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Smith, Michael H ., Master of Science, August 9, 1982, Health and Physical 
Education

Methodological Considerations Related to the Use of the Carbon Dioxide 
Rebreathing Method fo r the Determinatjjoç^ f  Cardiac Output

D irector: Dr. Brian J. Sharke

This study Investigated certa in  methodological considerations re la ted  
to  the use of the carbon dioxide (CO2 ) rebreathing method fo r  the d e ter
mination of cardiac output. Ten male subjects, fa c u lty  and students 
from the University of Montana, were tested to determine th e ir  cardiac  
outputs a t  three d iffe re n t oxygen uptakes (VO2 ) .  The In d ire c t Pick 
p rin c ip le  was used to determine cardiac output. Subjects exercised on a 
bicycle ergometer at three separate V02's. Subjects rebreathed three  
d iffe re n t mixtures of CO2  in oxygen (O2 ) gas in order to obtain su itab le  
lung-rebreathing system equilibrium  patterns. The In ten t of th is  aspect 
of the Investigation was to determine I f  each concentration of CO2  
placed In the external rebreathing system corresponded to a d if fe re n t VO2 
and I f  these V0 2 's were d iffe re n t from those reported In the l ite ra tu r e .  
In a smaller Investigation , three subjects were tested In both low and 
moderate a lt itu d e  s ite s , F4ad1son, Wisconsin, and Missoula, Montana, res
pective ly . This was performed to determine I f  a lt itu d e  affected the re 
lationship  between the VO2 and the concentration of COo placed In the 
external rebreathing system. Subjects exercised on a bicycle ergometer 
a t three d iffe re n t workloads and rebreathed d iffe re n t mixtures of CO2 In 
O2  gas.

An analysis of the data Indicated that the mean V02's fo r a l l  subjects 
tested In Missoula, Montana, fo r a given concentration of CO2  rebreathed, 
were s ig n ific a n tly  d ifferent^from  one another. Each concentration of CO2  
corresponded to a d iffe re n t VO2 . These values were recommended fo r use 
when estimating the concentration of CO2 to  be placed In the rebreathing  
system fo r a given workload. This re lationsh ip  appeared to be d if fe re n t  
from that reported In the l ite ra tu re . Much lower workloads were found 
to  be associated with a given concentration of CO2 . Also, I t  was d eter
mined th at the cardiac output values generated by the method used In th is  
study appeared to be as va lid  and re lia b le  as those reported In the l i t 
erature. In a smaller Investigation (N = 3 ) ,  an analysis of the data 
showed th at the mean #02*5 needed to obtain su itab le  equilibrium  re 
breathing patterns fo r a given concentration of COg were higher In 
Madison, Wisconsin.

I t  was concluded th a t the three d iffe re n t concentrations of CO2  used In  
th is  study were associated with three d is t in c t ly  d iffe re n t V02's. This 
re la tionsh ip  was d iffe re n t from that reported In the l ite ra tu re . Lower 
ÜOo's, fo r a given COo concentration, were found In Missoula, Montana, In 
order to obtain su itab le  equilibrium  rebreathing patterns. The cardiac 
output values generated were found to be re lia b le  and va lid  and compared 
well with values reported In the l ite ra tu re . In the smaller sample (N = 
3 ) ,  lower fOo's were found In the moderate a lt itu d e  s ite  (Missoula) than 
fo r the low a lt itu d e  s ite  (Madison) fo r the same concentration of CO2 .
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Chapter 1 

INTRODUCTION

Endurance ath letes must possess highly developed systems to take 

in , transport, and u t i l iz e  oxygen in order to perform near maximal 

e ffo rts  fo r prolonged periods of time. For research in exercise physi

ology, the assessment of an a th le te 's  aerobic response to exercise is  

important. Various tests ex is t to determine the functional character

is tic s  of the systems to take in and u t i l iz e  oxygen. Often, the assess

ment of an a th le te 's  a b i l i t y  to transport oxygen, a function of the 

cardiovascular system, is important to  id e n tify  the nature of the 

cardiovascular response to exercise. During exercise, an a th le te 's  

cardiac output, the amount of blood pumped per minute by the heart, is  

important in determining the amount of oxygenated blood reaching the 

tissues. This is an important factor in the a b i l i t y  to give a near 

maximal performance. Without adequate transport of oxygen, performance 

can su ffer. The determ ination, therefore , of an a th le te 's  cardiac 

output can be used to assess the functional ch arac teris tics  of his 

cardiovascular system. This information can be used to expand the 

understanding of the cardiovascular response to exercise and can be 

applied to perhaps improve an in d iv id u a l's  performance in sport.

Cardiac output can be determined by a number of methods: r ig h t

heart ca th e te riza tio n , dye d ilu tio n  (6 ) ,  therm odilution (2 0 ), and gas 

rebreathing, e .g .,  carbon dioxide (8 ) ,  or nitrous oxide (2 ) are examples



of a few techniques. The m ajority  of these methods are e ith e r Invasive 

or too costly  to be appropriate fo r use In exercise studies. The carbon 

dioxide (COg) rebreathing method, however. Is  a non-lnvasfve. Inexpen

sive method that can be performed In a short period of time by trained  

personnel.

The CO2  rebreathing method determines cardiac output using the 

In d irec t Pick equation (8 ):

Cardiac Output = CO2 production/venoarterial CO2 d ifference

Carbon dioxide parameters are substituted fo r oxygen parameters In the 

calcu lation  of cardiac output by the In d ire c t Pick method. Carbon 

dioxide production (VCO2 ) Is determined during normal, steady-state  

exercise. A rte r ia l and mixed venous CO2 contents are used to estimate 

the venoarterial CO2  d iffe rence. A rte r ia l CO2 content Is estimated from 

end-tidal gas analysis. The mixed venous CO2 content Is estimated with  

a rebreathing technique using from 6% to 15% CO2 in oxygen (O2 ) .

During the rebreathing procedure, the experimenter attempts to 

match the CO2 concentration a rriv in g  In the blood at the lungs of the 

exercising subject with the CO2  gas concentration placed In an external 

rebreathing system. I f  an appropriate gas concentration Is chosen a 

gradient fo r net d iffu s ion  of CO2  between the blood and lungs w il l  not 

ex is t and equilibrium  w ill  occur. In order to minimize the number of 

t r ia ls  necessary to obtain equilibrium  In the rebreathing system, Jones 

and Rebuck (11) have developed a tab le which allows the prediction of 

the concentration of CO2 gas to be placed In the rebreathing system 

based upon two parameters: O2 uptake and end-tida l CO2  levels (see

Table 1). In prelim inary work these recommendations have been found to



Table 1

Suggested In i t ia l  Bag Concentrations 
Obtain Rebreathing Equilibriums

to

Go Uptake 
(L-m in-1)

End-Tidal PCO2  
(mm Hg)

Bag CO2  
Concentration 

(%)

1.0 40 11.5
30 10.5

1.5 40 12.0
30 11.0

2.2 40 13.0
30 12.0

3.0 40 14.0
30 13.0

Source: Jones, N .L ., Campbell, E .J .M ., Edwards, R .H .T .,
and Robertson, E.G. C lin ica l Exercise Testing . 
Philadelphia: W.B. Saunders, 1975, page 94.
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be inappropriate—much lower oxygen uptakes, fo r a given concentration of 

CO2 , than those recommended by Jones and Rebuck are required to obtain 

suitab le equilibrium  patterns. The characterization  of the oxygen 

uptakes associated with equilibrium-causing CO2  concentrations, fo r  

Missoula, Montana, needs to be performed. This information can be used 

in a fashion s im ilar to the data of Jones and Rebuck to expedite the 

process of rebreathing equilibrium  attainm ent.

In order to obtain a possible explanation fo r the departure from 

the recommendations of Jones and Rebuck, a le t te r  was w ritten  to Jones 

and his comments on these prelim inary findings were requested. In a 

rep ly , the comment was made that the source of departure from his recom

mendations resulted from the fa c t that subjects with abnormal lung 

function characteris tics  were tested. While th is  recommendation might 

have some v a lid ity ,  certa in  princip les involved in the rebreathing equi

librium  could be effected by a lt itu d e . This could o ffe r a more complete 

explanation fo r the departure from Jones' and Rebuck's guidelines.

The CO2 rebreathing p rin c ip le  fo r the determination of cardiac  

output is based, in p a rt, on the concentration of CO2  as measured under 

certa in  conditions. The standard nomenclature used to re fe r  to gas con

centrations is the p a rtia l pressure the gas exerts , which is re lated  to  

i ts  concentration (percentage) in the system being considered (6 ) .  Par

t i a l  pressure is calculated by the following equation:

P a rtia l Pressure of a gas = (Barometric pressure) x {% concentration)

From th is  equation i t  can be seen th at i f  the same concentration of gas 

is used a t locations where there is a d iffe rence in barometric pressure.



differences in p a rtia l pressure w ill re s u lt. For example, a t  sea le v e l,  

where barometric pressure is  760 mm Hg, a 10% CO2  gas mixture w il l  exert 

a p a rtia l pressure (PCO2 ) of 76 mm Hg. At 3200 fe e t ,  where barometric 

pressure is  lower (680 mm Hg) the PCO2  f a l ls  to 68 mm Hg. Table 1 was 

constructed from experimentation a t a location , Hamilton, Ontario, where 

the barometric pressure is  very close to th at a t sea le v e l. When the 

recommendations of th is  tab le are used a t an a lt itu d e  of 3200 fe e t  

(Missoula) a much lower PCO2  is exerted due to the d ifferences in baro

metric pressure between the two a ltitu d e s . This d iffe rence in PCO2  be

tween Hamilton, Ontario, and Missoula, Montana, is sm all, but, should be 

s u ffic ie n t to explain the need fo r lower oxygen uptakes in order to  

obtain equilibriums a t the same concentration of COg. In try ing  to match 

sim ilar PC0 2 's a t the lung, i t  seems reasonable that a decreased CO2 

production by the body, resu lting  from a lower oxygen uptake, would be 

required. To assess th is  p o s s ib ility  d ire c t ly , oxygen uptakes fo r a 

given concentration of CO2  were determined in low and moderate a lt itu d e  

s ites: Madison, Wisconsin, and Missoula, Montana, respective ly .

The fac t that lower workloads are required to obtain su itab le  

equilibriums could a ffe c t the v a lid ity  and r e l ia b i l i t y  of the cardiac 

outputs obtained a t th is  a lt itu d e . I t  does not require an extremely 

high workload before the concentration of CO2 to obtain equilibrium  ex

ceeds the l in e a r ity  of the analyzer. The Beckman's LB-2 analyzer is  

reported to be a lin e a r analyzer over the range of CO2 concentrations 

from 0% to 10% (3 ) .  Missoula's a lt itu d e  requires the use of gas con

centrations which often exceed the l im it  of the assured l in e a r ity  of 

the analyzer. The specific  performance ch arac teris tics  of each analyzer 

are not included with each u n it. The v e r if ic a t io n , therefore , of the



l in e a r ity  and point of departure from lin e a r ity  of the analyzer is  impor

tan t in establishing the v a lid ity  and r e l ia b i l i t y  of the cardiac outputs 

calculated by th is  method when high concentrations of CO2  are used.

Statement of the Problem

The purpose of th is  investigation  was to examine certa in  method

ological concerns re lated  to the use of the CO2  rebreathing method fo r  

the determination of cardiac output. To characterize the oxygen uptake 

fo r a given concentration of CO2 and to determine the e ffec ts  of a lt itu d e  

on the method, the following hypotheses were constructed:

1. There w il l  be no d ifference in the oxygen uptake (workload) 

required to obtain su itab le  equilibriums fo r  the concentrations of C02 

gas availab le  in Missoula, Montana.

2. There w il l  be no d ifference in the workloads recommended 

by Jones (see Table 1, page 3) and those required to obtain su itab le  

rebreathing equilibriums in Missoula, Montana, fo r s im ilar concentrations 

of CO2 .

3. There w ill be no d ifference in the workloads required to 

obtain rebreathing equilibrium s a t s im ilar CO2  concentrations between 

the low a lt itu d e  s ite ,  Madison, Wisconsin, and the moderate a lt itu d e  

s ite , Missoula, Montana.

Delimi tations

This study involved an investigation  of the equilibrium  re 

breathing patterns in 18 to 35 year old males. G eneralizations, there

fo re , resu lting  from th is  study w ill  apply to the male age bracket 

sharing ch arac teris tics  with those tested.



Lim itations

The following lim ita tio n s  e x is t in  th is  study:

1. The ca lib ra tio n  o f the CO2 and O2  analyzers in low and mod

erate a ltitu d es  was not performed by the same c a lib ra tio n  gas. The cal 

ib ration  gases used in both locations, however, were v e r if ie d  by re 

peated Scholander analyses,

2. The testing performed in Missoula, Montana, and Madison, 

Wisconsin, involved repeated testing on a very small number of subjects 

(N = 3 ).

Assumptions

The following princip les were assumed in the determination of 

equilibrium  rebreathing patterns and maximal aerobic power (VO2 max):

1. The Beckman Metabolic Measurement Carts used in low and 

moderate a ltitu d es  would produce the same equilibrium  values fo r each 

subject i f  the machines could be used simultaneously a t the same 

location.

2. Subjects gave a maximal e f fo r t  in the determination of maxi 

mal aerobic power.



Chapter 2 

METHODOLOGY

Subject Selection

Ten male volunteers between the ages of 18 and 35 were s o lic ite d  

from the population of U niversity of Montana students and fa c u lty . The 

in v ita tio n s  to p artic ip a te  were done during Spring Quarter, 1982. A 

subset of th is  group (N = 3) was also tested at a low a lt itu d e  s ite ,  

Madison, Wisconsin. A ll subjects were required to sign an informed con

sent form approved by the University of Montana Human Subjects Committee 

(see Appendix A).

Testing Procedure

Subjects were scheduled to report to the lab a t a sp ec ific  time 

and were requested not to eat or perform any strenuous lower body exer

cise two to three hours before the te s t. The physical characteris tics

of the ten subjects were determined: age, height, and weight (see Table

2 ). The subjects were fa m ilia rize d  with a l l  testing  protocols p rio r to

any tes t (see Appendix B). I n i t i a l l y ,  a l l  subjects were to be tested to

determine th e ir  VO2 max using a bicycle ergometer (Monark). The proto

c o l, recommended by F aria , was used in th is  study (1 8 ).

Subjects began pedalling a t a ra te  of 80 revolutions per minute, 

as monitored by a metronome (Seiko SQM-357), against a l ig h t  resistance  

fo r a period of two minutes. The workload increased 480 kpm every two 

minutes during the in i t ia l  stages of the te s t and 240 kpm every two

8



Table 2

Physical C haracteristics of Subjects

Subject Age
(years)

Height
(cm)

Weight
(kg)

f02 Max 
(m l• kg-l-m in-1)

G.A. 20 182.9 79.5 59.7

T.C. 27 177.8 70.0

J.H. 30 177.8 77.3 58.0

P.L. 22 175.3 64.5

K.M. 20 177.8 75.5 54.2

J.N. 25 188.0 77.3 56.6

B.S. 18 185.4 65.9

M.S. 25 175.3 68.6 57.5

O.W. 32 190.5 86.4

R.W. 34 172.7 68.6 55.0

Mean 25 180.4 73.4 56.3^

^Mean calculated from data obtained on six subjects
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minutes as the subject approached his maximum. The te s t was terminated 

when the subject was no longer able to continue or when fu rth e r increases 

in workload did not y ie ld  fu rth e r increases in O2 consumption. The te s t  

lasted approximately eight to ten minutes.

This information was used to obtain the re la t iv e  workloads used 

in the cardiac output studies on each subject. Subjects exercised at 

30%, 50%, and 60% of VO2  max and performed CO2  rebreathings. These 

re la tiv e  workloads were used as a s tarting  point from which adjustments 

in the workload could be made in order to obtain su itab le  equilibrium  

patterns fo r a given concentration of CO2 . Cardiac output t r ia ls  on the 

f i r s t  two subjects (J .N ., and M.S.) revealed that the workloads called  

fo r by 30%, 50%, and 60% of VO2 max, were too high fo r the concentrations 

of CO2  ava ilab le  in Missoula; su itab le equilibrium  patterns could not 

be obtained fo r these workloads. Subjects needed to work a t lower levels  

than those generated by the above percentages of VO2 max. An examination 

of the data revealed that absolute oxygen uptakes of .50 , .80 , and 1.0  

L-m in-l would be more appropriate as s tarting  points fo r the cardiac 

output t r ia ls .  The use of absolute oxygen uptakes eliminated the need to 

perform a tes t to determine the VO2  max on the remaining subjects. The 

VO2  max data reported in Table 2 are only presented to provide fu rth e r  

information on the physical characteris tics  of the subjects. (Of the 

eight subjects remaining in the study to be tested a fte r  th is  decision  

was made, four of these subjects requested a maximum tes t performed fo r  

personal reasons. Their data are also included).

During the VO2 max te s t , expired gas was analyzed using a 

Beckman Metabolic Measurement Cart. C alib ration  of the u n it was per

formed with reference gases—v e rifie d  by repeated Scholander analyses—
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before and a fte r  each testing session. Oxygen uptake and other resp ira 

tory measures were determined every minute during the te s ts . The 

electrocardiogram was monitored by chest electrodes (CM-5) and heart 

rates recorded on a stress testing monitor (Avionics 2900B).

Cardiac Output

The CO2  rebreathing equilibrium  method used in th is  study has 

been shown to be a va lid  and re lia b le  method fo r determining cardiac out

put. The method, in its  present form, has come from work done by C o llie r  

(4) and la te r  by Jones and his coworkers (8 ,9 ,1 0 ,1 1 ,1 2 ,1 3 ,1 4 ).

Several studies have compared the cardiac outputs calculated by 

CO2 rebreathing with c r ite r io n  methods fo r the determination of cardiac 

output. Muiesan and his coworkers (16) found, in 17 normal subjects, a 

correla tion  of .97 between the cardiac outputs determined by CO2  re 

breathing and d ire c t O2  Pick methods. In a s im ilar comparison, Wigle 

and associates (21) obtained a corre la tion  of .80 , in 11 patients who 

exercised on a bicycle ergometer, fo r the cardiac outputs calculated by 

both methods. When comparing the cardiac outputs obtained from CO2  

rebreathing and dye d ilu tio n  methods, he obtained a co rre la tion  of .75.

In a report comparing the automated methods used in th is  study (Beckman) 

with a hand calculated version (McMaster) Kane and others (14) found a 

corre la tion  of .97 between the cardiac outputs calcu lated , in both sick 

and healthy ind iv iduals , by the Beckman and McMaster methods.

The r e l ia b i l i t y  of the CO2  rebreathing method has also been 

examined. In work done on 10 normal subjects, mean age 20.9 years, 

Zeid ifard  (22) found the r e l ia b i l i t y  of the cardiac output values ob

tained from CO2  rebreathing to be s im ilar to the resu lts  obtained from
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studies using d ire c t (invasive) methods. In a s im ilar study, van 

Herwaarden and others (7) came to the same conclusions. Wigle (21) 

found that a l l  cardiac outputs calculated fo r a s im ilar workload, using 

the CO2 rebreathing method, were w ithin ten percent of the average value.

Cardiac Output Testing Protocol Used in This Study. Subjects 

exercised at three d iffe re n t workloads y ie ld ing  oxygen uptakes of .50 , 

.80, and 1.0 L -m in 'l. These d iffe re n t workloads were generated by in 

creasing the resistance against which the subject pedalled on the bicy

cle ergometer. Subjects rebreathed a CO2 in O2 mixture ranging from 10% 

to 15%. The concentration of CO2  placed in the rebreathing system 

yie ld ing  equilibrium  a t each workload was determined by t r ia l  and e rro r. 

S ligh t adjustments in the workload were performed to improve the q u a lity  

of the rebreathing curve obtained fo r a given concentration of CO2 .

Subjects exercised three to f iv e  minutes on the bicycle ergo

meter. Resistance and pedalling frequency were adjusted during th is  time 

to a tta in  a workload of e ith e r .50 , .80 , or 1.0 L-min-1. Before per

forming a CO2 rebreathing, the existence of steady state  exercise was 

id e n tif ie d . Steady state  exercise is the condition "where the O2 uptake 

equals the O2 requirement of the tissues (1 ) ."  Once steady state  had 

been obtained, end-tidal CO2 concentrations were also examined to fu rth er  

v e rify  the attainment of steady s ta te . I f  end-tidal values were e r ra t ic ,  

exercise was kept a t the present workload u n til they s ta b ilize d . Once 

stab le , the rebreathing procedure began.

Several procedures were performed during the time period when 

end-tidal CO2  values were examined:

1. Any gas remaining in the anesthesia bag was removed by
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suction.

2. The f iv e  l i t e r  anesthesia bag was f i l l e d  with a volume of 

CO2 /O2 gas. The volume of gas was estimated at approximately IH times 

the subject's t id a l volume and delivered using a tank regulator that 

had been calibrated  to d e liv e r 80 ml s/second.

3. The follow ing concentrations of CO2  were placed in a non

randomized order into  the rebreathing bag. Each gas was used with a 

separate workload: 12.8% fo r .50 L*min“l ,  13.8% fo r .80 L*min~l, and 

15.1% fo r 1.0 L m in 'l .

Having completed these tasks, the Beckman was moved into  the Auto 3 mode 

of operation and the following procedures executed:

1. The large diameter hose (see Figure 1) was removed from the 

three-way, non-rebreathing valve to prevent high concentrations of gas 

from entering the Beckman's mixing chamber upon completion of the re 

breathing procedure.

2. A metronome was set a t  a cadence of 60 beats per minute. The 

subject coordinated each inhale/exhale with a beat of the metronome to  

give a breathing ra te  of 30 breaths per minute (8 ) .

3. A fter the subject made a s lig h tly  prolonged exhale, a th ree- 

way s lid e r valve was used to allow  the subject to rebreathe from the 

anesthesia bag. The subject was encouraged to maintain the breathing 

ra te  of 30 breaths per minute during the rebreathing procedure. A fte r  

10 to 20 seconds the procedure was terminated.

, 4. The subject was returned to breathing room a ir .  Exercise 

was terminated and the subject was allowed to re s t fo r two to three min

utes. I f  a su itab le  equilibrium  curve was not obtained, the workload 

was adjusted in the proper d irec tio n  and the experiment repeated. Once
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Figure 1

Headgear Worn During Cardiac Output Determinations
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sa tis fac to ry  equilibrium  was obtained, a second t r i a l  was performed at 

that workload. Subjects repeated the procedure to  complete the re 

breathing procedure a t a l l  three workloads.

C alibration  of the Beckman LB-2 Analyzer

The response ch arac teris tics  of the Beckman LB-2 analyzer were 

determined in the range of CO2  concentrations exceeding ten percent. The 

analyzer was checked by comparing the readings obtained when calib rated  

with gases which had been v e r if ie d  by Scholander analysis. The 

Scholandered gases used contained the following percentages of CO2 : 

10.20%, 11.58%, 12.79%, 13.78%, and 15.13%. A p lo t of Scholander values 

(Actual values) versus values recorded from the LB-2 was constructed.

The analyzer was assumed to be lin e a r over its  specified range—from 0% 

to 10% CO2 . A separate regression lin e  was computed fo r the points 

fa l l in g  beyond the ten percent CO2  range. This lin e  was compared to the 

standard correction fac tor applied when CO2 concentrations exceed ten 

percent— incorporated in to  the computer program used during the re 

breathing procedure (3 ):

FCO2 = ((FrawC0 2  -  .10) x .13) + FrawC0 2

Rebreathing Equilibrium In te rp re ta tio n

The following c r ite r io n , developed from a review of the l i t e r 

ature,were used to in te rp re t the curves obtained during the rebreathing  

procedure. Various eq u ilib ra tio n  patterns can be obtained during re 

breathing ( 8 ) (see Figure 2 ).

1. Curve A: The in i t ia l  concentration of CO2 placed in the

rebreathing system was too low. The body is evolving CO2  in to  the
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Various Equilibrium Patterns Obtainable During Rebreathing

Source: Jones, N .L ., Campbell, E .J .M ., Edwards, R .H .T ., and
Robertson, D.G. C lin ic a l Exercise Testing. Philadelphia: 
W.B. Saunders, 1975, page 96.
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system thus accounting fo r the r is e  in CO2  concentration with time.

2. Curve B. Transient equilibrium  between the lungs, blood, and 

rebreathing system. This pattern indicates a trans ien t equilibrium  

between a lveo lar gas and the rebreathing system, but, not with the blood.

3. Curve C: Ideal Equilibrium . The lack of change of slope of 

the lin e  beginning a t approximately f iv e  seconds id e n tif ie s  equilibrium  

between the rebreathing bag, blood, and lungs. Ideal equilibrium  should 

occur w ith in  three to f iv e  breaths.

4. Curve D: The in i t ia l  concentration of CO2 placed in the 

rebreathing system was too high. I t  is n 't  possible to obtain equilibrium  

before re c irc u la tio n  of the gas w ith in  the body occurs.

Any curve which did not share characteris tics  with those described under 

Curve C above was not defined as a su itab le  equilibrium  fo r the purposes 

of th is  study.

Calculation of Equilibriums a t a Lower A ltitu d e

In a smaller sample (N = 3 ) , a subset of the sample tested in 

Missoula, the identica l rebreathing experiments were repeated a t the 

Biodynamics Laboratory, University of Wisconsin, Madison. The purpose 

of th is  testing was to v e r ify  the e ffe c t of a ltitu d e  on the percentage 

of CO2  gas needed to obtain an equilibrium  at a given workload. Madison, 

Wisconsin, is a t an a lt itu d e  approximately 2500 fe e t below Missoula, 

Montana.

The same procedures performed in Missoula were carried  out in 

Madison. Subjects followed s im ilar p re -te s t habits in both Missoula and 

Madison. Testing in both s ites  was done a t the same time of day.
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S ta tis tic a l Treatments

To characterize the oxygen uptakes associated with a given equi

librium-causing concentration of CO2 » the data were analyzed to determine 

the mean oxygen uptakes fo r a l l  subjects tested in Missoula across a l l  

concentrations of CO2  used: 12.8%, 13.8%, and 15.1%. A one-way analysis

of variance fo r repeated measures was used to determine i f  the mean VO2  

fo r each concentration of COg (treatm ent) were a l l  estimates of a common 

population mean using the repeated measures program availab le  in the 

Biomedical Data Processing (BMDP) package (1 9 ). A comparison between 

pairs of means was performed using the methods outlined by Keppel (1 5 ).

To determine whether the workloads needed to obtain equilibrium  

fo r a given concentration of CO2 in Missoula, Montana were d iffe re n t from 

the guidelines of Jones, a subjective comparison was made regarding the 

magnitude of the d iffe rence between these values.

Descriptive s ta t is t ic s  were used to characterize the data ob

tained on three subjects tested in both a lt itu d e  locations: Madison,

Wisconsin, and Missoula, Montana. The mean differences between oxygen 

uptakes in both a lt itu d e  locations, fo r a given concentration of CO ,̂ 

were determined.



Chapter 3 

RESULTS AND DISCUSSION

Mean VO? fo r a Given Concentration of CO?

The results  of the repeated cardiac output t r ia ls  fo r a l l  sub

jec ts  can be found in Appendix C. In order to minimize the number of 

t r ia ls  necessary to obtain a su itab le  equilibrium  pattern , the data were 

analyzed to determine i f  the mean workloads fo r a l l  subjects across a l l  

concentrations of CO2  used were d iffe re n t from one another.

The mean oxygen consumption, mean of two t r ia ls ,  was determined 

fo r nearly a l l  subjects. Only one t r i a l  was performed on the follow ing  

subjects: G .A ., K.M., J.W ., and P .L ., fo r the following percentages of

CO2 : 12.8%, 12.8%, 13.8%, and 15.1%, respectively . These single values

were used in the one-way analysis of variance (ANOVA) fo r repeated 

measures. The means and standard deviations fo r these data can be found 

in Table 3. ANOVA fo r repeated measures revealed th at these means were 

not a l l  estimates of a common population mean. The resu lts  of th is  

analysis are shown in Table 4. A s ig n ific a n t F value of 26.02 (p < .05) 

was obtained.

Having id e n tifie d  th a t the mean VO^'s fo r a given concentration 

of CO2  were not estimates of a common population mean, a post hoc ana l

ysis was performed to determine which mean-differences were s ig n ific a n t. 

When performing post hoc analyses, the appropriate error term must be 

used. Keppel (15) suggests that the use of the overall error term is  

inappropriate when comparing individual means during post hoc analyses:

19
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Table 3

Mean Workloads fo r a Given Concentration of CO2 *

Concentration of CO?
(%)

Mean VO? 
(L-m in-1) 

(SD)b

1 2 . 8 .640
(.241)

13.8 .965
(.377)

15.1 1.351
(.408)

&Data on a l l  subjects collected in Missoula, 
Montana, (N = 10)

bstandard deviation
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Table 4

ANOVA fo r Repeated Measures fo r VO2 and % CO2  Data

Source SS df MS F

VO2 2.537 2 1.269 26.02*

Subject 2.420 9 .269

VO2 X Subject .878 18 .049

p < .05
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Treatment x Subject in te raction  d if fe rs  w ith each comparison of means 

being made. An error term sp ec ific  to the comparison of means should be 

determined. The procedures recommended by Keppel were followed when 

comparisons between pairs of means were performed. The resu lts  of these 

comparisons can be found in Table 5.

In comparisons involving mean V0 2 's fo r a l l  d iffe re n t combina

tions of gases s ig n ific a n t F values were obtained in a l l  cases. There

fo re , i t  was concluded th a t the mean workload differences were s ta t is 

t ic a l ly  s ig n ific a n t a t a = .05.

Comparison of Workload Differences

The mean oxygen uptakes, and the COg values associated with them, 

obtained in Missoula, were compared to  Jones' data. A summary of th is  

comparison can be found in Table 6 . Because of the lim ited  number of 

comparisons possible, only trends in the data were examined. Though 

iden tica l concentrations of COg were not used in both studies, the 

values were close enough to allow fo r comparison.

The oxygen uptakes, fo r each concentration of CO2 used, were much 

higher in Jones' data than the values obtained in th is  study. There 

appeared to be a d iffe rence of approximately 1.5 to 2 .0  L*min"l in the 

oxygen uptakes fo r a given concentration of CO2 .

A ltitu d e  Study

A subset of three subjects (J .N ., M .S., and R.W.) were tested in 

both low and moderate a lt itu d e  s ites  to determine the e ffe c t of a lt itu d e  

on the workload needed to obtained a su itab le  equilibrium  fo r a given 

concentration of CO .̂ The raw data fo r these experiments can be found in 

Appendixes D and E. For the three concentrations of CO2 which were used.
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Table 5

Post hoc Comparison of Mean Workloads

Workload 1 versus Workload 2

Source SS df MS F

* 0 2 .531 1 .531 10.78&

Subject 1.352 9 .150

VO2 X Subject .444 9 .049

Workload 2 versus Workload 3

Source SS df MS F

VOg .741 1 .741 1 1 . 0 1 *

Subject 2.172 9 .241

VO2  X Subject . 606 9 .067

Workload 1 versus Workload 3

Source SS df MS F

VOg 2.528 1 2.528 8 8 . 0 7 a

Subject 1.671 9 .196

* 0 2  X Subject .259 9 .029

p < .05
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Table 6

Workload Differences Between Jones' and Obtained Values

Jones Missoula

% CO? 
(%)

»0 ? , 
(L 'm in 'l)

% CO? 
(%)

VO?
(L -m in -l)

13.0 2 . 2 1 2 . 8 .64

14.0 3.0 13.8 .97

* * 15.1 1.35

'No data ava ilab le  fo r  comparison
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12.8%, 13.8%, and 15.1%, a greater oxygen consumption, e .g . a higher 

workload, was required in Madison, Wisconsin. The mean d ifference in

the workloads fo r the two a ltitu d e s  ranged from .20 to .24 L*min“l

(see Table 7 ) . For a given percentage of COg a higher workload was 

required in Madison to obtain a su itab le  equilibrium .

C alibration  of the Beckman LB-2 CO? Analyzer

Missoula. The high concentrations of CO2  which are often used in 

Missoula during cardiac output t r ia ls  exceed the l im it  of the lin e a r ity  

of the LB-2 analyzer. To create a correction fac to r to increase the va

l id i t y  of the Beckman generated CO2  values, the response of the analyzer 

used a t the U niversity  of Montana was determined beyond the ten percent 

CO2  range. Five separate gas m ixtures, v e rifie d  by repeated Scholander 

analyses, ranging in concentration from 10.20% to 15.13%, were analyzed 

by the Beckman and its  output recorded (see Table 8 ) .  Only f iv e  CO2 in 

O2  mixtures were ava ilab le  fo r use in th is  study. The d ifference in 

readings between the Actual CO2  values and the Beckman CO2 values ranged 

from 1.20% to 1.43% The Beckman values were higher in a l l  cases. The

mean value of the d iffe rence was 1.31% CO2 .

Linear regression analysis was used to construct a lin e  of best 

f i t  fo r these data. This equation was considered as a possible cor

rection fac to r to adjust the Beckman CO2 values obtained when the concen

tra tio n  of CO2 exceeded ten percent. The following regression equation 

was used to construct a p lo t fo r the Missoula LB-2 analyzer (see Figure 

3):

Actual CO2  = 1.03 Beckman COg - 1.78 R^= .99
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Table 7

E ffec t of A ltitu d e  on VO2  fo r a Given 
Concentration of 0 0 2 ^

% COo Tank 
(%)

Mean VO?—Madison 
(L m in -1 )

(SD)b

Mean VO2 —Missoula 
(L-m in-1)

(SD)
Mean Difference  

(L*min“l )

1 2 . 8 .78 .58 . 2 0
( .0 4 ) (.1 5 )

13.8 .99 .79 . 2 0
( .0 5 ) ( . 1 2 )

15.1 1.47 1.23 .24
(.1 6 ) (.3 4 )

^Values represent mean scores in the same three subjects 
tested in both locations.

^Standard deviation
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Table 8

Actual Versus Beckman CO2  Concentrations fo r  
LB-2 Analyzer Used In Missoula (N = 5)

Actual Value 
(%)

Beckman Value 
(%)

Difference (B -  A) 
(%)

1 0 . 2 0 11.63 1.43

1 1 .5B 12.94 1.36

12.79 13.99 1 . 2 0

13 .7B 15.06 1.2B

15.13 16.40 1.27
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Figure 3 also depicts the ca lib ra tio n  lin e  which Beckman assumes, on the 

average, describes the behavior of the LB-2 analyzer. For the purposes 

of th is  study, s im ila r assumptions were made regarding th is  lin e .

A subjective analysis of the two lines depicted in Figure 3 tends 

to suggest that a d ra s tic a lly  d if fe re n t correction fa c to r , in comparison 

to the average Beckman fa c to r , was obtained. I t  was possible that the 

regression equation developed fo r the Missoula analyzer was v a lid , hence, 

implementation of th is  correction fac tor would be recommended. However, 

knowledge of the behavior of other LB-2 analyzers and of Beckman's qual

i ty  procedures suggested th at the d ifference between the correction fac 

to r obtained fo r Missoula's analyzer and Beckman's average correction  

fac tor was perhaps a function of something other than the behavior of the 

response of the analyzer. I t  was perhaps re lated  to the chemical anal

yses done on the gases used to c a lib ra te  the Missoula analyzer. D i f f i 

cu ltie s  associated with the Scholander analyses of high concentrations 

of COg could have led to a systematic erro r in the values obtained.

Based upon these considerations, and the observation th a t the Missoula 

analyzer had always generated va lid  COg data, the decision was made not 

to implement th is  correction fac to r fo r the Missoula analyzer, the 

average Beckman correction fac to r was assumed to be appropriate.

Madison. The response of the Beckman LB-2 CO2  analyzer used in 

Madison, Wisconsin, was provided by personnel from the Biodynamics Lab, 

University o f Wisconsin, Madison (see Figure 4 ) . This lin e  was con

structed from the comparison of Actual CO2 values, v e rif ie d  by repeated 

Scholander analyses of gas mixtures, and Beckman CO2 readings using 

gases ranging from 10% to 15% CO .̂ The recommendation was made, by the
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Biodynamics Lab technician, that th is  lin e  be used to correct COg 

values when raw CO2 concentrations exceeded ten percent.

Cardiac Output Determinations

The data obtained using the CO2  rebreathing method, was used to  

calcu la te  cardiac output values fo r each subject. An analysis of these 

values and how they compare to values reported in the l ite ra tu re  can help 

to establish the v a lid ity  and r e l ia b i l i t y  of the data obtained in  

Missoula.

Missoula (N = 1 0 ). The cardiac output values obtained in th is  

study were used to construct regression lines to determine the re la tio n 

ship between oxygen uptake and cardiac output. This is a conventional 

approach to the treatment of these types of data. This analysis was per

formed on a l l  subjects fo r each of the three separate concentrations of

CO2  used in th is  study. The subjects were not grouped into  one large  

regression equation because the lin e  resu lting  from th is  procedure would 

be inappropriate. There would be a lack of independence between data 

points. The same subject would have data points fo r three d iffe re n t  

workloads. For a l l  of the concentrations o f CO2 , the mean of each sub

je c t 's  t r ia l  values was used. Mean oxygen uptake and cardiac output 

values were regressed. In those cases where only one data point existed  

per t r i a l ,  th is  value was used in the regression analysis. The following  

regression equations were calculated:

Concentration of COp

12.8% Cardiac Output = 5 .Q9 VÜ2 + 3.21 r  = .82

13.8% Cardiac Output = 5 . 8 3 VO2  2-28 r = .94
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Concentration of COp

15.1% Cardiac Output = 4 . 4 7 VÜ2  + 3 . 6 4  r = .92

A graphical presentation of these data can be found in Figure 5.

The r e l ia b i l i t y  of the CO2  rebreathing method was determined by 

comparing the re la tion sh ip  between each in d iv id u a l's  scores and th e ir  

mean scores fo r a given concentration of CO2  (see Figure 6 ) .  As the 

workload exceeded .80 L*min”^, a l l  cardiac output determinations were 

within six percent of the in d iv id u a l's  mean scores.

Madison (N = 3 ) . The cardiac output values determined fo r the 

subjects tested in Madison, Wisconsin,are presented in Figure 7. Means 

and standard deviations are presented. Data fo r the same subjects 

collected in Missoula are presented in the same fig u re  fo r comparison. 

For nearly a l l  subjects, the cardiac output values obtained in Madison, 

Wisconsin, were lower than those obtained in Missoula, Montana.
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Discussion

Very l i t t l e  l ite ra tu re  is ava ilab le  regarding the re lationsh ip  

between a given oxygen uptake (VO2 ) and the percentage of CO2  to be 

placed in the rebreathing system in order to obtain a su itab le  e q u il i

brium. The work of Jones and Rebuck (11) is  the only ava ilab le  in fo r

mation in th is  area. In Missoula, these guidelines were found to under

estimate the concentration of CO2  necessary to obtain equilibrium  fo r a 

given workload. In order to expedite the process fo r obtaining va lid  

cardiac output data, hence reducing the necessity of numerous repeat 

t r ia ls ,  the characterization  of the mean VO2  fo r a given concentration of 

COg was necessary.

An analysis of variance fo r repeated measures was performed to 

see i f  the concentrations of CO2  ava ilab le  in the Human Performance Lab 

were re lated to s ig n ific a n tly  d if fe re n t mean f 0 2 's w ith in  the subject 

population tested. A s ig n ific a n t F value fo r these analyses and a sub

sequent find in g , with post hoc analyses, that a l l  means were d iffe re n t  

from one another, characterized the mean oxygen uptake associated with an 

equilibrium-causing concentration of CO2 (see Table 9 ).

This information can be used as a s ta rting  point when testing a 

subject's cardiac output. I f  a determination of an in d iv id u a l's  cardiac 

output, a t a given oxygen uptake, is  to be performed, the appropriate 

concentrai on of CO2 to be placed in the external rebreathing system can 

be obtained from Table 9. I f ,  fo r example, an in d iv id u a l's  cardiac out

put needs to be determined at an oxygen uptake of .64 L-min"^, a 12.8%

36
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Table 9

Suggested In i t ia l  COg Concentrations to Obtain 
Rebreathing Equilibriums in Missoula

O2  Uptake 
(L 'm in-1)

Concentration of CÔ  in Bag 
(%)

.64 12.8

.97 13.8

1.35 15.1



38

concentration of COg should be placed in the rebreathing system. This 

concentration of gas is the best estimate of the concentration that w ill  

re s u lt in the attainment of a su itab le  rebreathing pattern . Using these 

guidelines, as opposed to a random choice of workload and CO2  concen

tra tio n s , the number of repeat cardiac output t r ia ls ,  where adjustments 

are necessary to obtain a su itab le  rebreathing p attern , should be reduced 

The data co lle c tio n  process, there fore , should be expedited. Many sub

je c t 's  lack the desires or a b i l i t ie s  to perform repeated t r ia ls  while the 

in ves tig a to r, a t random, changes both the workload and concentration of 

CO2  in hopes of obtaining a su itab le  rebreathing equilibrium  pattern.

Comparison of Workload Differences

To determine whether the workloads, fo r a given concentration of 

CO2 were d if fe re n t from those recommended by Jones, a t s im ilar though not 

exactly the same concentrations of COg, a subjective comparison of these 

mean VOg values was performed (see Table 6, page 24). A trend fo r higher 

workloads was observed in Jones' data. A d ifference of approximately

1.5 to 2.0 L'm in"! was observed. Much lower workloads were associated 

with a given concentration of CO2  in Missoula. The im plication of th is  

is that cardiac output determinations can only be performed a t VO^'s 

averaging less than 1.35 L-min“ l .  Greater concentrations of CO2 were 

not on hand a t the time of the study. The low workload fo r a 15% tank 

contradicts the recommendations made by Beckman that gas concentrations 

in the range between 10% to 15% CO2 should be adequate fo r cardiac 

output determinations over a wide range of oxygen uptakes.

The source of the d iffe ren ce  between Jones' data and the data 

obtained in th is  study is not e n tire ly  explainable. Analysis of the
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research design used by Jones, showed th at the recommendations made from 

th a t study were based upon data collected on only six subjects. Only 

twelve data points were used to construct the regression equation that 

generated the information presented in Table 1 (see page 3 ). In addition  

to the small sample s ize , the same subjects were tested at m u ltip le  work

loads. The data from these m u ltip le  t r ia ls  was used in the regression 

analysis thus v io la tin g  the assumption of independence between data 

points upon which a regression analysis is based.

A ltitu d e  Study

The testing  done on three subjects in both low and moderate a l 

titu d e  s ite s , Madison, Wisconsin, and Missoula, Montana, respective ly , 

evidenced the fa c t that greater oxygen uptakes were required to obtain  

su itab le  equilibrium  patterns, fo r a given concentration of CO2 » in 

Madison. Though th is  aspect of the study was done using only three 

subjects, ind icating the need fo r caution in the in te rp re ta tio n  of th is  

inform ation, these findings support the re jec tion  of the hypothesis of 

no d ifference in the workloads between the two a lt itu d e  sites fo r a given 

concentration o f CO2 . A possible explanation of th is  d ifference could 

re la te  to the e ffe c t o f a lt itu d e  on the CO2  rebreathing method.

The findings obtained are consistent with that anticipated from 

theoretica l considerations. Madison's a lt itu d e  is 2500 fe e t lower than 

Missoula's. Given th at barometric pressure, and p a rtia l pressure, in 

crease when descending in a lt i tu d e , the same fixed  percentage gas tanks 

used in both testing  s ites  exerted greater p a rtia l pressures in Madison. 

To obtain a su itab le  rebreathing p attern , which is based upon equal lev 

els of CO2  in both the lung and rebreathing system, the subjects were
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forced to work a t higher levels in order to match the increased PC0 2 *s 

exerted by the tanks in Madison. This is re flec ted  in the higher oxygen 

uptakes, fo r a given concentration of COg» obtained in Madison.

Cardiac Output Determinations

The methodological considerations, including the e ffe c t of a l t i 

tude and the d ifference between lite ra tu re  and obtained workload and 

equilibrium  causing CO2  concentrations, suggested an examination of the 

cardiac output values obtained in th is  study be performed in order to 

v e rify  the v a lid ity  and r e l ia b i l i t y  of these measures.

Missoula (N = 1 0 ). The cardiac output values obtained in th is  

study generated regression lines that were of s im ilar order of magnitude 

obtained by others doing s im ilar work. Paterson and Cunningham (17) 

obtained a regression equation fo r the re lationsh ip  of cardiac output to 

oxygen uptake as follows:

Cardiac Output = 5.63 VO2  + 3.64 r  = .89

Zeidifard  (22) obtained a s im ilar regression equation:

Cardiac Output = 5.82 VOg + 3,04

These equations compare well with the equations obtained from the data 

collected on the same ten repeatedly tested subjects using three d i f f e r 

ent concentrations of COg:

12.8% CO2 Cardiac Output = 5.09 VO2 + 3.21 r = .82

13.8% COg Cardiac Output = 5.83 VO2 + 2 .2 8  r  = .94

15.1% CO2 Cardiac Output = 4.47 VO2 + 3 .6 4  r  = .92
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While a s ta t is t ic a l comparison of these regression equations with the 

ones obtained from the l ite ra tu re  was not performed, a cautious g en era li

zation can be made th a t the subject populations and cardiac ouput values 

obtained were s im ila r to data found in other studies using s im ilar  

methods.

An additional fa c t conventionally addressed in the l ite ra tu re  on 

the COg method fo r the determination of cardiac output, is the r e l ia b i l 

i ty  of the method. From Figure 6 i t  can be observed that a considerable 

scatter o f points existed around the mean cardiac output values fo r each 

subject in the workload range below .8 L m in 'l. Other investigators have 

found s im ila r resu lts  (8 , 21). The CO2  rebreathing method is less accur

ate a t the lower workloads due to the smaller value fo r the venoarterial 

CO2  d iffe rence. This d ifference is more d i f f ic u l t  to accurately deter

mine when i t  is small in magnitude (8 ) .  Above the .8 L*min“  ̂ le v e l,  

nearly a l l  of the points f a l l  w ith in  six percent of an in d iv id u a l's  mean 

values. Wigle (21) found s im ila r re s u lts —a l l  values were w ithin ten 

percent of the mean value fo r each subject. The method, as i t  is used 

in Missoula, appears to be as re lia b le  as others, doing sim ilar work, 

have found.

Madison. The cardiac output data from th is  testing was not used 

to construct regression lines to determine the re lationship  between oxy

gen uptake and cardiac output due to the small sample size (N = 3 ). One 

in teresting  d iffe rence between the data obtained on the three subjects 

in Madison and in Missoula, was the dramatic d ifference in the cardiac 

output values (see Appendixes D and E). The values obtained in Madison 

were much lower than those obtained in Missoula (see Figure 7, page 3 5).
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The mean values fo r the cardiac outputs obtained in Madison, fo r the 

three d if fe re n t  concentrations of CO2 » were 3.85 L -m in 'l, 4.58 L*min“l ,  

and 6.03 L*min“l  would suggest severe dysfunction of the cardiovascular 

system. Since the ind ividuals tested were in good health while in 

Madison, another fac to r must have accounted fo r the low cardiac output 

values.

An examination of the three variables involved in the calcu la

tion  of cardiac output, VCO2 , PetCÜ2 » and PbagC0 2 » provided one possible 

explanation fo r the extremely low values (see Figures 8, 9 , and 10). The 

differences in VCO2  and PetC0 2  seen between the two a lt itu d e  s ites were 

consistent with the change in a lt itu d e  between the two testing locations. 

The PbagCOg values, however, evidenced an increase which cannot be ac

counted fo r so le ly  on the basis of the change in a lt itu d e . The greater 

increase in magnitude of th is  variab le  over the others involved in the 

calcu lation  of cardiac output (VCO2 » PetC0 2 ) and the fa c t that th is  v a r i

able is located in the denominator in the calcu la tion  of cardiac output 

suggests a reason why smaller cardiac output values were obtained in 

Madison, Wisconsin. These large PbagC02 values suggested venoarterial 

CO2  d ifferences which exceeded physiological lim its . The reason fo r 

the unexpected increases in PbagC0 2  values was unknown and its  im plica

tion in th is  study cannot be addressed due to the lack of s u ffic ie n t  

information.
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Figure 8

Mean VCO2  values (± 1 S .D .) fo r the same subjects 
tested In two a lt itu d e  locations (N = 3 ).

Madison, Missoula.
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Figure 9

Mean PetC02 values (± 1 S .D .) fo r the same subjects 
tested in two a lt itu d e  locations (N = 3 ).

Madison, Missoula.
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Mean PbagCOg values (± 1 S .D ,) fo r the same subjects 
tested In two a lt itu d e  locations (N = 3 ),

Madison, Missoula.



Chapter 4

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Summary

This study investigated the e ffec ts  of a lt itu d e  and other factors  

on the CO2  rebreathing equilibrium  method fo r the determination of car

diac output.

Ten male subjects exercised on a bicycle ergometer at several 

workloads in order to obtain su itab le  equilibrium  rebreathing patterns 

fo r the follow ing concentrations of CO2  placed in the rebreathing sys

tem: 12.8%, 13.8%, and 15.1%. An analysis of variance fo r repeated

measures was used to determine i f  the workloads associated with these 

concentrations of COg were d iffe re n t from one another. S ign ifican t F 

values fo r comparisons between mean-differences supported th is  hypoth

esis. I t  was recommended th a t these workloads (VO^'s) be used as s ta r t 

ing points from which to obtain su itab le  equilibrium  rebreathing pat

terns fo r a given concentration of CO2  placed in the rebreathing system.

There appeared to be a d iffe rence in the workload and equilibrium  

causing CO2  concentration between the data obtained in Missoula and the 

data presented by Jones.

There appeared to be a small e ffe c t of a lt itu d e  upon the con

centration of CO2  required to obtain equilibrium  in the three subjects 

tested in two a lt itu d e  locations. For a given concentration of COg, a 

higher workload was required a t the lower a lt itu d e  s ite  (Madison,

46
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Wisconsin). This conclusion is  cautiously made in l ig h t  of the small 

number of subjects involved in th is  aspect of the investigation.

The cardiac output values obtained in th is  investigation  compared 

to those reported in the lite ra tu re . The method appeared to be va lid . 

A d d itio n a lly , the method appeared to be more re lia b le  a t higher exercise 

levels than a t near resting leve ls .

The extremely low cardiac output values obtained in Madison, 

Wisconsin, seem to be due to  the unexpectedly large increases in PbagC02 

values which could not be accounted fo r so le ly  on the basis of a lt itu d e .

Conclusions

The resu lts  of th is  study warrant the following conclusions:

A. D iffe re n t workloads— levels of oxygen consumption—are 

necessary in order to obtain su itab le  equilibrium  rebreathing patterns 

with the three concentrations of COg, 12.8%, 13.8%, and 15.1%, used in 

th is  study.

B. Lower workloads than those recommended by Jones are required 

to obtain su itab le  rebreathing equilibrium s fo r a s im ilar concentration 

of CO2  in Missoula, Montana.

C. Lower workloads are required to obtain suitab le rebreathing  

equilibriums fo r a s im ila r concentration of CÔ  in Missoula, Montana, 

than in Madison, Wisconsin.

D. The cardiac outputs obtained in th is  study compare well to 

those reported in the l ite ra tu r e .  The values obtained at workloads 

greater than .8 L-min"! were re lia b le  values, fa l l in g  w ith in  six percent 

of the in d iv id u a l's  mean cardiac output values.
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Recommendations

Based on the resu lts  of th is  study, the following recommendations 

are proposed:

A. A thorough c a lib ra tio n  of the Beckman LB-2 CO2  analyzer in 

Missoula, Montana is necessary to id e n tify  its  response ch a rac te ris tic s , 

espec ia lly  in the range of CO2 concentrations exceeding ten percent.

B. Larger scale studies should be conducted a t d iffe re n t a l t i 

tude s ites  to fu rth e r investigate the e ffects  of a lt itu d e  on workload 

and equilibrium  causing concentrations of C0 2 *

C. Further study needs to be done in re la tio n  to the unex

plained increases in PbagCOg values seen upon descending from an a lt itu d e  

of 3200 fe e t to an a lt itu d e  of 700 fe e t.

D. Further study needs to be done to establish the re lationship  

between the workload and equilibrium-causing CO2  concentrations a t  

levels greater than those tested in th is  study.
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APPENDIX A 

Informed Consent Form

The purpose o f th is  study Is to determine my cardiac output at 

several workloads.

I w il l  be requested to perform one maximal te s t on a bicycle  

ergometer. During the maximal tes t heart ra te  w il l  be monitored using an 

electrocardiograph (EKG). Expired a i r  w il l  be collected fo r analysis.

In addition to the above te s t , cardiac output w il l  be determined using 

submaximal testing  lev e ls . Cardiac output w il l  be determined using the 

carbon dioxide rebreathing method. I w ill  rebreathe a carbon d ioxide/ 

oxygen mixture fo r a period of 10 to 20 seconds then return to breathing 

room a i r .  This procedure may cause dizziness; no other deleterious  

effects  are known.

I w il l  gain an understanding of my fitness fo r leg work. I f  I 

experience d if f ic u l ty  during the tests the bicycle workload or pedalling  

cadence w il l  be lowered. I f  my EKG is or becomes abnormal the experiment 

w ill  be immediately terminated and I w ill  be referred to medical care. 

Carbon dioxide rebreathing w il l  be terminated immediately i f  excessive 

discomfort is experienced.

My p a rtic ip a tio n  is voluntary and I am free  to withdraw a t any 

time of my own choosing. C o n fid e n tia lity  w il l  be maintained in any 

published m ateria ls by references to me by number only.

In the event physical in ju ry  results from biomedical or behavioral 
research the human subject should in d iv id u a lly  seek appropriate medical
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treatm ent and shall be e n title d  to reimbursement or compensation with  
the s e lf  insurance program fo r Comprehensive General L ia b i l i ty  estab
lished by the Department of Administration under authority  of MCA T it le  
2, Chapter 9, or by the sa tis fac tion  of the claim or judgement by means 
provided by MCA 2-9-315. In the event of a claim fo r such physical 
in ju ry  fu rth e r information may be obtained from the University Legal 
Counsel.

I have read and understand the above statement and wish to  

p a rtic ip a te  in th is  study.

Name

Investigator

Date
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Before p artic ip a tin g  in th is  study, please answer the following ques

tio n s . Mark those items that apply to you:

Yes No

Your doctor said you have heart trouble, a heart murmur, 
or you have had a heart a ttack.

You frequently have pains or pressure— in the le f t  or 
midchest area, l e f t  neck, shoulder, or arm—during or 
r ig h t a fte r  you exercise.

You often fee l fa in t  or have spells of severe dizziness.

You experience extreme breathlessnesss a fte r  mild 
exertion .

Your doctor said your blood pressure was too high and 
is  not under contro l. Or you don't know whether or 
not your blood pressure is  normal.

Your doctor said you have bone or jo in t  problems such as 
a r th r i t is .

You have a fam ily h istory of premature coronary a rte ry  
disease.

You have a medical condition not mentioned here which 
might need special a tten tion  in an exercise program.

I f  you answered NO to a l l  questions you have reasonable assurance of 
your s u ita b il i ty  fo r th is  study.

I f  you answered YES to any question we w il l  not be able to use you in 
th is  study.

This form has been adapted from the questionnaire contained in Exercise 
and Your Heart published by the U.S. Department of Health and Human 
Services, NIH Publication # 81-1677, May, 1981.



APPENDIX B 

Instructions to the Subjects

Maximal Aerobic Power Test

During the f i r s t  part of th is  testing session we are going to 

determine your maximal aerobic power (VO2  max) using a bicycle ergometer 

te s t. VO2  max is  a measure of your a b i l i t y  to take in , transport, and 

u t i l iz e  oxygen. The bicycle te s t requires a maximal e ffo r t  on your part.

To help you maintain a constant pedalling ra te  a metronome w ill  

be set a t 80 beats per minute. With each beat of the metronome one of 

the pedals— e ith e r r ig h t or l e f t —should be a t the top of the pedalling  

range.

Every two minutes the workload w il l  be increased. The tes t w ill  

be terminated when you are no longer able to maintain the cadence set by 

the metronome. We w il l  provide encouragement during the tes t and inform 

you as to the length of time remaining a t each workload. During the 

f in a l stages of the te s t we w il l  ask i f  you have 30 seconds of e ffo r t  

remaining. You w il l  signal your response by shaking you head "yes" 

or "no". I f  you need to terminate the te s t a t  any time merely stop 

pedalling.

To c o lle c t your expired a ir  fo r  analysis a nose c lip  w ill  be 

firm ly  attached and you need to insert th is  mouthpiece firm ly  in your 

mouth. This w il l  insure th a t a l l  expired gas w il l  be collected by the 

machine.

Do you have any questions? When you are ready we can begin.

54



55

Cardiac Output Determination

During th is  te s t we are going to determine the quantity of blood 

pumped by your heart per minute. For th is  te s t, the cadence and re s is 

tance of the b icycle w il l  be adjusted to obtain a given workload. You 

w il l  exercise three to f iv e  minutes a t th is  workload.

During the determination of cardiac output you w ill  be asked to 

rebreathe a carbon dioxide/oxygen mixture from th is  rebreathing bag 

while continuing to exercise. Once you have exercised fo r a s u ffic ie n t  

period of time to reach steady s ta te , approximately three to f iv e  min

utes, we w il l  determine your cardiac output. Just p rio r to the re 

breathing procedure we w il l  remove th is  large diameter hose from your 

mouthpiece assembly. A fter th is  hose has been removed be prepared to 

begin the rebreathing procedure.

During the rebreathing procedure you w ill  need to breathe a t a 

predetermined ra te : 30 breaths per minute. A metronome w ill  be turned

on, ju s t p rio r to rebreathing, set a t  60 beats per minute. You w ill  need 

to match each inhale and exhale with a beat of the metronome. Once you 

have achieved th is  breathing ra te  we w il l  signal that we are going to  

switch you in to  rebreathing from the carbon dioxide/oxygen mixture. 

Continue to pedal and maintain the pedalling cadence to the best of your 

a b i l i ty .  Once we switch you into the rebreathing bag try  to pull the 

en tire  contents o f the bag in on the f i r s t  breath. Continue to 

breathe with the metronome u n til we t e l l  you to stop. The procedure w ill  

las t from 10 to 20 seconds.

As before, we w il l  need to use a nosed ip and mouthpiece in order 

to insure that a l l  expired gases are collected fo r analysis. We w ill  

attempt two t r ia ls  a t each workload.
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Do you have any questions? When you are ready we can begin the

te s t.



APPENDIX C 

Ind ividual Data for Missoula (N = 10)

S u b j e c t X T a n k
( L m i n - 1 )

VCOg ,  
(L  m i n - 1 )

RQ P e t C O g  
(mm H g )

P a C O o
(mm H g )

P b a g C 0 2  
(mm H g )

PVCO? 
(mm H g )

C a r d i a c
O u t p u t

( L * m 1 n - 1 )

G . A . 1 2 . 8 1 . 1 0 . 8 1 . 7 4 3 9 . 5 3 8 . 7 6 5 . 9 6 1 . 1 8 . 7 2

T . C . . 4 8 . 3 5 . 7 2 3 9 . 4 3 8 . 9 5 1 . 9 5 0 . 4 6 . 8 7
. 5 1 . 3 5 . 7 0 4 0 . 0 3 9 . 7 5 3 . 6 5 1 . 7 6 . 6 9

J . H . . 3 8 . 2 5 . 6 5 3 9 . 6 3 9 . 9 6 1 . 3 5 7 . 6 3 . 3 7
. 4 1 . 2 7 . 6 4 3 8 . 8 3 9 . 2 5 4 . 5 5 2 , 4 4 . 7 0

P . L . . 4 2 . 3 3 . 8 0 3 9 . 5 3 9 . 9 5 6 . 9 5 4 . 2 5 . 3 8
. 4 9 . 3 8 . 7 8 3 9 . 2 3 9 . 5 5 6 . 1 5 3 . 6 6 . 2 4

K .M . . 5 3 . 3 6 . 6 3 3 6 . 4 3 6 . 8 5 5 . 4 5 3 . 1 5 . 0 1

J . N . . 7 8 . 5 3 . 6 8 3 9 . 2 3 8 . 7 6 0 . 7 5 7 . 1 6 . 7 8
. 7 5 . 5 0 . 6 7 3 9 . 3 3 8 . 9 6 1 . 6 5 7 . 8 6 . 2 7

6 . S . . 6 3 . 4 6 . 7 4 3 7 . 3 3 7 . 2 5 4 . 3 5 2 . 3 6 . 9 2
. 7 3 . 5 2 . 7 2 3 7 . 5 3 7 . 2 5 1 . 9 5 0 . 4 8 . 7 9

M . S . . 5 7 . 3 3 . 5 7 3 5 . 3 3 5 . 7 6 0 . 6 5 7 . 1 3 . 5 6
. 5 3 . 3 2 . 6 2 3 7 . 6 3 7 . 9 6 0 . 9 5 7 . 3 3 . 8 7

J . W . 1 . 0 3 . 6 8 . 6 6 3 7 . 3 3 6 . 9 6 0 . 9 5 7 . 3 7 . 7 7
, 9 4 . 7 2 . 7 7 3 4 . 9 3 4 . 4 5 7 . 1 5 4 . 4 8 . 0 9

R . W . . 4 2 . 3 1 . 7 2 3 4 . 8 3 5 . 5 5 0 . 8 4 9 . 6 4 . 8 3
. 4 7 . 3 2 . 6 7 3 6 . 7 3 7 . 0 5 2 . 2 5 0 . 7 5 . 2 4

G . A . 1 3 . 8 1 . 4 9 1 . 2 4 . 8 3 4 2 . 6 4 1 . 3 7 6 . 7 6 9 . 3 1 1 . 3 4
1 . 4 4 1 . 2 1 . 8 4 4 1 . 2 3 9 . 9 7 5 . 4 6 8 . 3 1 0 . 7 5

T . C . . 7 8 . 5 7 . 7 3 4 1 . 4 4 0 . 3 6 2 . 0 5 8 . 1 7 . 6 7
. 7 1 . 5 4 . 7 6 . 4 1 . 4 4 0 . 3 6 2 . 1 5 8 . 2 7 . 2 4

J . H . . 4 3 . 2 9 . 6 7 3 8 . 6 3 9 . 0 6 2 . 4 5 8 . 4 3 . 5 5
. 5 0 . 3 3 . 6 6 3 9 . 8 3 9 . 9 6 0 . 6 5 7 . 1 4 . 5 7

P . t . . 8 4 . 7 0 . 8 3 4 1 . 8 4 1 . 1 7 1 . 5 6 5 . 3 7 . 2 4
. 8 3 . 6 8 . 8 2 4 2 . 0 4 1 . 3 7 1 . 0 6 5 . 0 7 . 2 0

K . M . 1 . 7 4 1 . 4 1 . 8 1 3 8 . 1 3 7 . 0 7 5 . 6 6 8 . 5 1 1 . 1 0
1 . 6 8 1 . 3 2 . 7 8 3 9 . 2 3 8 . 0 7 ^ . 3 6 7 . 5 1 1 . 1 1

J . K . . 9 7 . 7 2 . 7 4 4 0 . 4 3 9 . 6 6 4 . 6 6 0 . 1 3 . 4 8
. 9 2 . 6 5 . 7 1 4 1 . 1 4 0 . 7 6 5 . 3 6 0 . 6 7 . 9 5

8 . S . . 9 0 . 6 5 . 7 2 3 8 . 7 3 8 . 3 5 9 . 5 5 6 . 2 8 . 4 8
. 9 3 . 6 6 . 7 0 3 9 . 6 3 9 . 1 5 9 . 9 5 6 . 5 8 . 9 2
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S u b j e c t S  T a n k t O g
( L m i n - 1 )

VCOg ,  
( L  m i n - 1 )

RQ P e t C O g  
(mm H g )

P a C O g  
(mm H g )

P b a g C 0 2  
(mm H g )

P v C 0 2
(nwn H g )

C a r d i a c
O u t p u t

( L m i n - 1 )

M . S . 1 3 . 8 . 7 6 . 6 1 . 8 0 4 1 . 5 4 1 . 0 7 2 . 6 6 6 . 2 6 . 0 9
. 7 4 . 5 9 . 8 0 4 1 . 0 4 0 . 6 6 9 . 9 6 4 . 1 6 , 2 2

J . W . 1 . 1 4 . 9 5 . 8 3 3 6 . 3 3 4 . 8 6 0 . 1 5 6 . 7 9 . 9 0

R .W . . 6 6 . 5 0 . 7 7 3 9 . 3 3 8 , 6 6 4 . 6 6 0 . 1 5 . 5 7
. 7 0 . 5 3 . 7 5 3 8 . 3 3 7 . 6 6 6 . 4 6 1 . 5 5 . 3 2

G . A . 1 5 . 1 1 . 9 2 1 . 6 4 . 8 6 4 2 . 1 3 9 . 9 8 3 . 9 7 4 . 8 1 2 . 2 4
1 . 9 9 1 . 6 7 . 8 4 4 1 . 5 3 9 . 5 8 2 . 7 7 3 . 9 1 2 . 5 7

T . C . . 8 8 . 6 9 . 7 8 4 2 . 9 4 1 7 6 4 . 2 5 9 . 8 9 . 3 2
. 8 7 . 6 9 . 8 0 4 0 . 9 3 9 . 9 6 2 . 3 5 8 . 3 8 . 9 6

J . H . . 8 4 . 5 9 . 7 1 4 1 . 2 4 0 . 8 7 2 . 4 6 6 . 0 5 . 8 7
. 8 6 . 6 4 . 7 4 4 0 . 8 4 0 . 3 7 0 . 1 6 4 . 3 6 . 6 2

P . L . 1 . 5 6 1 . 3 0 . 8 3 4 1 . 4 3 9 . 8 7 7 . 8 7 0 - 1 1 0 . 9 1

K .M . 1 . 2 1 . 9 7 . 8 0 3 9 . 0 3 8 . 1 6 5 . 4 6 0 . 7 1 0 . 2 8
1 . 2 4 1 . 0 2 . 8 2 3 9 . 2 3 8 . 1 7 0 . 2 6 4 . 4 9 . 4 9

J . N . 1 . 7 0 1 . 3 6 . 8 0 4 1 . 6 3 9 . 3 7 4 . 8 6 7 . 8 1 1 . 9 5
1 . 6 3 1 . 2 9 . 7 9 4 0 . 8 3 8 . 9 7 6 . 3 6 9 . 0 1 0 . 7 8

B . S . 1 . 5 4 1 . 2 3 . 8 0 4 1 . 0 3 8 . 2 7 3 . 4 6 6 . 8 1 0 . 6 5
1 . 6 1 1 . 3 1 . 8 2 4 0 . 9 3 8 . 1 7 3 . 3 6 6 . 7 1 1 . 3 2

M . S . 1 . 0 3 . 8 3 . 8 1 4 1 . 3 4 0 . 4 7 2 . 9 6 6 . 4 8 . 0 0
1 . 0 7 . 8 8 . 8 2 4 0 . 4 3 9 . 5 7 5 . 3 6 8 . 2 7 . 7 1

J . W . 1 . 7 4 1 . 4 6 . 8 4 3 8 . 1 3 5 . 0 7 4 . 7 6 7 . C 1 0 . 8 4
1 . 8 6 1 . 5 6 . 8 4 3 8 . 6 3 4 . 9 7 7 . 2 6 9 . 7 1 1 . 0 1

R . W . . 9 6 . 7 3 . 7 6 4 0 . 4 3 8 . 9 7 0 . 6 6 4 . 7 6 . 9 7
. 9 6 . 7 6 . 7 8 4 0 . 2 3 9 . 0 6 8 . 4 6 3 . 0 7 . 7 3



APPENDIX D

Individual Data fo r Madison (N = 3)

S u b j e c t % T a n k  VO? ,  
( L - r a i n " l )

V C 0 2  , RQ P e t C O g  
(nun H g )

P a c o ?
( n a  H g )

P b a g C O ?  
( c i s  H g )

P P C O ?  
(mm H g )

C a r d i a c
O u t p u t

(Lm in-1)

J . N . 1 2 . 8 . 7 6 . 5 5 . 7 3 4 1 . 9 4 1 . 2 8 5 . 2 7 5 . 8 4 . 2 0
. 7 2 . 4 9 . 6 9 4 1 . 8 4 0 . 9 8 8 . 6 7 8 . 3 3 . 4 8

H . S . . 7 9 . 5 0 . 6 3 4 1 . 9 4 1 . 2 8 9 . 3 7 8 . 9 3 . 5 5
. 8 2 . 5 4 . 6 6 4 2 . 0 4 1 . 5 8 9 . 3 7 8 . 9 3 . 8 7

R . W . . 8 2 . 5 9 . 7 2 4 1 . 8 4 0 . 5 8 8 . 6 7 8 . 3 4 . 1 4

J . N . 1 3 . 8 . 9 5 . 7 2 . 7 6 4 3 . 9 4 2 . 6 9 5 . 6 8 3 . 7 4 . 8 3
. 9 9 . 7 2 . 7 3 4 4 . 5 4 3 . 2 9 7 . 7 8 5 . 3 4 . 7 6

M . S . . 9 2 . 6 2 . 6 7 4 3 . 2 4 2 . 2 1 0 1 . 2 8 7 . 9 3 . 7 9
1 . 0 4 . 7 1 . 6 9 4 2 . 9 4 1 . 5 9 9 . 1 8 6 . 3 4 . 3 8

R . W . 1 . 0 1 . 7 9 . 7 7 4 2 . 3 4 0 . 6 9 5 . 6 8 3 . 7 4 . 9 9
1 . 0 4 . 7 6 . 7 3 4 2 . 4 4 0 . 7 9 7 . 0 3 4 . 7 4 . 7 2

J . N . 1 5 . 1 1 . 7 0 1 . 4 5 . 8 5 4 7 . 7 4 4 . 8 1 1 7 . 3 1 0 0 . 1 7 . 7 8
1 . 6 3 1 . 3 6 . 8 4 4 6 . 3 4 3 . 6 1 1 9 . 4 1 0 1 . 7 6 . 9 4

H . S . 1 . 3 9 1 . 0 8 . 7 8 4 2 . 6 4 0 . 8 1 1 3 . 1 9 7 . 0 5 . 5 2
1 . 3 1 1 . 0 4 . 7 9 4 2 . 7 4 0 . 8 1 1 2 . 8 9 7 . 5 5 . 2 8

R . W . 1 . 4 2 1 . 1 2 . 7 9 4 1 . 6 3 9 . 3 1 1 7 . 3 1 0 0 . 1 5 . 3 0
1 . 5 7 1 . 0 9 . 8 0 4 4 . 5 4 2 . 3 1 2 0 . 1 1 0 2 . 3 5 . 3 6
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APPENDIX E

Individual Data fo r Missoula (N = 3)

S u b j e c t t  T a n k VOg ,  
(Lm in-1 )

VCO2
(Lmin-1)

RQ P e t C 0 2  
(mm H g )

P a C 0 2  
(nun H g )

P b a g C O ?
(mm H g )

P v C O ?
( n m  H g )

C a r d i a c
O u t p u t

(Lmin-1)

J.N. 12.8 . 7 8 . 5 3 . 6 8 3 9 . 2 3 8 . 7 6 0 . 7 5 7 . 1 6 . 7 8
. 7 5 . 5 0 . 6 7 3 9 . 3 3 8 . 9 6 1 . 6 5 7 . 8 6 . 2 7

M . S . . 5 7 . 3 3 . 5 7 3 5 . 3 3 5 . 7 6 0 . 6 5 7 . 1 3 . 5 6
. 5 3 . 3 2 . 6 2 3 7 . 6 3 7 . 9 6 0 . 9 5 7 . 3 3 . 8 7

R .W . . 4 2 . 3 1 . 7 2 3 4 . 8 3 5 . 5 5 0 . 8 4 9 . 6 4 . 8 3
. 4 7 . 3 2 . 6 7 3 6 . 7 3 7 . 0 5 2 . 2 5 0 . 7 5 . 2 4

J.N. 1 3 . 8 . 9 7 . 7 2 . 7 4 4 0 . 4 3 9 . 6 6 4 . 6 6 0 . 1 8 . 4 8
. 9 2 . 6 5 . 7 1 4 1 . 1 4 0 . 7 6 5 . 3 6 0 . 6 7 . 9 5

M . S . . 7 6 . 6 1 . 8 0 4 1 . 5 4 1 . 0 7 2 . 6 6 6 . 2 6 . 0 9
. 7 4 . 5 9 . 8 0 4 1 . 0 4 0 . 6 6 9 . 9 6 4 . 1 6 . 2 2

R . W . . 6 6 . 5 0 . 7 7 3 9 . 3 3 8 . 6 6 4 . 6 6 0 . 1 5 . 5 7
. 7 0 . 5 3 . 7 5 3 8 . 3 3 7 . 6 6 6 . 4 6 1 . 5 5 . 3 2

J.N. 1 5 . 1 1 . 7 0 1 . 3 6 . 8 0 4 1 . 6 3 9 . 3 7 4 . 8 6 7 . 3 1 1 . 9 5
1 . 6 3 1 . 2 9 . 7 9 4 0 . 8 3 8 . 9 7 6 . 3 6 9 . 0 1 0 . 7 8

M . S . Î . 0 3 . 8 3 . 8 1 4 1 . 3 4 0 . 4 7 2 , 9 6 6 . 4 8 . 0 0
1 . 0 7 . 8 8 . 8 2 4 0 . 4 3 9 . 5 7 5 . 3 6 8 . 2 7 . 7 1

R .W . . 9 6 . 7 3 . 7 6 4 0 . 4 3 8 . 9 7 0 . 6 6 4 . 7 6 . 9 7
. 9 6 . 7 6 . 7 8 4 0 . 2 3 9 . 0 6 8 . 4 6 3 . 0 7 . 7 3
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APPENDIX F

Corrections Applied to PbagC02 Values (Madison) N = 3

PbagCO? 
(mm Hg)

% CO2  
{%)

FrawC02&
(%)

Adjusted % COo
(%)

Corrected PbagC02 
(mm Hg)

81.7 11.7 11.5 12.2 85.2
84.1 12.0 11.8 12.7 88.6
85.5 12.2 11.9 12.8 89.3
85.1 12.2 11.9 12.8 89.3
83.6 12.0 11.8 12.7 88.6
89.2 12.8 12.5 13.7 95.6
90.4 13.0 12.7 14.0 97.7
93.6 13.4 13.0 14.5 101.2
92.1 13.2 12.8 14.2 99.1
91.4 13.1 12.7 14.0 95.6
90.2 12.9 12.6 13.9 97.0

105.3 15.1 14.5 16.8 117.3
106.5 15.3 14.7 17.1 119.4
101.9 14.6 14.1 16.2 113.1
102.8 14.7 14.2 16.3 113.8
105.3 15.1 14.5 16.8 117.3
107.3 15.4 14.8 17.2 120.1

&The fo llow ing equation was used to obtain FrawC02: 
PrawC02 = (% CO2  + .0 1 3 ) /! .1 3 .
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