve. Except for the first minute,
the oxygen supply was adjusted every minute in function of the consumption
increment. Until a certain form of plateau was neared the supply was
slightly insufficient while it exceeded the demand afterwards, that is,
the supply was inéreased as if no form of plateau were reached. In this
regard, period three was identical to this one.

The STPD ratio values differed from those of the ATPS ratio in the
fifth and sixth minutes only. They rapged from 0.67 to 1.05 with
corresponding stgndard deviations of 0.68 and 0.05. The F ratio was
significant at ﬁhé .001 level. The multiple range test results were
identical to those of the ATPS ratio.

The first minute ratio means that only sixty-seven percent of the
volume consumed was replaced. It must be the main cause of the relatively

large oxygen concentration drop in the period. The effect of this OXygen
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lack on the‘oxygen concentration'was.recorded mainly in‘the second minute
because of the'time lag in the sampling end analysing systems. To an STPD
ratio greater'than one corresponded'an increase in the oxygen concentration.

Analysing the interactions of both ratios, type eight situstions
were found uplto’the fourth minute, the remaining'minutes being type two
situations (table 4.1). The temperature of both oxygen'volumes were
approximately equal most of the time; they could therefore be . compared at
their ATPS conditions to determine whether or not the consumed molecules
were replaced.

The cumulative ATPS ratio was O. 96 at the end of the sixth minute.
It indicates that throughout the period the average lack of added oxygen |
was approximately thirty-five milliliters per added 1iter when the volumes
are kept at their ambient temperatures.

The cumulative STPD ratio of 0.96 reveals that the oxygen supply

should have been increased by approximately forty milliliters STPD for
each one of the fifteen liters consumed on the average in this period.
The deficit was about six hundred milliliters.

Although the subjects breathed air with a mean'oxygen concentration
of 19.6 percent throughout the period, the arterial blood saturation may
have decreased by an estimated two percent, this is an acceptable reduction
of oxygen from a physiological point of view.

Period V (250-325 watts)

The experimental and statistical analysis results of period five
are presented in table 4.11 and 4.12 and in figure 4.5. Significant
differences were observed within the period for all variables (0.001).

As the work load progressively increased from 250 to 325 watts

during the period, the oxygen concentration progressively decreased from
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FIGURE 4.5

PERIOD V (250-325 WATTS) MEAN VALUES OF SEVEN VARIABLES
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20.45 to 18.86 percent, ﬁith respective standard deviations of 0.35 and
1.12. Although it was the shortest period of work its piygen concentration
drop of 1.5§ ﬁéféent was the gfeatest observed ddriﬁg a period. The mean
concentration of 19.56 was 0.89 percent lower than the inifial conéenﬁration.

At the protection level obtained with an ( of 0.05 tﬁere was no
significant differences between the initial and first ﬁinute concentrations
and between those of the third and fourth minutes. With an &« of .001 the
results were the same; in addition the second minute is included with the
third and fourth. Therefore the two first observed concentrations were
statistically different from the three last ones.

The major increase in the carbon dioxide concentration was observed

after the first minute as it reached 0.09 percent. Thereafter the increment
was about 0.05 percent per minute. The only two values not considered
different were .those of the second and third minutes (/= 0.001). The
concentration of 0.25 percent (S.D. 0.11) caused an oxygen concentration
decrease of about 0.05 percent during the period. Withoﬁt the presence
of carbon dioxide the final oxygen concentration would have been approximately
18.90 instead‘of.18.86 percent.

Following a low first minute ‘ATPS ratio of 0.80 were ratios of 1.00,
1.02 and 1.00. The first one was significantly differenf from all others.
Its standard devia?ion was 0.16 while that of the fourth was 0.06.

Although the added oxygen and consumption curves were kept parallel
during the lastithree minutes the mean ratio of 0.95 indicates that the
added oxygen slopé_ﬁas five percent smaller on the whole. During the last

three minutes the minute consumption increments were accompanied by adequate

minute oxygen supply increments.
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Compared to those of the ATPS ratio, the STPD ratio values were
equal in the first minute, greater by one percent in the second and smaller
by one percent in the third and fourth. The first minute ratio was
significantly~different from all others. As for the oxygen concentration,
minutes two, three and four were not different.

Eighty percent of the oxygen consumgd in the.first minute was
replaced. As previously explained, it is Believed that the oxygen concen-—
tration readiﬁg made at the end of the first ﬁinute did not correspond
in time to the actual concentration at the end of that minute. The drop
between the first and second minutes was large in regard of the 1.01
ratio of the second minute. Further away in the period slight concentration
decreases were observed in spite of the 1.01 ratios of the second and
third minutes.

The intéraétions of both ratios afe described in the type eight
situation for ;hé‘first minute, in the type one for.the second, in the
type two for fhg fhird and in the type three for the fbu:th (table 4.1
and 4.2). In.general the temperature differences bereen the added and
consumed oxygen cannot have affected much the oxygen éoncentration.

In fact'both cumulative ratios were'equal at the end of the period.

They reveal thaf the oxygen supply should have been increased by
approximately fifty milliliters STPD for each of the thirteen liters
consumed on tﬁe average in this period. ' The total deficit amounted to
about six hundred and fifty milliliters.

In this pefiod the oxygen concentration was closer than in the
other periods to the eighteen percent jevel below which physiologicgl
reactions normaily appear because of a lowered blood oxygen pressure.

Such could be the case at work loads nearing four hundred watts per minute

if the trend observed in the period persisted.
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CARBON DIOXIDE §

The experimental results are presented in table 4. 13 and figures

4.6 and 4.7. Although they were described at each period in the discussions
on the oxygen concentration they are grouped hereunder for ease of interpre-
tation. |

No traces of carbon dioxide were observed in the system during the
two first periods (figure 4. 8) while the highest percentaée recorded in the
box was 0.46 (figure 4.7). The oxygen consumption at the end of the ome
hundred watt period was 1.6 liters per minute.

During the.third period the concentration progressively increased
up to 0.037% (fignre 4.6) in the system and 0.68% (figure 4.7) in the box.
The oxygen consnmption was then 2.2 liters per minute. At the end of
period III (200 watts) requiring a minute consumption of three liters the
concentration reached 0.10% (figure 4.6) in the system and 0.96% (figure
4.7) in the box. The fifth period final concentrations were 0.25. (figure
4.6) in the system and 1.55% (figure 457) in the box. The minute oxygen
consumption was 3.76 liters.

As in Roskamm's study, no carbon dioxide was found in this study
for work 1oads.un to one hundred watts. At one hundred and fifty watts
he reported an everage value of 0.08 while ours was 0.03. At two hundred
and fifty watts we observed 0.107 while he recorded 0.1657. At three
hundred watts the carbon dioxide in thelr system accounted for 0.40% of
the inspired air while our corresponding value was 0.20%. Therefore,
except at 1ighter work loads, Roskamm observed higher‘carbon dioxide

concentrations in the system than we did in this study.
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Table 4.14 summarizes the percentage of carbon dioxide absorption
for everyvminute of each periéd. At the end of the third, fourth and
fifth period thé=percentages of carbon dioxide not absorbed were 4.4,

104 and 16.1, respectively. |

" A certain error is introduced in the computatibﬁ of oxygen conQ
sumption when carbon dioxide is introduced into the system since the
consumption is thought to be equal to the total system volume decrease.
When the spirograph volume and carbon dioxide concentration are known,
the subestimation of oxygen consumption can be found.frbm figure 4.8.
The writer has quantitatively estimated that the spirégréph volume, without
the balance bell, is at least fifty liters. Had.the oiﬁgen consumption
been computed for‘the 1ast minute of each period, the subestimation would
have been negligéable at the end of period'three while it would have
been of fifty milliliters at the end of the fourth. Subestimations of
consumptions at loads of 275, 300 and 325 watts would have been of 75,
100 and 125 millilitérs, respectively. In spirograph systems of sixty
and seventy litefs, the error would have been of 150 and.175 milliliters,
respectively. B

Even though carbon dioxide was detected in the third period (table
4.13), its concentration was that normally existing in ambient atmospheric
air. The subjects'ventilatory response. to work was not therefore abnormally
influenced by thé presence of carbon dioxide.

The 0;1 percent concentration at the end of tbe fourth period
(table 4.13) proﬂably just barely affected the mean ventilation per minute
commanded by the‘;wo-hundred watt load. The increase in ventilation caused
by the breathing of some carbon dioxide would most probably be less than

PA
one liter since a one percent concentration raises the ~ co, by only one
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mm. Hg . , and since'the ventilation_increase is about two liters per mm.Hg.
increase.

As ventilations reached 160 liters per minute at 525 watte, the
carbon dioxide rose to 0.25 percent. In view of the foregoing ‘statements
the ventilation could have increased by one to two Or three liters as an
effect of carbon dioxide in the inspired air; that would he less than two

percent of the minute ventilation.
TEMPERATURE DIFFERENCES BEIWEEX THE BELLS

If the added oxygen is warmer than the spirometer air, the volume
of the latter decreases as the former's temperature equilibrates with the
colder air. In anch a case the oxygen consumption is overestimated. When
the oxygen temperature is lower than that of the spirometer air the con-
sumption is underestimated.

To find out the magnitude of the overestimation which occurred in
the present study, the temperature of the’ added oxygen volume was brought
to the base of the temperature of the spirometer bell;fthe difference
between the initial volume and the final volume'therefore corresponded to
that of the overestimation.

Since the oxygen consumption is usually computed for the last minute
of work at a given load, the values of the last minute of each period were
retained in this discussion. The results are given in table 4.15.

There was almost a two degree difference between the oxygen and
gpirometer bells at each period. The difference was statistically sig-
nificant at the .001 level. As the added oxygen volume augmented from

period to period the overestimation became increasingly apparent. In the
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first two,periods-it was inferior to ten.milliliters (ATPS).. It was in
the order of twenty milliliters (ATPS) in the‘third and fourth periods .
and thirty milliliters (ATPS) in the fifth one. Assuming that the con-
sumption equalled the added oxygen volumes the overestimation was about

0.5 percent.
THERMOMETER ACCURACY

The thermistor probe placed approximately twelve inches from the
Dargatz exterior thermometer generally gave temperature readings of 1.5°C
lower than the latter. Table 4.16 presents these differences for the
last minute of eacn period. The differences were statistically significant
at the .00l 1evel. An accurate thermometer is imnortant in that its
readings are utilized to convert the ventilation and oxygen consumption
volumes from ATPS to BTPS and STPD conditions. The last two columns of
table 4.16 indicate that the oxygen consumption volume converted to STPD
conditions (assuming an ambient parometric pressure of 760 mm.Hg.) was
underestimated_by‘approximately twenty milliliters when the Dargatz ther-

mometer readings were relied upon.
OXYGEN AND CARBON DIOXIDE CONCENTRATIONS FROM PERIOD TO PERIOD

Table 4.17 presents the mean oxygen and carbon dioxide concentrations
for eight work levels. The means for the first four loads were obtained
from six concentrations recorded while twenty subjects worked during six
minutes; the remaining means represent the concentrations recorded at the

end of each minute of work at the progressively increasing work loads.

Ry P
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The two hundred and fifty watt mean cannot be compare& ko the athefg Qithbut
restrictions since thé spirograph was washed out with room air prior to
the minute of work. |

The oxygen concentration progressively decreased as the work load
jncreased. At rest it was above normal atmospheric concentration while at
325 watts it was approximately 2.5 percent lower. Generally there were.no
significant dif ferences among combinations of three'coﬁsecutive loads.

Carbon dioxide was not completely absorbed at one hundred and fifty
watts. Thereén, it progressively increased as the work load increased.
There were no significant differences among the first three loads, between
the 200 and 250 watt load and between the 275 and 300‘watt load.

According to the previous analysis of each period the fall in the
oxygen concentration reflected a lack of added oxygen. Carbon dioxide
and temperature differences between bells had but minor effects on the
oxygen concentration.

The writer'Believes that the increasing concentrations of carbon
dioxide may be due partly to a progressive saturation of the absorbing
reagent. As the latter may progressively have lost its absorbing capacity,
the volume expired in the system progressively increased with the work
load. The air flow rate in the spirograph 1eft.litt1e time for a reaction
to occur betwéen the soda lime and the carbon dioxide.‘ Assuming that the
ventilation in the spirograph is near 400 liters per minute, that the
total length of the closed circuit is at least thirty feet and that the
spirograph volume is fiftyiliters, the air circulates about eight times
éer minute in the circuit. Complete absorption of thé 002 molecule must
therefore occur within half a second. In relationship to given conditions

of the absorbing agent this duration may be too short to favor maximal

absorption.
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CHAPTER V

SUMMARY AND CONCLUSIONS
- SUMMARY

The object 6f this study was to point out and observe at varidus
work loads the factors that could alter |

1. the physiological behavior of the subjécts'working with the
Dargatz Type 510 spirogréph: these factors.were-oxygen.and carbon -
dioxide concentrations, | |

2. the print-out of the oxygen consumption slope: these factors
were presence of carbon dioxide and temperature différenées between the
spirometer and oxygen bells. |

Twenty voluntary well-conditioned male subjects ﬁere selected on
the basis of"thei¥ capability to complete é 325 watt load on the Lanooy
ergometer. .

The working time was divided into five periods. In the first
four which lasted six minutes each the work loads were of 0, 100, 150
and 200 watts. In the last period the loads were increased every minute;
they were of ZSO,-275 and 325 watts. Each period was followed by a pause
during which room air was circulated in the spirograph.

Observations were made at the beginning of each period and at
the end of each minute of work. The variables observed were grouped
into five catégoxies. Respiratory category: ventilation, oxygen con~

sumption. Gas concentration category: oxygen concentration in the

inspired air, carbon dioxide concentrations in the inspired air and in
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the mixing box. .Teggerature category: temperature of the inspired air
registered with the Dargatz thermometer and with a thermistor probe,

temperature in the oxygen and in the balance aell. GCas volume category:

volume of oxygen added into the spirometer. Cooling s&stem_categorz:

operation time of cooling system I and II.

The design used was that of a single factor experiment having
repeated measurements on the same elements. The differences observed
within parameters were tested. for significance with the appropriate F
test.  When the'over-all F was significant, multiple comparisons on
treatment means were effected with the Duncan new muitinle range test.

Significant ‘differences were found within each period for oxygen
concentrations, carbon dioxide concentrations in the mixing box, carbon
dioxide concentrations in the system (the first two periods excepted) ,
ATPS and STPD ratios.

In the first period when the subjects were at rest, there was no
significant difference between any two consecutive measurements of oxygen
concentration. The general trend in all other periods was that the
initial and final oBservations were significantly different from the
remaining observations within a period. ‘The sixth minute observation
was, at times, similar to that of the first minute.

In general.the oxygen consumptions'of two oY three consecutive
minutes were not different in the first four periods. In the fifth period
all minutes were different with respect to the‘oxygen‘cohsumption.

The box carbon dioxide concentrations were not significantly
different in the 1ast four minutes of the periods except in the fifth

where they were all different from one another.
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In the‘first and second periods no carbon dioxide was oﬁserved in
the system. In -he third and fourth periods there was generally no
difference between three or four consecutive observations. In the fifth
oeriod, the second and third minute.observationstwerc not significantly
different. | |

Generally the ATPS and STPD ratios of the first minute were
significantly different from the other ratios within a given period.

Significant differences were found between the spirometer and
oxygen bell temperatures at thc last minute of each period.

Significant differences were found between the temperature readings
of the Dargatz exterior thermometer and a thermistor'probe, at the.last

minute of each period.

Significant differences were observsd between eight work loads in
terms of oxygen concentrations and system carbon dioxide concentrations.

Cenerally there was no significant difference between the mean
oxygen concentrations of three consecutive work loads.

The mean carbon dioxide concentrations in the system were not

different at 0, 100 and 150 watts. There was also no difference between

275 and 300 watts.

CONCLUSIONS

The following conclusions have been reached as a result of this

study.
1. The decrease usually observed in the oxygen concentration was
imparted mainly to an under-adjustment of the manual oxygen regulator in

the first minute of work. This was revealed by a first minute STPD ratio
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sigﬁificantly'different from all other minute ratios within a'peried.
Care should be exercised at the beginning of a work load to avoid an
oxygen lack; itvcould even be recommended to increase the oxygen supply
before the peed is clearlyiindicated by a decreased spirometer bell
volume. If in the first mihutevof a load the éolume of added oxygen
slightly exceeded or at least equalled the consumed volume, the initial
oxygen concenttation would probably be more easily mainteined throughout
a working period.

The minﬁte ventilation volumes migﬁt have increased very slightly
as the oxygen concentration dropped below twenty perCent, but the
concentration was never below critical values such as seventeen OT
sixteen percent where marked increases .n ventilation would result
because of the low concentratien.v

2. Up to two hundred watts, the carbon dioxi&e concentrations
were not high enough to produce noticeable changes in the minute venti-
1ations of the subjects. At the highef loads, the coneeﬁtrations
observed could have increased the ventilation by one or two percent. A
critical value is estimated at about 0.3 percent where the effects on
ventilation should not be overlooked. Such concentrations can be
attained when work loads reach the 350 and 400 watt levels, even i€ the
gsaturation of the absorbing reagent was not advanced. .

3. For all practical purposes the amounts of carbon dioxide had
no effect on the oxygen concentration in the system.

4. Carbon dioxide concentrations greater than 0.1 percent lead
to measurable underestimations of the oxygen consumptions. In maximal
tests the underestimation can reach one hundred and thirty five

milliliters whep the carbon dioxide concentration has attained 0.3
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percent inside the spirometer system, the volume of which was measured
at about fifty liters. | | |

5. Oxygen and spirometer bell temperature differences tended to
yield, in this ‘study, oxygen consumption overestimations which increased
with rising oxygen consumptions. It was of thirty milliliters at 325
watts. It is recommended that the spirograph temperature be kept only
slightly lower then room temperature in order to reduce the difference

between the two bell temperatures.

Early and generous adjustment of the oxygen regulator at the onset
of a test and carefull setting of the spirograph thermostats according to
the ambient roum temperature have revealed themselves as the two factors
necessitating special attention from the operator in order to improve the
precision of the results. At moderately heavy and heavy work loads the

saturation 1evel‘of>the‘C02 absorbing'agent'should never be underestimated.
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