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A total of 27 Ss f m  the University of Wisconsin-La Crosse, ages 19-34 

yrs, volunteered to participate in the validation study of the Q-Plex I 

Cardiopulnmnery mercise System developed by the Quinton Instrrwent 

NFryny. Each 8 performed a constant speed, grade increnented treachnill 

test to volitional exhaustion. Simultaneous rnmsurem~ts of expired air 

ware perfonmd with the Q-Plex ard a meteorological balloon gas 

collection system to determine the validity of the Wlex. ~espiratory 

and metabolic assessments were made during at least 3 different levels 

of exarcise; low steady state, mediun sfeady state, and at lwximal 

exertion. A total of 93 gas samples were collected and analyzed by the 

2 methods. The means for F q  and F e q  were significantly (p0.85) 

diffmt. I.Iawever, the absolute mean differences were only 0.5% for O2 

and 0.3% for 002 which are within the accxuacy of the reported error for 

the analyzers. These results indicated that the p P l a  gas analyzers 

are as accurate as the micro-SchOlander teddque. mrrelation 

aoefficients be- the 2 systems were .9735 for F q  and .9729 for 

F q .  After all the validation data were aolleoted a final aarparison 

was mule between a series of vol- obtained w i t h  the Parkinson+mm 



mter and the Tissot sphamter. These results indicated there was a 

nnrch larger dismepancy in volumes obtained between these methcds than 

those initially reported. These differences were of sufficient 

mgnitude t o  question the accuracy of using this meter  to validate the 

volumes obtained with the Q-Plex. Since it was impossible to determine 

the cause of this error, o r  a t  what p i n t  in the study it occurred, the 

VE volmm of the ePlex  omld not be legitimately validated using the 

Parkhion-ccmn meter. Unfortunately, since the accuracy of meesuring 

5 and p is Bepewlent upon VE v o l m ,  neither of these volumes 

could be curpared. Within the limitations of the present study, it was 

concluded that the gas analyzers in the Q-Plex denonstrate accuracy 

canparable to that of the mi-Scholander technique. 
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QIAVPERI 

lxmmucmcm 

With advances in today's hchmlogy, especially in the form of new 

qdpaent, the work enviro~nnent has bec-mre significantly mare ef fiicient. 

Many laborious and time aonsrrming tasks are gradually being replaced by 

qhisticated machines capable of performing the szuw ardbysis in a 

fraction of the time. One such task which has been made easier and 

faster to plx-form as a result of these advances is the assessment of 

metabolic and respiratory functions during exercise. The classic 

techniques used to assess these functions, as described by Consolazio, 

Johnson, and Peaera (1963), use Douglas bags, large spipometers or gas 

meters, and c h d c a l  gas analyzers. These methods require laqe amnmts 

of time just for siaple data annl;sition not including the additional 

time neoessary for analysis of the data. As tec'ilogy advanced, 

several autuuated systans were developed which erq>loyed the use of 

rapidly respnding electronic gas analyzars, electronically activated 

gas vb!vne senshq devices, and relatively large dedicated caputers 

(Beaver, W a s s e r m ~ ,  & WRipp, 1973; WiImore & Oostilh, 1973; Wilnrore & 

-1, 1971). 

Us- oamprters for data -sition during exercise testing has 

increased accuracry, reliability, and objectivity. In addition, caputer 

usage has reduced time to acmplete the test and requires fewer 

technicians to assist in the testing procedum. Unfortunately, these 

systems use rather l-e,  pensive aarputers and were, for the -st 



part, not easily prtable for use in field testing (Wilmore, Davis, & 

Norton, 1976). Harevss, a system described by Norton, Mashikian, 

Wilmore, and Rader (i976), the Becknan Metabolic b m m r e m ~ t  Cart;, met 

the demands for on-line analysis during exercise testing, s-le data 

aollection, accuracy, and mobility. Therefore, it was practical for 

mass testing. This was used in the Molran Performance Laboratory at the 

University of Wisconsin-La crosse for apy,roximately 13 years. 

As amputer technology continued to progress, equipnent using these 

atWam& omputers became more sensitive, specific, -nd user friendly. 

The Q-Plex E CardiopulmrKuy Exercise system (Q-Plex) (developed by 

Quinton X n s ~ ~ t  aonp#ny) has bm~ developed to provide respiratory 

and matabolic assessment during exercise performance. The Q-Plex 

detennines, calculates, displays, and prints numerous psmetexs in 

wereal t W 8  including minute ventilation, respiratory exchange ratio, 

oxyg@n consmnption, LIld carbon dioxide production thus allawing for 

inmediate diagnosis and feedback to the subject. Furthermore it stores 

gas e!xchaqe data for each breath. 

Quinton claims to use an innovative method that raises the standard 

in pulmnary exerci~ masurements. According to Quintan, by having 

kerylxrard umtrol of the gas sanq?ling pathwey, the tester can switch f m  

a traditiondl mixing chamber: approach to end-tidal, readings fram the 

hreathiq valve (Quinton, 1987). This methodology provides a smooth, 

easily interpreted graphic display of mixing chamber data and allcrws th@ 

tester to have end-tidal nmsuremants for anaerobic threshold 

determination an8 the physiolqical dead space to tidal volum ratio 

(Vdpt)  . The *Flex gives single hratth or timed-interval baa 



acquisition and continuous analysis throughout the test. The data can 

be displayed according to nMlber of breaths or a certain time interval. 

If  a subject disconnects or stops during the study, the 'Pause and 

R e s u r d '  feature autnmtically oaapletes the data arnlyses and protects 

the validity of the data. 

These claim aMde by Quinton appear to make the technology of the 

Q-Pleat superior ta other matabolic measuraowt sysfans on W y ' s  market 

a t  an equivalent cost. Hwever, one can not purchase a $30,000.00 plus 

instnment based on claims made by the designers of the systan. For 

th i s  reason, the following study was dweloped to determine the validity 

of the Q-Plex. 

Need for the S M y  

Prior to any oarnmituent to -chase a uqmterized metabelic 

measurenent systaP, the Ia Cmsse Mman Performance Laboratory personnel 

must establish the validity of the systea before it can be put to 

clinical use. 

statarmit of the Problem 

The purpose of this sMy was to determine the Validify of the 

Q-Plex I CardiopUmnary Exercise 8ysten dewloped by the Quinton 

Instrunent cm@any. The study was based on aqaring the e P 1 e x  data to 

data fraa a meteorological balloon gas oollection method w i t h  gas 

fractions amlyzed by the micro-Scholarder method (BchoLander, 1947) . 
These procdures were used to analyze subjects' ventilations, oxygen 

uptakes, ard carbon dioxide prcdwtions. 



Null mmothesis 

The major hypothesis of this study was: there will be no 

significant difference between ventilation volmes, fractional 

aoncentrations of expired oxygen, fractional aoncentrations of expired 

carbon dioxide, volmes of oxygen aonsuned ml=kg'l*minminl, ~ l m e s  of 

carbon dioxide produced in liters per minute, and respiratory exchange 

ratios between the Q-Plex and the standard meteorological balloon gas 

aollection method obtained at various levels of ventilation. 

Assmmtions 

The follawing assmptions were relative to this study: 

1. The meteorological balloon gas aollection method awl the micro- 

&blander gas amlysis procedure are valid and reliable reference 

2. The dry Parkinson4cwan meter used for measuring volune is a 

valid and reliable referen- device.1 

3. All testing procdures were acbainistrated ~onsistently. 

4. The subjects obtained a steady state during all gas aollecfion 

periods. 

5. The gas samples used for analysis were representative of one 

full minute of eqired gas. 

After capletion of this study the specific Parkinson- 
m e t e r u s e d w a s f a r m d t o b e i n a ~ t e .  



Limitations 

The follaring limitations were relative to this s M y :  

1. Subjects were male college age volunteers available fran the 

University of Wisaonsin-La Crosse who were previously tested and had a 

Qmx level of 55 ml*kg-l.dn-l or higher. 

2. Only ventilation voluaes, fractional amcentrations of expired 

oxygen, the fractional concentrations of wired carbon dioxide, volumes 

of oxygen COW in liters per minute, volwnes of carbon dioxide 

probuced in liters per minute, and respiratory exchange ratios were 

actually cutpared by the two methods. 

3. The validity of other masurem~ts performed by the pPlex was 

beyond the saope of this study. 

Definition of Tarms 

Selected terms as intexpreted and applied in the content of this 

s M y  are as follows: 

ATps - m i a t  -We azxl pressure saturated with water vapor. 

Bailw Bottle - A met, hand held gas transfer bottle for use with 

the mi~bschalander method of gas analyzing. 

BTPS - Body -ture (37Oc), ambient pressure, and 100% water - 
saturation. U s e d  for all gas measurements deal* in 1- wlw.  

Carban DicKide Production (-1 - The w l u w  of -ban dioxide weed 

by the body per unit of time (litersgmin'l at STPD). 

Dead Sbace tnmclhenicall-  the^ area cuumn to both inspiration and 

-hation, such as the b r e a w  valve. 

-GO t~hvsiolo~ical~ - The area of the wmlwting ahways which 

daesmttakepartingasexcharqe. 



Differential Pressure Pnemotachamter - The volume measuring device 

used by the Q-Pleot. 

F e q  - The fractional concentration (by volume) of expired carbon - 
dioxide in a gas. 

F q  - The fra&ional concentration (by volw) of expired oxygen in a - 
w- 
Meteomlwical Balloon - A natural rubbar moisture-proof polyeUry1me 
sealed bag used for collection of expired gas. 

Minute Ventilation Volume - The amunt of gas expired in one minute. 

m e n  uptake (-1 - The volume of oxygen aons\mred by the body per unit 

of tima (litersmin-l at s r ~ ~  or ml*kg-l*min'l). 

Parmn-WOasECgter-The~l~measuringdwiwusedintl.le 

meteomlogical bnlloon reference methud. 

pPlex I Q r d i o ~ ~ U ~ n a r v  mercise 8vsten (0-Plexl - A systen denreloped 
by W Quinton Instrunent ampmy (Seattle, PA) designed to provide 

respiratory and metabolic assmanent during exercise. 

ResDiratorY -Q Ratio - The ratio of carbon dioxide 
production to oxygm consraption over the same period of time. 

mtemmlouical Balloon Refer- Method - The method designed to measure 
minute ventilation vlolume, fractions of m e n  and carbon dioxide in the 

errpired air, the w l u m  of oxygen used by the body and the ~ l u n e  of 

carbon dioxide produced by the body, and the respiratory exchange ratio 

after the gas has passed thmugtr the Q-Plex. 

sPH) - 8- teapetMture (0%) and pressure (760 mHg) as a dry gas. 

Used for e~pvagsing the w l u m  of gases exchzuqed in metabolic 

-ts. 



Tissot SviKmeter - A calibrated 120 liter cylinder sealed fran the 
outside air by using a water seal in a seaom3 cylinder. It is used as a 

standard to measure gas volumes, 

V d M  - The ratio of physiological dead space to tidal volme. 
VE - The total volrmra of gas expired in one minute (liters0min-I at 
-1 



Intmduction 

with the advawamts made in cauptar tedkmlogy, the assessment 

of metabolic and respiratory *on exercise has bemane~ easier 

and faster. One of the most frequently measured metabolic functions on 

hunan subjects is -en aensmgtion (Q). Oxygen consamption is 

defined as the volmne of oxygen consumed by the body per unit of time 

(AS- & R&ahl, 1977; BrOOkS & I?-, 1984: nuttCJa, 1969: 

MoOomell, 1988; WiImbre & Costill, 1988). Not only are researchers 

interested in the amount of oxygen the body uses at rest, but they are 

also interested in k m w i r q  the nwdmal mount of oxygen that can be 

delivered and utilized by the mrRing muscles when aremising to 

exhaustion. This is krerwn as ' oxygen consuption (Impax). 

Because V D p w  has been regarded as the best measure of cardie 

respiratory endwmxs and aerobic fiQness it is frequently measured 

(8onen, Heyward, Cureton, Boileau, h Massey, 1979; Wer 6 Finch, 1988; 

-is 61 Cuipepper, 1988; Glassford, Baycroft, m e w i c k ,  -, 1965; 

ifemiston & m, 1971; Johnson, Oliver, & Tarry, 1979; nine et 

dl., 1987: MEALdle, Katch, & Katch, 1986: Ramsbottam, Brewer, & 

Willims, 1988: -1, Tayl.or, f W a g ,  1964; s t d ~ c k e r ,  Mam, Mam, & 

To detezmine U)2 one nust be able to measure minute ventilation 

(VE) at a krown -tuxe, pressure, and relative lnnnidity (ATPS) , 



fractional aoncentration of expired oxygen (Fe+), fractional 

aoncantration of expired carbon dioxide ( F q ) ,  baranetric pressure 

(PB), temperature (T), and the. Since VE is initially wsswed a t  

ATPS during open-circuit sphawtry, it must be oorrected to stambud 

-ture (oOC) and pressure (760 mn~g) of a dry gas (STPD) so it is 

possible to evaluate and aanpare the volums of expired air measured 

wxler dif fwent e n v i r o m t a l  aonditions. Frcrn these measurenents VO;! 

corrected to STPD can be de-ed as well as carbon dioxide production 

(-1, and respiratory exchange ratio (m). Conventionally, lung 

vol- such as VE are converted fran ATPS to body tenperahare, ambient 

pressure, an8 100% saturated w i t h  water vapor (m) (see Appendix A for 

calculations). 

The instruwnts used to measure b, T, and time have not changed 

w i t h  advanaed technology. These instnments, mercury barometers, 

themumeters, anel stop watches, teud to be very accurate, reliable, and 

easy to use. Hmever, instrunemts used in the measurement o i  VE, F q ,  

and F q  have -ed considerably since the early l O O O * s .  Not  only 

ham tlw instnmnts beaame uxputerized allowing for faster data 

analysis, increased accuracy, reliability, and objectivity hut they have 

also hwma integrated into one systen making then more convmiant for 

mass testing and user friendly. 

Such is the case w i t h  the Q-Plex I Caniiqmlmnary Respiratory 

System. In this Chapter, indirect calorimetry and the classical 

technique used for oaqtarison in the Validation of such metabolic 

measure~ent systens are described. Also, a histotical approach is used 

totracetheadvanoasmadeinsystemsusedtomeasureoxygen 



aonsuqtt ion. 

Mirect Calorimetry 

Throughout the years, the maswenant of V02 has beoane an integral 

amponent of labomtorias involved in the evaluation and measurement of 

hwm parform~w. During rest and exercise the bodyes metabolic 

pmce!¶ses ut i l ize oxygen and produce carbon dioxide. The m u n t  of 

energy e!xpend& during activity is, therefore, directly related to the 

exchange of these two respiratory gases (Consolazio et al., 1963). As a 

petson exeraises, these gases can be collected fran the expired air and 

measuted. This procedure is mmnonly lmown as "indirect calorimetry'@ 

and can be aonbucted using several different methods. one method, 

tanned @'closed-circuit'@, dogs not involve the quipnent wed in this 

study and is not ammnly used, and therefore w i l l  not be discussed. A 

seoond method, tarmebt @@~pan-circuit@@ hmlves the subject inspiring 

atamspheric or  "man'@ air and eatpiring lint0 a container used to mix the 

alpired gas for antinuow analysis and, i f  necessary, storage. The VE 

is detararined one of tm ways: either the eupired air is mmmred 

directly or the inspired gas is m a s w e d  and then oonverted to expired 

by the Iialdana transformation (Wilmore & Costill, 1973). upon 

aaapletion of the exeraise session, miratory gas sanples are removed 

from the oontaiaar for analysis. Far many years the amst oaaabn 

techniqus used for l@open-circuit calorimetry'@ has enplayed the Douglas 

bag technique (Balchum, Slonim, DreSSlW, 61 RaVin, 1953; 

The Douglas bag techniqus for the aollection and xwasur-t of 



expired a i r  is considered by many to be the standard methcd of 

meamramnt for amparison purposes in the validation of metabolic 

masureamt system measuring VE, F q ,  and F q  (Beaver e t  al., 1973; 

Conselazio et al., 1963; Norton, 1982; Norton e t  al., 1976; W i h r e  h 

Costill, 1994; Wilmore e t  al., 1976). This technique uses a 

nomebreathing valve and a Douglas bag or a similar device (i.e., 

met6omlogical balloons) for colle&,ic,n of expired gas, large 

spkamters or gas meters for the measuenent of VE, and c h d c a l  or 

electronic gas analyzers for the measur-t of F q  and F e q .  

Although reliable, this method is very time c o w ,  several 

technicians are needed during the test, and a skilled technician is 

needed to use the chemical gas analyzers. 

Collection and Mixture of mired Gas 

During the Douglas bag technique a nomebreathing valve is used to 

collect the total mired gas without con-tion frap the inspired 

gas or roan air. The nomebreathing valve is designed to allow a i r  to 

be drawn into the lungs from the inspired a i r  port. IXving inspiration, 

the inspired a i r  port opens and the expired a i r  port closes. During 

expiration, the inspired air port closes and the expired air port opens 

sa that a l l  of the expired a i r  fnra the subject goes out the expired air 

port of the nomebreathhq valve. The pressure difference within the 

valve opens or closes the ports. The inspired port of the 

mehreathiq valve is aonnected to man a i r  while the expired side is 

aonne&ad to a Douglas bag for the aollection and mixture of the total 

mired gas. A nose cl ip and rubber mouthpiece are also used to insure 

that the total a i r  flow goes through the valve. 



mnsurenent s f  Emired Gas Volnne 

Several methods of mea%uring gas volupne have been developed and 

c!cmnBI'Ily used. general categories are: (1) those which collect the 

-ire8 a i r  in containers for subsequent analysis, and (2) those which 

mamtw and indicate volupne as the air is expired. The two mst 

aaanonlgl used device3 for msasurm gas v o l w  (after the samples have 

been aollected) are  the Tissot spiraneter and gas meters such as the 

Parkinson4Xmn type. mth of these devices can also be used to measure 

the -ired wlurme during the measurement period but require 

considerably more agi l i ty  on the part of the experimenter. The 

Parkinson4Xmn dry gas me-s used to measure expired v o l m  as 

reported by oonsolazio e t  al .  (1963) are f a  to be accurate to about 

1% when they are calibrated against a large Tissot spiraneter. llro 

additional spiraneters, the Wright and the Drager, have also been used 

to measure mired volune. The Wright spiraneter, however, is 

mtranely fragile and can be a g e d  by fas t  flow rates (Jones, 

Caapbell, &Wards, & Rabert9on, 1975). The Drager spimmeter, on the 

other hand, has wnsiderable resistMce to air flow (Norton, 1976). 

Of all  the various b v ~ t e r s  which must be m a s w e d  to determine 

metabolic variables, those which offer the greatest difficulty to 

accurately measure are expired gas voltmas and f l m  masurements 

(lbrton, 1976). The dials  and readout meters of saw volupne measuring 

devices miay suggest that they indicate an absolute wlmna. Nonetheless, 

these are usually different firm device to denrice so that  a calibration 

factor is rap i red  for  each v t e  instrropant (Norton, 1976). 



Analysis of Mixed EMdrexl Gas 

Fbr many y&t.;.;1 the n 2 9 t  widely used method for the measurement of 

gas fractions dwiri.; the Dowlas bag technique was the Haldane 

pmcedure. Thin method amd its many nudifications u t i l i ze  the simple 

principle of the maasureme~t of the gas v o l m  in a calibrated burette 

and the subsequent absorption of the oxygen and -ban dioxide 

c h d c a l l y  (mldane & Priestley, 1935). During this procedure the 

m b o n  dioxide i n  a knmn volume of expired a i r  is absorbed with 

potassium hydroxide, and the oxygen is absorbed with a strong pyrogallic 

acid o r  sodium anthmquimne B-sulfonate solution. The remainder of gas 

is considered to be nitrogen. Hcwever, most of the oonventional 

Haldanes can analyze only up to 30 percent of either oxygen or  carbon 

d i d d e  i n  a given sanple, making it very diff icul t  to measure enpired 

a i r  s ~ p l e s  w i t h  high concentrations of oxygen. A s  a result, the 

technician had to resert to the Van Slyke p-e for  measuring high 

concentrations of oxygen in  expixed a i r  samples (Consolazio et al .  

1963). This procedure is also very time aonsroaing and r-as a 

significant amount of training. 

A more reeent piece of equipaent for measuring expired gas 

fractions using the Douglas bag technique was introdwed by Scholander. 

In 1947 Gcholander, using the same basic principle as Haldane, proposed 

a drastic change in the apparatus for measuring expired air by using an 

accurately calibrated micmmeter as a measuring device. The principle 

involved in th i s  technique is fa i r ly  detailed ard aanplex, but is 

described in mre g-1 tenns by rscholander (1947) in the follaring 

-: 



A gas sample is introduced into a reaction chamber aonnected to 
a mimanatat burette and is balanced by means of an indicator drop 
in a capillary against a ompensating chamber. Absorbing fluids for 
carbon d i d d e  and oxygen can be t i l ted into the reaction chamber 
without causing any change in the total wntent of the systen. 
ming absorption of gas, mercury is delivered into the reaction 
chamber fraa the m i ~ ~ m e t e r  burette so as to maintain the balance of 
the gas against the capensating chamber. Volrmnes are read in 
term of m i ~ ~ m e t e r  divisions. The rinsing fluid and absorbents are 
acarately adjusted to have the s ~ a e  vapor tension (p. 235). 

This analyzer is able to determine the fraction of oxygen and 

carbon dioxide in 0.5 cc or less of gas w i t h  an accuracy of plus or 

minus 0.015 w l m e  percent. This method is superior to the Haldane 

Procedure i n  m y r ~  ways, especially since one wuld n a ~  analyze samples 

that contain fran 0 to 99% absorbable gases. Although detailed, the 

entire pmcedure rquhes only 6 to 8 minutes to cmplete. 

Devela~ment of Automated 8vstens U s e d  to Measure VD;! 

The f i r s t  bre&thmugh in simplification of the data aaquisition 

aspect in the assessment of metabolic and respiratory hmction on human 

subjects cams in 1946 w i t h  the devel-t of a rapidly responding 

analyzer (Paul*, Wood, h Sturdivant, 1946). Subsqumtly, it 

was sham in  the 1950's that carban dioxide in expire3 a h  acnrld be 

analyzed fairly rapidly using an infrared gas analyzer (Rrown, 1952; 

Ool l ie r l  Affeldt, & Earr, 1955; I)u Bois, Fouler, Soffer, & Fenn, 1952; 

saxton, 1953). These analyzers, which made the measurement of 

respiratsry gases in e~lpired a i r  much sinpler and faster than the 

Haldane or Scholandar technique, revolutionized the field of energy 

metabolism by eliminating the need for the traditional cheaical gas 

analyzers in the aercise testing procedure. 

With the developmnt of rapidly responding electronic gas analyzers 



and electronic wlune measuring devices, caabined with m l l  dedicated 

acmputers, aanplete systens for assessing metabolic and respiratory 

function during exercise have been developed (Johnson et al., 1967, 

KMnagi et al., 1983; Norton, 1982; Versteeg 6 Kippersluis; Wilmore 6 

Costill, 1973; Wilmore & Costill, 1974; Wilmre et al., 1976; Wilnrore 6 

Haskell, 1972). However, the reliability and validation data for most 

of these systens are not easily found in the literature. Usually, only 

the calibration procedres used are reported (Johnson et al., 1967; 

Wilmore & Oostill, 1973; Wilmore & Costill, 1974: Wilmore 6 Wkell., 

1972). Two of these autanated systans for assessing metabolic and 

respiratory function during exercise, one described by Karrnagi et al., 

(1983) and Wilmore et al. (1976) and the other described by Norton 

(1982) and V e r s t e e g  and Kippersluis (1989), are r-rted in the 

literature as having used the Douglas bag technique or similar technique 

to determine the validity and reliability of the systems. 

Johnson et al. (19671 

One of the first oanplete systens used to measure is described 

by Johnson et al. (1967). This system used one of three respimmeters 

to -.+!me the volune of expired air depemling on the anmnmt of work 

being performed. A t  rest, the Tissot spiremeter was used: for moderate 

e~rsrcise the Kafranyi-Michaelis respkameter; and for hard work, a high- 

capacity, low-resistance Parkinson- -4 dry gas meter. samples of 

-ired air were collected and stored in metalized bags which are 

inpenneable to 02 as well as water vapor. The oollected samples 

of expired air were passed thrwgh a drying w l u m  attached to a 

paramagnetic % meter and a thenaal condudivity q meter. 



Calibration of the three respiraneters was cunpleted by using the 

method described by ~onsolazio et al. (1963). The gas analyzers for 

measuring exact permtages of 4 and 002 were calibrated using roan air 

and a gas mixture containing 4, 002, and N2 which was previously 

analyzed w i t h  the lhldane v t u s .  A metalized bag containing a 

sanple of calibration gas was connected to the system after the roan air 

had been analyzed and prior to the intrduction of the unknown samples. 

Calibration curves were then drawn and percentages of O2 and 002 

calculated. 

WiImore and Elaskell (1972) 

Wilmore and Elaskell (1972) used three different system to measure 

the VOpmx of 20 professional football players. In five subjects a 

multistage bicycle erganeter test was used with a Parkhson-oman -4 

'nigh-velocity, low-resis-ce dry gas meter to measure inspired 

->tilatioh volwnes. LB-1 and Bec)mw E-2 electronic gas 

analyzers were used for determining the 002 and 4 content of the 

expired air sanples. An additional five subjects performed an 

incremental treadmill test employing a Vertek VR 4000 pmumtach for 

assessing ventilation volmes, a Westinghouse fuel cell analyzer for 

de- % percentage and a Goddart Capnagraph for determining C02 

percentage of the expired air. All masurements were entered into a 

RIP-12 -ter, which allowed a aontimtous on-line analysis of all 

physiological data. Finally, 10 subjects aanpleted a t r e l l  test 

using the saw grade-incremented test as above. Ventilation volu~es 

-e assessed in duplicate using a Parkinson4wm -4 gas meter on 

the inspired side and a Vartak 4000 pnemotach. Gas analyses were also 



performed in  m l i c a t e  using a Med-Spec miss spectraneter and Beckman 

LB-1 and E2 gas analyzers. The data were entered into a Raytheon 703 

amputer allowing an on-line analysis of the resulting physiological 

data. 

In a l l  systems, the reslpiratozy gas analyzers were calibrated using 

standard gases, which had been periodically subjected to micro- 

Scholander analysis. The gas meters and pneumtach w e r e  calibrated 

before each run using either a calibration syringe or  a Tissot 

spirtmeter. The subject hreathed through either a t r i p l e 4  or  a 

Daniels' two-way valve (Daniels, 1971), with respiratory samples being 

obtained according to the method outlined by Wilnmre (1968) or a 

mechanized version of the same mew. 

No aarp#risons were made between any of the systems for differences 

in metabolic m a n e n t s  since subjects w e r e  only tested one time to 

get a w$mx value. 

Wihore and Costil l  (19731 

In an atteapt to determine the exact extent to which N2 retention- 

production influences the calculation of 9 via the Haldane 

transformation during graded exercise, Wilmore and Costill (1973) used 

the folladq systen to measure V%. The system aonsisted of a Daniels- 

type respiratory valve (Daniels, 1971), two Parkinson- -4, high- 

velocity, low-resistance dry gas meters to measure inspiratory and 

expiratory volmaes, a m i x i n g  chamber to oollect the expired air ,  a Med- 

spec mass specbmmter, model MS-8 to measure 02 and 002 gas 

percentages, and a R a y t h e m  omputer (Model 703) to analyze the data. 

In addition, one minute samples of expired a i r  were obtained as 



described by Wilmore (1968) and were analyzed w i t h  Becknan E-2 and 

Beakman LB-1 gas analyzers for 02 and q, respestively. 

Both gas meters were calibrated a t  the beginning and a t  the 

aonclusion of the stwly against a l20-liter Tissot sphcamter, using 

pulsatile f l a r  rates of 5, 20, 60, and 100 liters0min-l. calibration 

factors ware established i n d w e n t l y  for each gas meter at each flow 

rate. The difference between gas meters  was mall, and within a given 

meter for various flcrw rates, the calibration factor was essentially 

aonstant. Roan air was sampled periodically w i t h  ths miss spectrcnreter 

and cylindm of mixed gases of kwrwn concatration (via micro- 

Scholiuvler analysis) were used to calibrate the analyzers betwea woxk 

loads. - 
One of the f i r s t  mabile and relatively hexpensive systens for 

measuring V% is described by Wilmore and Oostill (1974). This system 

was a a p x e d  to a aa rpmized  systen described previously by Wilmore 

and Costill (1973). This sadautamated sgoten oonsisted of a Parkinson- 

Oowan, Q)-4 gas metar for the assessent of VE, a three way gas--ling 

fa dliquoting gas samples, aM-11 and LB-2 gas ~ a l y z a r ~  

for O2 and 002 analysis, respectively, and a Hewlett-Fack8a-d 9810 

pn-ble calculator for data reluction. 

Calibration of the respiratory gas analyzers was done by attaching 

a lam liter ruhbar bag fi l led with one of several calikation gases 

(micro-8cholander method) to one of a two-way meta l  staL#ock. This 

aannscted the #ree-way gas sarq?liq valve to the mixing chamber. This 



pmceduse nearly duplicated the actual gas collection procedure used in 

the test, allawing the calibration gases to cross all fittings and 

joints, ambling the detection of any potential leaks in the system. A 

lninhm of two calibration gases were used each time to check the 

linearity of the analyzers. The gas meter used in this system was 

calibrated against a 120-liter Tissot spircamter w i t h  pulsatile flows, 

at xates spanninFl the range frsm 20-200 liters'min-l. 

Hawver, during this study the only ccmparisons reported by Wibre 

and Costill (1973) were the respiratory gas wncentrations between the 

two methods. out of 117 measurepents the seniautanated system had a 

mean F q  of 17.16 with a standard deviation of 0.28 capred  to the 

v t e r  based system mean F* of 17.18 and a standard deviation of 

0.27. The ocaparisons of mean F q  ware also nearly identical with the 

semiautaaated system having a mean of 3.47 snd standard deviation of 

0.21, and the -tar based systen reporting a maan of 3.43 with a 

stardard deviation of 0.20. Since VE aarparisons of the fwo systems 

were not reported in Me study it is inpossible to determine the 

validity of the entire systmm. 

Wilmore et al. 119761 

The Beclmw Metabolic &basurem~t Cart (mc) was evaluated against 

the same -terized -ten (Wilmre 5 Qostill, 1973) and 

saniautanated system (Wilmore & astill, 1974) previously described. 

The MM! is a -1ete system inclulinj individual analyzers or sensors 

far measuring axygen, carbon dioxide, mired air vloluae, mired air 

ta~perature, bnrcmetrio pressure, am3 time. Ihcrwevec, only the measuring 

de#im for -en, carbon didde, and mired air voluma are relevant 



to this study and w i l l  ba discussel. The MMC used a turbine for 

~lens- expired gas volune and Beckaan (IM-11 (02) and LB-2 (q) gas 

analyzers. A constant aliquot sf the expired a i r  (SO0 ml-min-l) was 

pulled fran a mixing chamber which was located in the expired airstream, 

through a drying column and into the gas analyzers, and then returned to 

the mixing chamber prior to the gas passing through the voluw 

transducer. 

A l l  three gas analysis systans were calibrated both before and 

after each test using calibration gases which were periodically analyzed 

by the micro-Sdmlander technique. m e  pre- and posttest calibration 

valws for oxygen and carbon dioxide for a l l  thrw system were 

reasonably stable. The voluae transducer of the mi! and the two 

Parkinson-ocwan gas metars were calibrated wit31 a 120-litar Tissot 

spimmeter both a t  the beginning and a t  the conclusion of the stuby. 

Air was pulsed frm the Tissot spiranetar through the two gas meters and 

into the M E  volune transduc~lr, the four being connected in series. The 

calibration data for the vol- transducer and the two Parkinson-Oman 

CD-4 gas meters  demonstrated that the Parkhson-Ccmn meter  i n  the 

syaten was the least stable of the -88 devices. This was 

dua, primarily, to its underestimation of ~ 1 ~ ~ 8 9  a t  the lam of 

the dynamic range of calibration. 

All three 9ysteas were used simul-ly in 49 of the 122 tests. 

!l%e remaining 63 tests were conducted using only the IMC and the 

aamplterieed system. An erprcel?tionally close relation was found among 

tha three i n d w e n t  systens for F q  and F q .  For each metabolic 

level, not one of the -isons resulted i n  differences between the 



system which were statistically sipificant. Even the greatest 

observed differences for mth F q  and F e q  were within the m i n e d  

range of accuracy for any of the two analyzers being cunpared. Of the 

60 paired caparisons for B q ,  40 were w i t h i n  0.05 and 54 were within 

0.10 percentage units. For F q ,  54 of 60 paired canparisons were 

within 0.05 percentage units. A statistically significant differ~~e 

for VE was noted only between the Mr4C and the cxmpter systen at the 

lowest two metabolic loads. Above the activity level of 4 MElS, the 

individual differences between the three systems were always below 5%, 

and w r e  frequently less than 2%. Statistically significant 

differences were found for V02 between the ME and oaputer systens for 

the first five levels of work. When aanpating the three systems 

sinultaneously significant differences were found at only tm of the 

lower wrk levels. The Rm value deaonstrated consistent agreement 

across all three systms. 

Karwcri et al. (19831 

Since the study co-ed on the Beckaan MMC by Wilnmre et al. 

(1976) may have been limited by high resistance to air flaw with all 

systePis being connected in series, Kannagi et al. (1983) comlwted a 

study oaq#ring masur~ments  of the PPY: w i t h  indwent measurements 

us- a method previously established by Bruce, INsrmi, and Hasam 

(1973). The reference systen use4 in the present s M y  consisted of 

nsoprene balloons to collect the expired gas, a respiratory test meter 

(Amarican Meter Ccmpany aB-115) to measure the expired volune, and 

B d m m  a-11 (02) and LB-2 (002) gas analyze&% to measure the 

amcatrations of expired gas. The quipmnt used in the ME to measure 



these sams paramters were described earlier (Wilmre e t  al., 1976). 

The gas analyzers in  both systems were calibrated before each test 

using two refer- gases prewiously analyzed by the micro-Scholander 

method and roeaa air. Also, a canparison of the gas analyzers in each 

system was determined by making 14 simultaneous measurements of 4 and 

CX+ over the esrpected clinical range. The carpatisons dgmonstrated no 

significant between the two systam. 

Eight subjects, ages 31 to 64 years, performed symptan-limited 

rmrltistage treadmill tests of sulrnaximal and lMximal exercise. mercise 

tests were repeated randay four times, twice with the MMC and twice 

w i t h  the manual methad for maswenbents of aerobic requirem~ts. 

The two tests with the--M13C were ampared to one another as well as 

the two tests for the manual m e w  to demonstrate rep-ility of 

the methods. The four variables ampared between each test were VE, 

m, m, and RER. Paired &ta frem the bm tests for each variable at  

the third minute of each stage of exercise and a t  laaximal exertion were 

acllparea. Prcellent reproducability was found for both systeas without 

any significant differences being reported. 

caparisons w e  also made between the two systems w i t h  the f i rs t  

testpairedwith the f i rs t  manual test and the seoondlM! test 

paired w i t h  the second manual test. w i n ,  pahed caparisons were made 

be- variables a t  the thizd mimrte of each stage of exercise. High 

oorrelations were reported for VE, Q, and q, .97, .98, and .99, 

respectively. A lawer aorrelation, .93, was reported for RER. men 

camaption and carbon d i d d e  w e t i o n  were significantly higher in 

t h e M H C a a r p a t e d t o t h e m a r m a l m e ~ .  



Norton 119821 

The MMC Horizon System, the successor to the previously described 

MMC (Wilmote e t  al., 1976), was evaluated using physical standards, a 

standard a r t i f i c i a l  lung (SAL) , and two referee systems (Norton, 1982). 

Ole referee system used bag oollection, aliquot gas -ments, and 

voluw measurement with a Tissot spiraneter. Only these results w i l l  be 

reviewed. 

The MMC Horizon Systaa differs f ~ m  other autcmted devices, 

because it is a single integrated instnnnent rather than an assembly of 

individual analyzers. Included i n  the MMC Horizon System is an lmEL 

8085A micmpmcessor which controls a l l  the transducars, sensors, and 

other devices of the system. Like the k m ,  the MMC Horizon system has 

sensors and transducers for the detection and measurement of voluw, 

oxygen ard carbon dioxide partial pressures, -ture, and pressure. 

Hcrwever, only the equiprent used to measure volume, oxygen, and carbon 

dioxide w i l l  be discussed. 

w e n  is -ed w i t h  a teperature-aontmlled, fas t  respnse, 

pohrqraphic sensor. carbon dioxide is metasurd w i t h  a dual-beam nen- 

dispersive infrared optical system w i t h  a pneraratic detect6r. The 

volune of air passing m h  the system is measured w i t h  a jewel- 

munted turbine which hrporates electrwptical detectors. The 

expired gas goeg through the mixing chamber into an assembly for 

measuring expired voluw. The gas is then sent to one of six -ling 

sites determined by the microprocessor and is drawn through the 02 and 

% sensors a t  a naninal flow rete of 500 ml-min'l. 

The gas sensors in the E Horizon System are calibrated by 



snapling a "zero" gas (100% N2) and a precision calibration gas (ususlly 

4% and 16% 02) analyzed by the micro-Scholander method. The 

processor sets the Z m O  and G?UN of the 02 and a+ channels to these 

faatom3 and uses them for subsequent mexwenents. 'Ib calibrate the 

-1- bamduwr, the user aonnects the outlet of the integral pmp to 

the inlet of the mixing chamber. The pmp is then nwually actuated by 

the user to deliver volrares to the bmmdwer. Eight stroke3 of the 

pmp are delivered at each of the three different flav rates. The 

micmpmcessor anmts the strokes and accepts then if properly 

deliwed, or it instructs the operator to adjust the flow rate. The 

micmpmeessor then performs a linearization of the voltme. 

For emprison, sjnnaltaneous measurements were made on the MMC 

Horizon System and a bag aollection referee system using expired air 

sanples fmm haman subjects at rest and Wing s--state exercise. 

The two ~~t systems wetre in series, w i t h  the outlet of the MMC 

filling a meteorological balloon. Minute volune mnswements were Ylrade 

by the referee system w i t h  a Tissot sp-ter and concatration of 

gases in the balloon were laeasured w i t h  separate gas analyzers (Reekman 

LB-2 and an-11) which had been indepmhntly calibrated w i t h  precision 

cnlibsation gas analyzed by the Scholander method. 

Eight subjects were tested during progressively increasing 

wnrkloads on an electrically braked bicycle -ter. EKtrermly high 

~ l a t i o n s  behmetn the two systems for VE (0.9973), 9 (0.9930), and 

PpOz (0.9979) w e r e  reported. Howevar, the highest VE (m) aanpared 

behmmn the two systms was only 85 litarsomin-l. This low VE 

ompariaan does not test the entire range of volums usually emamtared 



when testing hman subjects to mexinnnn fatigue. Direct axparisons were 

not raade between the two systens for gas aoncantrations since only the 

calculated p and were ampared. 

Versteea and Kimersluis 119891 

Three systems were evaluated for measurenent of o2 uptake and 

-ed to the o o m t i o ~ l  Do\rglas bag method. me systen (9000 IV 

Ergamtric System) was only tested w i t h  respect to its oxygen kinetics 

and will not be described. The other two (MMC-Horizon and DOE-Sprint) 

were tested during three exercise programs: (1) steady-state exercise, 

(2) progressive increasing exercise to max.imal load, and (3) single-step 

An electronically hraked bicycle ergamter (lade, type: Lamy) in 

which adjustment of the load was ratedependent. The air expired by the 

subjects was wllected in bags or directly exhaled into the systems to 

be tested through a low-resistance respiratory valve (Hans Rudolph, 

2700). 

I. the Douglas bag method, gas was aollected into the h g s  for 15 

to 30 seoonds. At the end of the test, a semple was - w i t h  a 

catrifugal puap fram each bag which was analyzed for 02 (lpmuwptic: 

sennrmear 570A syfrron: acamcy within 0.1%) and content (infrared 

absorption; capnunetex, oodsrt 146; accuracy w i t h i n  0.2%) . w e n  and 

carbon didde analyzers were calibrated twice daily w i t h  test gasas 

which were regularly checked w i t h  the micm-8choLander method. Gas 

-1- were measured with a wet gascmmter (8chlmberger; accuracy 

w i t h i n  so ml). 

The -Horizon system was described previously (Norton, 1982). 



The DOB-Sprint system uses a pnemmtachogmph (Jaeger) to measure 

expired ventilation volunes. The expired air subsequently passes 

through a mixing chamber where O2 (paramgnetic) and % (infrared 

absorption) are aontinuously sampled. Calibration of the gas analyzers 

is acmpleted using two test gases which are cherLed by the micro- 

scholander method. The pneumotachograph is calibrated manually with a 

one liter syringe that ames w i t h  the machine. 

No significant difference was found between the ~ I M X  obtained 

w i t h  the MMC-Horizon systen and the Douglas bag mathod. The same 

results were found when aaparing the DOB-Sprint system and the Douglas 

bag method. However, the differences between the MMC-Horizon system 

-e always higher while the differences for the =-Sprint systan were 

always laser than the Douglas bag method. 

Develoanent and EWaluation of the 0-Plex 

The PPlex was developed by the Quinton Instrrnnant caapany in 1987 

to provide a totally autamted assasmerit of respiratory and metabolic 

parameters during eamcise. This system uses a nonrebreathing valve and 

mtring chamber for the aollection and mixhrre of expired gas, a 

diff-tidl pressure pammtachamter for the mnswenmt of VE, and 

el-c gas amlyzers for Me mmmrement of Fe02 and F m .  With 

this system inmediate data analyses are available, fewer technicians are 

needed to oamplete the test, and many tests can be aarpleted in a 

m i n i m a l ~ t 0 f t i m e ~ e d t o t h e D a u g l a P b a g ~ .  Hwweir, 

the only plblished literatum on the validation of this syaten is by 

the designera of the machine itself (Quinton, 1988) and C)rypchar, Jones, 

Ohainski, and -ley (1989). 



puinton (19881 

In order to validate and verify the Q-Plac hardware and software, 

simultaneous collection and measuretl~t of pulmmry gas exchanges were 

performed with Wuglas bag mthodology. The two systems were oonnected 

in series to allow expired air to flow through the Q-Plex and into the 

bag. The expired air was measured for volume, mixed expired oxygen, and 

mixed expired carbon dioxide by on-line analysis in the Q-Plex. Bags 

were wllected frun the exhaust port of the Q-Plex mixing chamber 

simultaneously during four levels of steady-state exercise. Rag volms 

were measured by Tissot sphaneter and gases analyzed by independent O2 

and analyzers. m e n  uptake, 002 production, and Rmt were 

subsequantly calculated. Rimmeters calculated by the Q-Plex were 

aapared with those calculated from the Wuglas bag data. A total of 

eight trendmill trials were performed. Each trial was during the 4th 

and 5th minutes of a 6 minute suhnraximal steady-state nm on the 

tres&lill. 

EKcellent wmelation coefficients of 0.9993, 0.9997, and 0.9938 

were reportad for 9, p, anb m, respectively. Hmemr, like the 

study on the MMC Horizon Systen, ventilation volwnes were only ampared 

up to 100 literssmin-l which is only the middle of the range (5 - 200 
l*min-l) which many large athletic subjects ventilate during a 

test. It would be hard to call the Q-Plex volune device valid at higher 

levels since it has not been tested at these higher values. The gas 

-tag88 m m t  ampared direatly w i t h  a correlation krt it appews 

tbat the -tag89 of the Q-Plex are as good as the refaawe system 

w i t h  such high correlations for and 9 being reported. 



Chmchar et al. (1989) 

Qlypchar et al. (1989) ampared the Q-Plex to the MeKaster 

University system for accuracy and precision of 02, 002, and volrnne 

mmsure~~nts. All subjects were tested at rest, 25%, 50%, and 75% of 

their previously determined Vo$nax. Thirty-f ive Douglas bags were 

wllected for analysis and validation for the following parameters: 

F q ,  F q ,  VE, Q, V q ,  eud RER. Before each test the I4dfastex miss 

spectmmter system was calibrated using three concentrations of gas 

previously analyzed by the Lloyd-Haldane apparatus. The Q-Plex was also 

calibrated using two precision calibrated gas mixtures. 

Subjects breathed through a law rwishnce, law deadspce valve and 

-ired gas was routed through law resistance tubing to the Q-Plex. 

Subjects cycled on a siemens Elem cycle ergmeter for five minutes 

steady state at each workload. During the last minute of each workload, 

the mter referee system -led mixed expired gases in aonsecutive 

intemals fran the -ired gas port on the PPlex .  Sixnultanemsly, 

-ired gases vere wllected in Dauglas bags for ~ l u n e  aiqtarisons. 

Bag vlolune was maswed through a calihrated dry gas meter and total 

-1- displa-t r800rded on a liepens Elem mingograph. Referee 

systsm gas samples were averaged for the collection period and -ed 

to tba time mstchsd PPlex values for F q  and E e q  and corresponding 

expired gas -1- in Douglas bags. 

Results of gas analysis denonstrated a correlation coefficient 

betwe8n the Q-Plm and the mter mass spechxmter -tern of 0.993 

cud standard errors of 0.02% absolute. Results of VE aoaparison also 

yielded high correlation (0.991) w i t h  the MMaster dry gas meter and a 



standard error of 1.01 liters. Cmprison of calculated parameters of 

p, V q ,  and RER yieldtd no significant differences between the two 

systems with concurrent validity coefficients ranging fran 0.997 to 

0.999 for V02 over the range of workloads. 

i3BmzY 

The preceding review of related literature has sham that bag 

oollection techniques for containment of expired air with volrrmas 

measured via mechanical gas meters are considered to be standard methods 

for acmparison purposes in the validation of metabolic neasurawnt 

systms which measure VE, F-, and F e q  (Beaver et al., 1973; 

ansolazio et al., 1963; m g i  et al., 1983; Norton, 1982; Norton et 

al., 1976; V e r s t e e g  & Kifpersluis, 1989; Wilmore & Costill, 1974; 

Wilmore et al., 1976). Also, many acmplete systaM have been developed 

to assess these metabolic functions, but validation data and procedures 

of these systens are scmm&tt inaaaplete (Johnson et al., 1967; Wilnrore 

Only four studies (Kannagi et al., 1983; Norten, 1982; Versteeg & 

Kippersluis, 1989; WiImre et al., 1976) provided acmplete validation 

and data. 

since many of the systems presented a m ,  as well as newer systems 

like the Q-Pleac, do not have large quantities of validation data in the 

literature, it was the pwpse of this study to establish the validity 

of the Q-Plex before it was put to routine use. 
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The plvcedures used in this study were chosen because they allw 

exactly 1 minute of ventilation to be m e d ,  a full minute of 

expired gas to b collected in a meteomlogical balloon (model 5301, 

300 gram - Weather Measure Corporation, sacmmento, CA), and a sample 

of this gas transferred f m n  the balloon into a Bailey bottle for gas 

analysis (KjelUwg & Fayetts, 1968) within 1 minute of collection. 

lb determine the effect on the gases contained in the balloon, the 

investigator filled a mateorological balloon w i t h  a known gas 

ooncentration which had been previously detemhed on several occasions 

by the ll&~~)-SChOlander teChniq~~ (&blander, 1947). The gas 

oonmtrations in the balloon were determined over a 60 minute periorl 

using the gas analyzers in a BeckPan Metabolic Measuremmt Cart (MMC1 - 
Beelmw Instrments, Anaheim, CA) . The axygen analyzer (model a-11) 
and w n  dioxide analyzer (Illode1 LB-2) were calibrated before and 

after the investigation w i t h  lmown gases standardized by the mirm 

Scholander tecnique. Table 1 presents data aollected during this pilot 

Table 1. Diffusion aate of 02 (16.02%) and 002 (4.00%) thraugh a 
Meteorological Balloon with Time. 

Time tminr %<k - 



!rable 1 sherprs the percentage of in  the meteorological balloon 

was not affected until 9amti.m after the f i f th  minute, and the 

percentage of 02 remains fairly wnstant even after 1 hour of remaining 

in the balloon. Therefore it was aoncluded that the meteorological 

ball- waa an acceptable eon- for the expired gas for a t  least 1 

The Par- meter (modsl CD4 - C a r l  Poe OD., Inc., Houston, 

'PX) used in this study to measure *ired gas volumes was calibrated 

against a 120 liter Tissot spinmeter (see B for calibration 

data). This calibration was done by puping krerwn v 0 1 ~  of roun a i r  

Urroush the Parkinsan-Oerwan meter by way of a 3.002 liter syringe pmp. 

Wairwasthenmtedthroughtubingfremtha&~9tpo&of the 

Par- meter into the 120 liter T i s so t  spinmeter. W volumes 

(ATPS) be+ennined by the two methods  were then ocapared using a paired 

t-test (see Table 2) and a Eearson pxm&st-t aorrelation (see 

Table 2. -9011 of Meter l&m Volranas versus Tissot 
Mean V o l w  (LI*. 

Pcrmter Tissot 
(LS=60) (B60) 

Btadhrd deviation 26.3745 26.3686 - 
* R a m  = 0 to 90 litera 

sime the meMs were not statistically (p > 0.05) different and 

this mrrmr;san pmsuced such a high aorrelation (r = .9997 1 , the 



calculated aorrection factor (Tissot = .999682 x P-C meter + .019039), 

which was derived to oonvert the v t e r  to Tissot readings, was not 

us&. 

Figure 1. Parkinson-cowan Meter versus 120 liter Tissot spiraneter 

A seaond pilot study was conducted to detenoine if the above 

procedmes altared the gas fractions. A meteorological balloon was 

f i l l@ w i t h  a lmerwn concentration of 02 (16.02%) and 002 (4.00%) . The 

gas in the balloon was then drawn throuqh the Parkinmn+man metar with 

a v a m  pmp cud passed thmugh the exhaust port of the pmp. A -11 

sample of the gas was collected in a Bailey bottle and analyzed at  least 

two timea by the standard micro-8cholander gas amlysis method. The gas 

-18 analyzed had an O2 pmxentage of 16.03 and a paraenme of 

3.99 to the initial values of 16.02 and 4.00%. llrsse data show 



the gas amcentrations were mininrally affected by this method of gas 

aollection and analysis. 

O o l l d o n  of Gas Smmles 

In order to validate the PPlepc hardwam and software, sirmultan~0~9 

eblleation and meagu~eaent of plmnary gas fmm exercising hman 

subjects warn obtained w i t h  a meteomlogicdl balloon gas aollection 

methodology as later in this Chapter. 

The subjects ran on a motor driven treathill (wdel 24-72 - Quinton 

Instnmmt Co. Seattle, WA) i n  accordance with the protocol defined in 

D. This trea&ill protoaol used a constant speed of 8 nph and 

agradewhichstarted at 0% andwas increased 3.0% every 3 minutes. A s 

minute -up of 3.5 mph and 10% grade preceded the nm. Oas was 

aollected in a meteorological balloon for 1 full  minute during at least 

three differemt levels of exercise: low steady state, medim steady 

state, and at nreudmdl -ion. 

polem 

Durhq the test the subjects breathed thrargh a low resistance, low 

dead spaca (115 mls) valve (model 2700 - xans ~udolph, me., ~arrsas 

City ,  ED), The -ired gas was muted Ulraugh lw resistance tubing 

(3.5 an x 274 an long) to the Q-Pleat. Within the Q-Plex, the mired 

gas passed thmqh a heated-grid, differential pr%ssure -tachamtar 

(model 3813 - mns ~hldolph, Inc., ~ a ~ a s  city, m) which provibes a 

voltage signal tbat vari- with flow nte. The signal proceasing Md 

acaplter algorithus parfoPPBa by the Q-Plea to aomrert the -tach 

readings to volrrpes warn mt available to the -. ! P b  eorpfrd 

gas was thea routed into a 5.5 liter mixing cha&er whsre ,364 liters of 



gas per minute was ramwed contimasly and conveyed (without mmal 

of water vapor) to the O2 and 002 analyzers for on-line analysis of 

mixed expired oxygen and IPixsd -ired carbon aioxi.de. The specific 

methods by which the Q-Plex accounts for water vapor and converts the 

w e t  gas to standard U t u r e ,  pressure dry, were not available. 

Meteomlocrical Balloon Method 

A f t e r  passing thFough the mixing chambar, the gas traveled out the 

exhaust port of the PPlw and through a calibrated Parkinson-Oowan 

meter where the m i r e d  vo1- was measured during the last minute of 

each s- state strrge, and oollected i n  a meteorological balloon. 

When N1, the meteorologicdl balloon held a t  least 210 liters of gas 

which was W t e  enough to hold the l q e s t  minute ventilation 

~ l u m e .  

W i t h i n  1 minute after collection of gas, the gas was drawn fmm 

the balloon w i t h  an electric vacuun pup. IMrilq the first 5 seconds 

of emptying the balloon, sane gas was released into the roan allowing 

foranyrr#nairthatmightharebeenintheeingtubingandthe 

neck of the balloon to be evacuated. A aork was then placed in the 

outlet side of the ~curra p m q  forcing the collected gas thmugh a pi- 

of surgical tub- that was attachsd ta a barkd nipple on the outlet 

side of the vacuuu pa!@. For ~raximately lo w n d s  gas was them 

prshed thmugh the suqical tub- to flush it out. Aftat the mugitxd 

tub- was oatpletely flushed out it was connected to a Bailey bottle 

and a d l  sanple (70-80 ml) of gas was collected for analysis of F q  

anf l~bythss tanQrdmi~~~-8cbo landermathad  (sea-C for 

pmaedurs) . Tbe gas analysis was aollpleted under the supemision of an 



@ o r p e r i d  technician who had mutinely performed the prPaeduhe for 

more than 10 years. At least three Bailey bottles were aollected fma 

each subject. The barcamtrio pressure, ~~, and time of the 

enpired gas collection were measured with a mercury baxmeter, an EIB8 

certified thenmwter, and a stapmtch, respectively. 

statistical Trentment of the Data  

Minute ventilation volmae, oxygen uptake, carbon dioxide 

prodrtction, and respiratory exchange ratio were subsequently calculated 

(see Zippndh D for equations). Gas exchange data calculated by the (t- 

Plex were ompared with those calculated f m  the meteo~~lcqical balloon 

data using paired t-tests and Peatson procluct-t correlations. 
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Introduction 

The assessment of metabolic and respiratory function in hwnan 

subjects during exercise has been made easier and faster to perform w i t h  

the help of advances in technology. A new instrumit, the pPlex I 

Cardicplmnary EKercise -ten developed by the @ahton Instruaent 

campany (Seattle, WA), determines, displays, and prints ventilation 

wlmes, fractional concentrations of expired oxygen, and fractional 

concentrations of expired carbon dioxide in "real time" allowing for 

imnediate diagnosis and feedback to the subject. Since this i n s m t  

is relatively new (1987), its validity has yet to be established. The 

purpose of this stWy was to determine the validity of the Q-Plex based 

on oeaparing the Q-Plex data to data obtained frun meteorological 

balloon gas collection methodology. 

This chaptar presents the results of the study, and huw they 

relate to previas literature. Included are descriptive clnncteristics 

of the subjects and -isons of gas errchange data nmsued by the 

meteorological balloon method versus the Q-Plex. 

Descri~tive Characteristics of Subjects 

The Q-Plex was evalwte8 in tha Haran Perfommica Laboatory at the 

uni~1~9ity of wisaonsin-~a Qpsse. A total of 27 highly trained male 

rrmnere, am2 cyclists volunteered to participate in this snnrlwition. 

Qily 20 subjects were used in the final data analysis becaus8 of 



technical difficulties during early testing of the first swan 

subjects. However, a minhwn of three gas sanples were collected on 

each subject and a maximum nlnnber of six were obtained on sane 

individuals allowing for a total of 93 gas sanples to be -ed by the 

t w o  methods. Descriptive an& physiological characteristics for the 20 

subjects are p-ted in Table 3. 

Table 3. mariptive and Physiological Characteristics of Subjects 
(E20). 

Variable Mean - SD Ranqe 

Height (an) 179.1 6.96 165.1-193.0 

Weight (Iq) 73.0 9.49 57.0-91.4 

(ml*kg"l.min-l) 64.5 7.69 50.0-77.3 

*E$IBX BTPS (liter-min'l) 144.3 30.43 78.8-206.8 

a Data based on pPlex 

The W 3 . p ~  (mlekg'lgmin'l) and VE BTPG (literomin-l) data in Table 

3 are based on -ts made by the Q-Plex. The last minute during 

the final q l e t e d  stage of the -11 protocol (see AppMdix E) was 

used for the maximal chta. These values represent a subject population 

having a high range of ventilation v o l ~  which is necessary to test 

the pn-tach in the (I-Plex at low, medium, and high vent-ilation 

Validation of the CFPlw 

Each of the subjects participated in a aonstant speed, grade- 



imrewnted treadmill test to volitional exhaustion. simultaneous 

measurenents on expired air were performed w i t h  the Q-Plex an8 the 

meteorological balloon gas collection methdology. 

Gas mad- 

The overall means, standard deviations, and per cent error between 

the t w o  methods of measurenent for F a 2  and F a 2  are presented in Table 

4. Also in Table 4 is the gas exchange data ampared during the various 

workloads. Figures 2 and 3 illustrate the bivariate distribution for 

Table 4. Oanpatison of FeQ2 and F a 2  According to Workloads and 
Overall Measuranents. 

stase 
MAI Incline g 

F-2 F a 2  
Balloon - % error Balloon Q-Plex % error 

overall 93 16.08 16.03* -0.3 4.61 4.64* 0.7 
.53 .56 .37 .39 



Figure 2. Balloon Method F q  versus Q-Plex F q .  

Figure 3. Balloen Method F q  versus Q-Plex F q .  



Overall the Q-Plex mean values (Table 4) for F* and FeQOZ were 

significantly (p < 0.05) diffemmt frpm the balloon method. Hawewer, 

the .05% and 0.03% (absolute percents by volune) mean dif faxnces for 

and FeQOZ for these awmmmmts are acceptable because they are 

w i t h i n  the measurenent error of the analyzers being ampared. The p 

Plex gas analpm are reported as haring an accuracy of _+ .05% 

(abao1Ute WlUPB B t ) .  All- the -025% (absolute Volw 

m t ) ,  aocuraay of the miam8cholander method and the twlo systens 

agree very w e l l .  EWUmnmre there was a Mgh aorrelation for both the 

F q  ( r  = .9735) and F e q  ( r  = .9729) between the twlo methods. 

This good iqreemt found between the twlo systems for F q  and 

FeQOZ is similar to the results reported in the literature for other 

metabolic systems. WiImore and Oostill (1973) reported less than a 1% 

difference for  F q  aanpared to the aamptter based reference system and 

a 1.2% difference for F e q  ccllparisons. WiImore et al. (1976) also 

found the Beckman MEE (02) and LB-2 (-1 gas analyzers to be 

within 0.10 percentage units of either reference system they were 

ampard to. Kmmgi et al. (1983) reprted no significant (p > 0.05) 

diffemlK%ES between them and the marrust reference system, but this 

was €ixpcbd because both used Beckman -11 (02) and LB-2 (q) 

analyzers to meesure axpired gas ooncemtratio~. Hawever, when the 

Q-Ple~ gas fractions were validated against the Mdbster University 

system (QIypchar e t  al., 1989) relatively higher osrrelations than the 

present study for  02 (r = .997) and (r = .996) were reported. 

VE tBTP8r 

A s  indicated previously, there are l~parous methods reported in the 



literature for the detenaination of minute ventilation volr~aes 

(oomolazio et al., 1963; JOT- e t  al., 1975; Norton, 1976) . wer the 

years the Ittost accfapted method has been to oollect the entire expired 

volune into a Tissot s p i r a ~ t e r .  I)ue to the expense and awlwardness of 

using Tissot spiraneters, n- other methoes have been employed for 

determining minute ventilation volupes such as Douglas bags, 

meteorological balloons, and gas metars. Althcnqh using the Tissot 

spirtmetar may have been the preferable method, the 120 liter Tissot 

spirtmeter available to the researcher was not large enough to measure 

the high ventilation volunes necessary to establish the Validity of the 

Q-Plex a t  the vol- often faund in  highly trained individuals. For 

this reason it was decided to use a Parkinson-Ckmn meter  to determine 

expired ventilation volup~s. 

As indicated in  the p r d o u s  chapter, a pilot sMy was oonducted 

to caipare the vol- obtained using the Parkinson- meter  with 

those mined in  the Tissot spiruneter. This in i t ia l  aarparison 

indicated that there was an extrenely high oorrelation (r = .9997) 

bemaen these methods and a near zero y-intercept fran regression 

indicating that the Parkinson4ouan metar measured ventilation v o l m  

m t e l y .  Although the Parkhson+bwan meter was originally designed 

as a dry gas mew to be used on the inspked side, it was placad on the 

eoq?ired side in this study. This arrangement was used in the belief 

#at it would reduce the chance for leakage and/or measurement error. 

It w, M o r e ,  assuned that i f  the Parkhson4ouan meter was 

tboraughlydriedoutaf~eachtestthevoluae9obtainedusingtheQ- 

Plex systen d d  be validated against those obtained w i t h  the 



Parkinson-Cawan meter. 

When the ventilation vol~mes were ampared using this procedure, 

there was a cronsistent difference between volumes, with the Q-Plex 

yielding higher values. A possible reason for this difference may have 

bem that the Parkinson-cuwan meter was used on the expired side. 

Therefore, a second series of measures were made cunparing ventilation 

volmes using the Parkinson-Cawan meter on the inspired side to those of 

the Q-Plex. For this purpose, four subjects ran a grade-increnented 

treadmill test using the Parkinson-CXman meter to measure inspired 

volumes while simultaneous volumes were collected by the Q-Plex (see 

Appendix F for actual data). A total of 52 ventilation volumes were 

made and canpared between the two methods. The actual volume (BTPS) 

d e t d n e d  by the two methods were then ampared using a paired t-test 

(see Table 5) and Pearson product-mment correlation (see Figure 4) . 

Table 5. canparison Between Inspired Volume Measurement of Parkinson- 
Cowan Meter to the P P l e x  (L) . 

P-C meter VE (BTPSl 9-Plex VE (ETFsl % error 
(R52) (=52 

MeM 75.9212 81.9308* 8.9 

Standard deviation 30.7383 34.2484 

The PC meter VE (BTPS) volumes in Table 5 are based on the VI 

(ATPS) corrected to VE ( m )  using the ambient conditions presented in 

Appendix F. 

Again the Parkinson-ccrwan meter consistently resulted in lcrwer VE 



volmw than the PPlex. TRe means for the t w o  methods were 

significantly (p < 0.05) different and the 8.9 % emr was even higher 

than the 6.0 % error found using the Parkinson-cowan meter 

Figure 4. Inspired Voluw Msasurement of Parkinson-€mmn Meter to the 
P P l e x  (L) . 

on the -ired side during the actual validation study. 

After all the validation data were oollected a final caparison was 

made be- a series of volumas obtained with the Parkinson-Oman meter 

and the Tissot spiraneter. These results indicated that there was a 

much larger di- in voluaes obtained between these methods than 

those initially *ed. These differences were of sufficient 

magnitude to questio~ the accuracy of us* the Parkinson-Oman meter to 

validate the volmm obtained w i t h  the Q-Plat. Since it was impossible 

to determine the cause of this error, or at what point in the study it 



occwred, the ventilation v o l ~  of the Q-Plex could m t  be 

legitimately validated using this Parkinson- meter. Unfortunately, 

since the accuracy of measuring V02 and V q  is dependent upon 

ventilation volrmps, neither of these variables could be accurately 

canpared. 

Discussion 

The testing of a system such as the Q-Plex presents certain 

procedural and conceptual challenges. First is choosing the referee 

sysrrm to which the PPlex is to be canpared. Although there are 

standard methods for measuring the variables evaluated by the Q-Plex, 

there is no single process which can measure all of the variables 

measured by the Q-Plex over the range and under the operating wnditions 

in which it is intended to function. This challenge was approached by 

testing the Q-Plex against a standard meteorological balloon gas 

wllection systan to directly carpwe the measurenent of VE, Fa2, 

F e 2 ,  W2, V q ,  and RER. However ,  since the Farkinson-~owan dry gas 

meter used to measure VE was discovered to be inaccurate sane time after 

all data were collected, the experimenter could not justify presenting 

data that may be questionable. The mall per cent difference in the @ 

Plw  mezmmwmt for F q  and F a 2  are acceptable because they are 

within the memuewnt error of the analyzers being cunpared. Fran 

these results, it can be wncluded that the measurements made by the gas 

analyzers in the Q-Plex are as accurate as the standard micro-Scholander 

technique, but the Q-Plex was able to determine the values significantly 

faster than the micro-Scholander method. This is important since gas 

fractions for each breath are determined by the PPlex. 



The challenge in performance testing of the Q-Plex is the use of 

statistical procedures for denonstrating equivalent performrice between 

the new system and the reference system. men if the mean values for 

the gas fractions between the two system were not statistically 

different, theoretically it could not be established that the Q-Plex is 

the same as the meteorological balloon system. The best that could have 

been done is to use statistical techniques in a descriptive sense to 

aarpwe the variability of the two systens. This is important to note 

since the meteorological balloon system used does not report absolute 

measurments; it, too, has sane variability and error. 

The best test of a systen such as the Q-Plex is its performance in 

its intended application of assessing respiratory and metabolic 

parameters of subjects during rest and exercise. The Q-Plex has 

capabilities for printing and plotting data during and after exercise 

tests which eliminates the tedious process of data reduction and 

analysis required w i t h  manual methods and also allows for imnediate 

feedback to the subject. Fewer technicians are needed to acmplete a 

test and the autaMtion i n  the P P l w  makes the system easy to 

cdlibrate, operate, and understand. With only slight training the menu 

systen (i.e., press this to calhrate...press this to start...press this 

to stop. . . ) all- any operator to achieve the same accuracy. 
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_flmmary 

The primary purpose of this study was to determine if the Q-Plex I 

carcliopbm~lry Exercise System developed by Quinton Instruawt Oompany 

(Seattle, WA) was an accurate @ten for nreasuring e!xpired 

concentrations of oxygen, expire8 concentrations of m b o n  dioxide, and 

mired gas volumes to determine m e n  aonsmption, carbon dioxide 

production, and respiratory exchange ratio. 

mty-seven highly trained male runners and cyclists btween the 

ages of 19 and 34 years volunteered to pnrticipate in this validation 

stuby. Each subject performed a constant speed, grade-incr-ted 

tr-11 test to volitional &ustion. Sjn!ultaneous mamram~ts on 

expired air were performed w i t h  the Q-Plex and a meteorological balloon 

gas oollection system which erployed the use of the micro-8cholander 

tedniqu to analyze the gas fractions and a ParJcinson-cman meter to 

detennina VE. The physiological paramtars meamred by the two systens 

during the a- trail tests included F*, F q ,  VE, 4, q, 

and REa. 

'Phs statistical amlyses included means, standatd deviations, and 

ranges for the physical characteristics of all subjects. Oemparisons 

between the meteomlogical balloon method and the PPlex for all the 

physiological parameters meamred were made using paired t-testa and 

 earso on product-t aorrelations. The level of significance was set 



at 0.05 for the statistical tests, 

Oonclusion 

Although there was a statistically significant difference between 

the gas analyzers used in the Q-Plex for mensuring expired 

ooncentrations of oxygm and carbon dioxide and the mi-8chelander 

meal gas analyzer used in the meteorological balloon method, these 

differeulces m e  within the measurement error of the analyzers being 

appared. Based upon these results it was concluded that the individual 

gas analyzers within the Q-Plex demonstrate acnparable results to the 

micr0-8chalander chemical gas analyzer. Harevar, due to instnanentation 

problens, the reference system used to measure VE was found to be 

inaccUate thus not permitting a -lid amparison to be made between the 

collected VE data or the calculated parameters of q, V q ,  and REt. 

Reaonmanaations 

The follaring reaarmendetions are offered for future 

oonsiderations: 

1. In a ~lidation s M y  such as this one, it is hprative that 

all instnments be calibrated before and after each individual test 

oontinmusly thmqhout the aaurse of the study. 

2. Another validation study should be aa~pleted on the Q-Plex 

using a 300 liter Tissot spiruneter for aaparing the mired gas 

vlolums. This would enable the researcher to collect a full minute of 

expited gas in the Tissot spimmeter all- for an accUate 

-t of VE to be made for oatparison w i t h  the Q-Plex. 
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The University of Wisoonsin-La CrOSSe 
La Csosse, Wisoonsin 

A -ON SI'UDY ON THE PPLRi I -10-Y EXERCISE 
s Y m m D E V F m P E D B Y T H E ~ ~ ~ C ( 3 E Z P A N Y  

(William G. Davey) 

1, , volunteer to participate in the Q-Plat 
validation study being oonducted in the Maaan Perfonmnce Labomtory at 
the University of Wisconsin-La Cmsse. I understand that the 
participation in this s M y  will involve one visit to the Hmm 
Perfonmnce~ Laboratory. At the testing time I will have body weight 
masurd and nm a maximal trea&dll test to measure maximal aerobic 
capacity. 

I understand that the maximal aerobic test oonsists of a run to 
v o l u n w  eahaustion on a motor-driven tr-11. The speed and the 
incline of the treadmill will be gradually increased throughout the run. 
During this test heart rates will be monitored w i t h  an Unique Heart 
Wateh Monitor and exhaled air will be collected. This test requires a 
maximal effort, bmmr, I can tenainate the nm any time I wish. As 
with any ercercise, there exists the possibility of adverse changes 
(i.e.: dizziness, etc.) to occur during the test. If any abmornral 
observations are noted, the test will be terminated imnediately. 

To q howledge I am not infected w i t h  any disease or have any 
limiting physical oonditions or disabilities, especially with respect to 
my heart, that would preclude such a stremous exercise. 

The actual testing will be conducted by William G. DaVey8 a 
gmdmte sMent in the Adult Fitness/Cardiac Rehabilitation program at 
the University of Wisconsin-Ia Cmsse. Hs will be undetr the suparvision 
of Nancy Kay Butts, Ph.D. 

11 , rrpprave of the procedure as - l a i d  for the 
~-~lepr validation study at the tmi-ity of ~isoonsin-~a Cmsse's 
Perf- Iaboratory and agree to participate. I have read the 
f-hq and understaml it. Any questions which may have occurred to 
me barn been fully answered to my satisfaction. The potential risks 
have beon qlainea to me and I fully und- their inplications. I 
herby -ledge that no representations, warranties, guarantees, or 
awwames of any kind pertaining to the pmcadwes have been made to me 
by the vniversity of Wisconsin-La Crosse, the officers, administrators, 
or by anyone acting on behalf of them. 

Signed: mte: 





~ O N o F ~ ~ ( 3 A s ~  

The voluae gas meter used in this sMy was calibrated against a 

120 liter Tissot spiranetar. Calibration was done by w i n g  a kncm 

w l u m  of roan air through the wlum gas meter (via a 3.002 liter 

syringe pmp) which was then routed thmugh tubing from the exhaust port 

of the gatmmter into the 120 liter Tissot spircwter. The vol- 

detezmined by the two methods were tnen -ed. The follawing data 

were recorded on twlo different days which made it necessary to calculate 

two different correctional factors to allow for the differences in 

ambient conditions. Day one anditions are in noxmal type and day two 

aonditions are in bold type. 

Barametric Pressure = 
~ # m  'impembare (c) = 
wet Bulb (F) - - 
Dry (F) - - 
Relative Maridity = 

750 742 Tissot x .I332 (750 - 22) = .I302 
23.9 21-9 (750 - 5) 
54 51 
75 n nisent x (742 - 201 = .u07 
22 29 (742 - 6) 

Parkinson- Meter Tissot 

~ m p a  pd start change Pd start Change Volune 
( l i ters)  (mn) ( l i ters)  



ParkirmnCcrwan Meter Tissot 

Pmps End Start Change End Start Change Volume 
(liters) (mu) (liters) 



Parkhson4Bwm Meter Tissot 

PrPnps Start Change End Start Chatlge Volrnne 
(liters) (m) (liters) 



canparison of Gas Meter Voluaes Versus Tissot Voluaes. 

Trial Mnnber of ~ l w p s  Tissot 
(liters) 

Gasaneter 
(liters) 

3.0 
2.8 
6.5 
6.5 
9.3 
8.9 

11.5 
11.5 
15.7 
15.6 
17.6 
18.6 
21.5 
21.1 
24.1 
23.7 
27.3 
27.4 
30.3 
30.3 
32.9 
33.5 
36.6 
35.7 
39.2 
33.0 
41.9 
42.5 
44.9 
44 6 
48.2 
48.3 
51.5 
51.3 
54.8 
54.2 
57.4 
57.9 
60.6 
60.0 
63.5 
64.1 
66.1 



Trial Manbar of Plmps Tissot 
(liters) 

Gasameter 
(liters) 





MIcmo--m (]A8 ANAIY!zm mocmuRE 
( W i f  ied fmn scholander, 1947) 

The follcrwing steps give the sequence for proper analysis of 02 and 

C02 percentages in a respiratory gas sanple. 

Preliminaries - @Washha  out the Amantus@@ 

1. Check the level of the water bath. It should be up to the neck 

of the acmpensating vessel. Distilled or deionized water can be used to 

f i l l  or  r e f i l l  the water bath. 

2. ReKnre any acid rinsing solution fran the acid rinsing chamter. 

Rinse the acid rinsing chamber with deionized water. Mix the b t t l e  

aontaining the acid rinsing solution well and add the solution to the 

acid rinsing chambar. Put the chamber back in the water bath. 

3. W i t h  the s- in Position 111 (Figure z ) ,  remove the 

absorber. amove the 02 absorber next. The same syringe may be used 

w i t h  different needles. 

4. Add new 002 reagent by pouring 002 absorber into a clean syringe 

(try not to produce -189). Make a puddle of the 002 absorber on top 

of the stopper and inject 002 absorber unt i l  the side am for 002 is 314 

N1 w i t h  the 002 absorber. 

Add nekt o, absorber by pouring o, absorber into a clean syringe. 

Make a puddle of the 02 absorber on the top of the stoppar and inject 02 

absorber to unt i l  the side am for 02 is 3/4 M1 with the O2 absorber. 

5. With the stop-axk in Position 111, add acid rinsing solution, by 

way of a rubber bal l  pipette, to the aaape~~satw chamber to about 314 

-1. 

W i t h  the mercury leveling kilb, draw the acid rinsing solution 



d m  just below the side arm openings. Move the acid rinsing solution 

up and d m ,  past the side anu openings, two  to four t imes,  and then 

back up the thenmbarawter. 

B&ve the stop-aock to the lock position (blue dot on the side 

positioned at about ~wtwo-o*cl&e), suction, and add amther batch of 

acid rinsing solution. Rinse again, and allow the acid rinsing solution 

to stand to moisten the Picaolite in the reaction chamber for about 15 

minutes. 

6. W i t h  the stop-aock in  Position 111, wve the acid rinsing 

solution in  the reaction chamber with the mercury leveling Wlb, through 

the themobammter. Suction th i s  and add acid rinsing solution to the 

tharmabarolaeter so it is half N1. 

Adjust the mercury to the top of the capillary with the wocden 

d-1 connected to the micrometer. 

TraMfer of sas samle 

1. mired gas from a meteorological balloon is transferred by way 

of a Bailey bottle for  testing. 

2. Fram a syringe f i t t ed  with a gauge No. 24 needle, squirt a large 

drop of mercury into a transfer pipette. Shake the drop of mercury to 

the bottan of the transfer pipette, seal the rubber pipette t i p  over the 

of the Bailey bottle. Allow the gas to flow through the pipette 

un t i l  a sufficient sample is obtained. 

3. When the pipette is reaoved from the Bailey bottle, the mercury 

starts to f a l l  slowly down the pipette. Before the dmp has fallen too 

far, seat/seal the rubber t i p  of the pipette on through the acid rinsing 

solution, into the top of the capillary in the -ter or  



4. With the sbp-codc in Position I, screw the gas meniscus dcmn 

until it bisects the mrk on the capillary, by adjusting the wooden 

dowel on the micrometer. 

5. With the stop-axk lraw in Position 11, zero the miraneter by 

actually adjusting it to .05 of the smllest division past zero. This 

adjustment is necessary due to the elasticity of the stoppars. 

6. Turn the stop-aock back to Position I and screw the micrometer 

gently andl evenly out to about 12 to 15 on the scale. This number 

varies on the size of the sanple and size of the reaction chamber. 

7. Remove the transfer pipette fran the acid rinsing chamber, and 

allow a -11 anwnmt of the acid rinsing solution (about arm) to enter 

the capillary. 

8. Aspirate out all the rest of the acid and rinsing solution in the 

ompensatory chamber. 

9. Screw the acid rinsing indicator drop dam until the luwer 

meniscus of the drop aohidw roughly w i t h  the mark on the capillary. 

10. my the opening of tRe Umm&ammter with a ootton swab, and 

then insert the stap-oock in the opening of the -ter. 

11. W i t h  the sbp-cock open, rmurve the indicator drop up and davn in 

the ccrpillary to pick up acid adhering to it. 

12. Rendjust the 1- d s c u s  of the indicator dmp by moving the 

micramtar until it touches the mark on the capillary. Take a reading 

off m miaalleter. 

U. Close the stop-oock ard repgat the procdure until the mi-- 

reading is constant. Itword this reading as Ma. 



Absorbing q and 02 

1. Tilt the appratus cautiously damward on the %-absorbent side 

(left), admitting a small amunt of the absorbent to enter the reaction 

chamber. At the same time, adjust the micraneter (by way of the wooden 

dowel) to aanpensate for the downward mvment of the indicator drop in 

the capillary caused by the U+ absorption. 

2. Start the vibrator motor to facilitate the absorption of q. 

Keep adjusting the wooden dowel so the indicator drop does not fall 

belaw the reaction chamber. 

3. When the indicator drop is stationary, atop the vibrator mtor, 

and readjust the lower meniscus to the nrark on the capillary, in the 

reaction chamber. Reoord the reading on the mic~meter as M2. 

4. Tilt the %-absorbent side (right) dam, admitting oxygen 

absorbent so that the mercury is covered w i t h  about lmn of the 

absorbent. 

5. Start the *tor motor, at the same time sera the 
micraneter via the wcuden dowel. This is to axpensate for the damward 

mbvement of the indicator drop due to the % absorption. 

6. When the indicator drop is stationary in the capillary, rea0rd 

the readiq on the meniscus as Ms. 

7. openthestop-aockinthe#rapensatingchambartoroomair. 

8. Adjust the mi-ter until the meniscus of the absorb- 

solution reaches the mark on the capillary. This should make the 

read* zero within f 0.5 of the slaallest division. 



- oc per l O O c c ,  original e l e ,  dry = M1 x 100 

&*3 
02 - co per lOOcc, original sample, dry = M1 x 100 

~esults are satisfactory when dtplicate analyses for and q2 

agree W i t h i n  -03 pepcent. A t  least two analyses are done on a sanple of 

gaa Md i f  the tWO analyses are within the criterion the average of the 

twn readings is the final value. 

Premmation for follcrwiner analvses 

1. Turn *he sbp-cOck to Position I11 (blue dot up) and aspirate off 

the absorbing solutions. 

2. Repeat the sequence of steps beginning w i t h  15 under 

Vrelhim&~ies~' thraugh this step for each analysis. 

Cleaninq 

1. Rinse the reaction chamber twice with the acid rinsing solution; 

aspirating out the solutions between each rinse. 

2. Rinse the reaction chambar twice w i t h  deionized water; aspirate 

out. 

3. W i t h  the stopaock in Position Iff,  move the mar- by way of 

the marcury level- bulb, to about the halfway mark in the reaction 

cmmber. 

4. ' ~ 1 ~ 9 1  the seapaock to Position I. 

5. Oaver themchine. 



Labeled wrtions of the dinaram in Fiaure 5. 

A - ~cmpensating chamber or themobammter 

B - Reaction chamber 

C - Side arm for carbon dioxide absorber 

D - Side arm for oxygen absorber 

E & F - Solid vaccine bottle s m s  

G - Recaptacle for s b p c ~ &  6-1 

H - Micraneter burette; 6-2 stopcock for micraneter burette 

I - Mercury leveling bulb 

J - Hanale for t i l t ing the apparatus 

K - Chamber for storing acid rinsing wlution 

L - Pipette for acid rinsing solution 

* Wne heavily drawn larer end of the capillary a t  let ter  B 

indicates where the capillary is surfaceqomd, which is 

ooated w i t h  a substance called Piceolite. 



Figure 5.  Scholander Gas Analyzer Z4ppratus for Accurate Estimation of 
Respiratory Gases in 0.5 cc. Samples (Schlander, 1947 
p. 237). 



Figure 6. 5-2 StopCock Positions. 

I - Micraneter to the reaction chamber (arrow to right) 
I1 - Micraneter to the mercury leveling bulb (arrcrw dcrwn) 
I11 - Mercury leveling bulb to the reaction chamber (arrow up) 





bEmBoLIC cnumATIw 

By definition, oxygen consaption is the difference between the 

inspired and expired flows of oxygen: 

in which Q is oxygen consumption (l'min) 
VI- is inspired flow (1-min) at GPBD aonditions 
VEsrm> is expired flow (lemin) at srPD conditions 
*% is the volume fraction of oxygen in inspired gas 
FDOz is the volume fraction of axygen in expired gas 

The voltme of expired gas was aollected for one minute so: 

vATPS = VOlrmg mTs) 
minute 

The expired gas volume is measured at its actual ambient 

tetperature and pressure, saturated with water Mpor (ATPS), but is 

corrected to bady temperature and pressure saturated with water Mpor 

(BTPS) as follows: 

in which V- is the voPme of gas at BTPS 
V- is the volune of gas at ATPS 
Pg is the m t r i c  pressure (in lmnHg) 
T is the teaperahare at which the expired gas is measured 

(OC) 
-0 is the partial pressure for gas that is 100% saturated 

w i t h  water vapor at that -hrre 

Since volunes of gases exchanged in metabolic measurements are 

expressed as the volme that that gas m a d  occupy at standard 

-ture (oOc) and pressure (760 mn Hg) and as a dry gas (SX'PD) 

volumes expressed as BTP8 are converted to a volune at STPD as follaws: 
5 

Vm=V' 273 P n - a 0  
(273 + T) ( '760 ) ? 



The inspired v o l w  is calculated fran the expired volunae by the 

Haldane transform (Wilmore fi Costill, 1973) : 

'4'I-=VESppDxm2 
FINZ 

in which m2 is the expired nitrogen fraction (by v9lr0ae) 

FIN2 is the inspired nitrogen fraction (by vol-) 

mrding to McArdle et al.  (1986) the m2 is calculated: 

F m 2 = l -  ( - + T I  

in which q is the expired 02 fraction 

is the expired q fraction. 

Fran the above calculations, the follawing sequence is used to 

calculate oxygen a o m t i o n  given FI% = .2093 and F I q  = .0003: 

step 1 FIN2 = 1 - (q + F I q )  

2 m2=1- (F + 9) 

 ran the same ba..ic: measurements carbon dioxide p-ion, minute 
volrmre (BTPS), a- respiratory exchange ratio can also be determined: 

q ~.w- l .min' l=  vo, x 1000 
Subject's weight in kg 
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TREADMILL- 



The University of Wisconsin-Ia Crosse 
Ia Crosse, Wisconsin 

A VALIXIATION STUDY OF THE Q-PLM I C A R D I O ~ Y  
EXERZ?ISE S Y m  
(William 0. Davey) 

Staue ME! % Grade Start Time End Time 

4 8.0 6 12 min 14 : 59 

5 8.0 9 15 min 17:59 



APPmDIX F 

MEAS- OF VE ON INSPIRED SIDE VERSUS Q-PLEX VE 



Oaqparison of Volrnna Measurement of Parkinson-Oowan Meter to the PPlex. 
VE(BTP8) for the Parkinson-cman Meter is based on the VI (ATPS) 
oorreuted to VE(BTPs). 

Subiect Time a-d Grade PC-Meter ePlex 
0 4Pm 1%L VE(BTPsL VE(BTP8r 

1 5 3.5 10 44.7 48.4 
9 8 0 77.2 84.5 
l2 8 3 95.8 104 0 
15 8 6 120.3 132.6 

2 2 3.5 10 37.4 38.5 
3 3.5 10 36.8 38.6 
4 3.5 10 38.1 40.2 
5 3.5 10 40.8 42.6 
6 8 0 51.9 54.8 
7 8 0 58.4 64.2 
8 8 0 65.2 69.5 
9 8 0 66.1 70.5 

LO 8 3 65.3 71.3 
11 8 3 74.5 79.1 
12 8 3 69.6 76.0 
13 8 6 78.7 85.3 
14 8 6 81.6 91.4 
15 8 6 87.0 94.5 
16 8 9 94.6 101.5 
17 8 9 102.1 112.1 

3 2 3.5 10 51.2 52.1 
3 3.5 10 50.0 58.7 
4 3.5 10 57.5 61.6 
5 3.5 10 55.4 61.0 
6 8 0 65.3 71.7 
7 8 0 78.9 83.7 
8 8 0 86.4 93.1 
9 8 0 91.2 98.4 

10 8 3 95.2 103.5 
11 8 3 108.2 115.4 
12 8 3 112.2 124.8 
13 8 6 121.7 132 4 
14 8 6 133.6 146.0 
15 8 6 142.6 155.5 
16 8 9 153 5 170.1 
17 8 9 162.6 180.5 



subiect ~ime weed Grade P o M e t e r  Q-Plex 
.(min) m m VE~BTPS) VE W'Fsr 

Pmbient anditions for VI ( A m )  bfeamrenents in Table 5 .  
(R, = U t r i c  pressure, RH = relative humidity) 

mma Pb TelpXatUrg P+O maX RH EFPS 
4!!!Ua cOc) m!LBa l%r Factor 





CanpaPison oi Gas Exchange Data: Q-Plex vs Manu1 Determination. 
QPX = Q-Plex, MAN = Manual. 

T e s t  MPH % V02 MAN VE O m  O a C M  VM VCD2 RER 
Time Est. QPX BITS /% 

5 3.5 10 29.8 MAN 37.0 15.96 4.26 26.8 1.25 0.82 
QPX 40.5 15.87 4.41 28.9 1.41 0.86 

9 8 - 0  0 46.4 MAN 65.3 16.16 4.41 44.6 2.29 0.90 
QPX 69.9 16.02 4.46 48.0 2.48 0.90 

12 8.0 3 52.2 MAN 77.2 15.97 4.65 54.3 2.85 0.92 
QPX 81.9 15.97 4.66 56.3 3.03 0.94 

15 8.0 6 58.0 MAN 92.7 16.22 4.63 61.6 3.41 0.97 
QPX 97.2 16.20 4.63 62.9 3.57 0.99 

18 8.0 9 63.7 MAN 110.3 16.55 4.57 67.0 4.00 1.04 
QPX 117.9 16.52 4.55 69.9 4.25 1.06 

5 3.5 10 29.8 MAN 53.4 15.14 4.90 36.3 2.09 0.81 
QPX 55.2 15.48 4.79 34.1 2.11 0.86 

9 8.0 0 46.4 MAN 88.0 15.59 4.63 54.8 3.26 0.83 
QPX 94.3 15.79 4.55 54.9 3.42 0.87 

l2 8.0 3 52.2 MAN 90.3 15.74 4.70 54.1 3.39 0.87 
QPX 99.5 15.71 4.72 58.4 3.74 0.89 

15 8.0 6 58.0 MAN 117.4 16.20 4.65 62.9 4.37 0.97 
QPX 128.7 16.21 4.66 66.6 4.77 1.00 

18 8.0 9 63.7 MAN 157.1 16.98 4.15 69.0 5.21 1-05 
QPX 162.1 16.97 4.16 68.8 5.36 1.09 

5 3.5 10 29.8 MAN 55.0 15.71 4.47 27.0 1.96 0.82 
QPX 61.4 15.55 4.53 30.3 2.22 0.82 

9 8.0 0 46.4 MAN 126.8 16.78 3.96 48.3 4.00 0.93 
QPX 136.5 16.84 3.91 49.1 4.25 0.97 

l2 8.0 3 52.2 MAN 145.8 16.99 3.92 52.2 4.55 0.98 
QPX 159.7 16.95 3.85 55.8 4.91 0.99 

15 8.0 6 58.0 MAN 186.3 17.49 3.53 57.8 5.24 1.02 
QPX 206.8 17.44 3.56 62.1 5.87 1.06 



-- 
Testwii % v o 2  MAN w %02 % C D Z M 2  V Q 0 2 R E F ,  
Time Est. QPX BTPS /m 

5 3.5 10 29.8 MAN 41.5 16.13 4.30 28.3 1.45 0.86 
QPX 44.6 15.92 4.44 3 1 1  1.60 0.87 

9 8.0 0 46.4 MAN 59.5 15.94 4.36 42.4 2.11 0.84 
QPX 63.0 15.93 4.34 44.0 2.20 0.84 

l2 8.0 3 52.2 MAN 68.3 16.23 4.22 45.6 2.34 0.86 
QPX 74.5 15.92 4.49 51.7 2.69 0.88 

15 8.0 6 57.8 MAN 97.3 16.63 4.15 58.4 3.28 0.95 
QPX 101.7 16.66 4-11 58.9 3.37 0.96 

18 8.0 9 63.8 MAN 115.1 16.83 4.19 64.8 3.91 1.02 
QPX 122.0 16.82 4.23 67.0 4.16 1.05 

5 3.5 10 29.8 MAN 41.8 15.28 5.07 28.5 1.70 0.87 
QPX 45.2 14.95 5.35 32.0 1.95 0.89 

9 8.0 0 46.4 MAN 53.0 14.85 5.49 38.8 2.34 6.87 
QBX 53.0 14.30 5.88 41.5 2.51 0.87 

l2 8.0 3 52.2 73.1 15.42 5-34 47.7 3.13 0.95 
QPX 76.3 15.36 5.38 48.9 3.29 0.93 

15 8.0 6 57.8 MAN 72.6 15.66 5.33 44.8 3.11 1 -01  
QPX 78.8 15.36 5.96 50.0 3.52 1.02 

5 3.5 10 23.8 MAN 44.6 15.00 4.91 27.6 1.77 0.79 
QPX 46.9 15.29 4.84 27.0 1.83 0.84 

9 8.0 0 46.4 W 77.3 15.48 4.74 43.9 2.95 0.83 
QPX 81.8 15.42 4.85 45.7 3.19 0.87 

32 8.0 3 52.2 MAN 106.8 15.70 4.79 57.6 4.12 0.89 
QPX 181.6 15.69 4.81 53.2 3.94 0.92 

15 8.0 6 58.0 MAN 11803 16.01 4.82 58.9 4.59 0.96 
QPlA 125.4 15.96 4.85 61.3 4.89 0.99 

18 8.0 9 63.7 M#N 1.58.6 16.66) 4.47 67.0 5.71 1.05 
QPX 167.0 16.66 4.46 68.6 5.98 1.08 



Test MPH % VQ2 MAN MA "%02 %a W 2  Vm2 RER 
T h  Est. QPX BTPS /m 
5 3.5 10 29.8 MAN 51.4 15.83 4.80 27.5 1.97 0.92 

QPX 53.2 15.60 5.01 29.1 2.13 0.94 

9 8.0 0 46.4 MAN 91.7 16.80 8-06 39.3 2.97 0.97 
QPX 97.6 16.68 4.15 41.9 3.23 0.99 

12 8.0 3 52.2 MAN 114.1 16.92 4.11 47.0 3.74 1.02 
QPX l21.3 16.87 4.17 48.9 4.03 1.06 

15 8.0 6 57.8 MAN 131.4 16.94 4.32 53.0 4.52 1.09 
QPX 140.6 16.96 4.32 54.5 4.84 1.14 

5 3.5 10 29.8 MAN 64.9 16.29 4.22 35.9 2.22 0.88 
QPX 69.5 16.64 4.03 34.2 2.26 0.94 

9 8.0 0 46.4 MAW 87.2 16.51 4.09 45.8 2.89 0.90 
QPX 96.1 16.53 4.06 48.9 3.16 0.92 

12 8.0 3 52.2 MAW 88.8 16.11 4.47 50.8 3.22 0.90 
QPX 96.3 16.07 4.46 54.3 3.48 0.91 

15 8.0 6 57.8 MAW 121.1 16.68 4.31 59.8 4.23 1.01 
QPX 132.0 16.59 4.33 64.7 4.64 1.02 

5 3.5 10 29.8 MAN 
QPX 

9 8.0 0 46.4 W 79.6 15.49 5.11 48.3 3.21 0.92 
QPX 84.5 15.50 5.15 49.9 3.44 0.95 

12 8.0 3 52.2 MAN 103.3 16.02 4.92 55.7 4.01 0.99 
QPX 109.3 15.98 4.90 57.9 4.23 1-01 

15 8.0 6 58.0 MAN U6.4 16.53 4.52 60.7 4.51 1.02 
QPX 136.0 16.51 4.56 63.3 4.88 1.06 

18 8.0 9 63.7 MAN 183.5 17.42 3.86 69.8 5.58 1.12 
QPX 196.0 17.47 3.83 69.4 5.91 1.17 



TestMPH % V 0 2  MAN VE %QZ % a X ? V 0 2  V C m R E R  
T h  Est. QPX BTPG /%7 

5 3.5 10 29.8 MAEl 47.3 15.84 4.63 27.7 1.77 0.88 
QPX 49.3 15.66 4.72 29.3 1.88 0.88 

9 8.0 0 46.4 EWN 77.9 16.03 4.58 43.6 2.88 0.91 
QPX 82.8 15.98 4.57 45.7 3.05 0.92 

12 8.0 3 52.2 MAN 97.7 16.30 4.43 51.4 3.49 0.94 
QPX 105.3 16.33 4.45 53.3 3.78 0.98 

15 8.0 6 58.0 MAN 128.2 16.96 4.27 56.0 4.41 1.09 
QPX 140.0 16.93 4.18 60.0 4.72 1.08 

5 3.5 10 29.8 MAN 62.0 15.93 4.53 29.2 2.28 0.87 
QPX 65.6 15.92 4.49 30.0 2.40 0.89 

9 8.0 0 46.4 MAN 84.6 15.92 4.66 39.6 3.20 0.90 
QPX 87.8 15.85 4.62 40.7 3.30 0.91 

12 8.0 3 52.2 MAN 99.9 15.93 4.79 46.4 3.89 0.94 
QPX 105.0 15.91 4.80 47.4 4.10 0.97 

15 8.0 6 58.0 MAEl 124.3 16.16 4.88 54.1 4.93 1.02 
QPX 130.2 16.12 4.87 55.3 5.16 1.04 

18 8.0 9 63.7 MAN 136.2 16.64 4.72 52.3 5.22 1.12 
QPX 138.6 16.61 4.69 51.9 5.30 1.14 

5 3.5 10 29.8 MAN 42.1 15.54 4.81 29.2 1.63 0.86 
QPX 45.4 15.46 4.89 31.2 1.79 0.88 

9 8.0 0 46.4 MAN 59.3 15.73 4.80 39.4 2.29 0.90 
QPX 63.6 15.56 4.74 43.0 2.43 0.87 

12 8.0 3 52.2 MAN 69.1 15.44 4.91 49.7 2.49 0.77 
QPX 73.6 25.38 4.92 51.5 2.92 0.87 

15 8.0 6 58.0 84.8 15.58 5.02 57.7 3.42 0.91 
QPX 91.2 15.54 5.04 61.1 3.70 0.93 

18 8.0 9 63.7 105.9 15.89 5.09 66.6 4.33 1-00 
QPX 112.8 15.88 5.06 69.4 4.59 1.02 

2 1  8.0 12 69.5 MAN 126.3 16.39 4.91 70.2 4.98 1.09 
QPX 137.9 16.35 4.85 75.4 5.38 1.10 



Test MPH % v02 MAN VE %a2 e w  v m m  
Time ESt. QPX BTPS /m 
5 3.5 10 29.8 MAN 45.9 15.73 4.59 30.5 1.68 0.85 

QPX 49.1 15.55 4.75 32.7 1.86 0.88 

9 8.0 0 46.4 MAN 70.7 16.30 4.18 41.6 2.35 0.87 
QPX 76.9 16.15 4.32 45.1 2.64 0.90 

12 8.0 3 52.2 MAN 82.4 16.06 4.45 50.8 2.91 0.88 
QPX 88.5 16.02 4.47 53.2 3.15 0.91 

15 8.0 6 58.0 MAN 105.3 16.45 4.31 59.0 3.61 0.94 
QPX 115.0 16.37 4.40 63.1 4.03 0.98 

18 8.0 9 63.7 PIAN 133.6 16.80 4.22 67.9 4.48 1.02 
QPX 142.8 16.77 4.22 70.2 4.80 1-05 

5 3.5 10 29.8 MAN 58.1 16.01 4.40 25.6 2.02 0.86 
QPX 60.1 15.56 4.60 28.5 2.18 0.84 

9 8.0 0 46.4 MAN 106.1 16.20 4.33 44.8 3.63 0.89 
QPX 112.6 16.08 4.36 47.7 3.89 0.89 

12 8.0 3 52.2 MAN 131.0 16.30 4.41 53.6 4.57 0.93 
QPX 138.5 16.30 4.38 55.3 4.80 0.95 

15 8.0 6 58.0 MAN 170.9 16.92 4.05 59.7 5.47 1-00 
QPX 177.6 16.88 4.05 60.7 5.68 1.02 

5 3.5 10 29.8 MAN 50.2 15.89 4.51 28.7 1.79 0.86 
QPX 54.9 15.87 4.53 30.3 1.97 0.90 

9 8.0 0 46.4 MAN 72.6 15.87 4.58 41.5 2.63 0.87 
QPX 76.8 15.79 4.59 43.1 2.79 0.89 

12 8.0 3 52.2 W 84.2 15.92 4.51 47.8 3.01 0.87 
QPX 90.2 15.87 4.60 49.6 3.28 0.91 

15 8.0 6 58.0 MAN 102.3 16.07 4.63 55.6 3.76 0.93 
QPX 108.8 16.08 4.61 56.7 3.97 0.96 

18 8.0 9 63.7 MAN 132.1 16.51 4.50 64.1 4.71 1.01 
QPX 142.3 16.50 4.51 66.3 5-08 1.06 

21 8.0 12 69.5 MRN 172.4 17.13 4.12 69.6 5.62 1.10 
QPX 184.0 17.07 1-12 73.1 6.00 1.13 



Wt MPH % V02 MAN VE %02 "%W2 Vm Van RER 
T h  Est. QPX BTPS /Kg 

5 3.5 10 29.8 MAN 49.7 15.11 5.20 31.9 2.08 0.86 
QPX 5 2 1  15.05 5.41 32.4 2.27 0.93 

9 8.0 0 46.4 MAN 68.0 15.56 5.10 39.7 2.79 0.93 
QPX 71.8 15.44 5.18 41.4 3.00 0.96 

l2 8.0 3 52.2 MAN 93.1 15.88 4.89 50.9 3.66 0.95 
QPX 98.9 16.01 4.82 50.3 3.84 1.01 

15 8.0 6 58.0 MAN 112.5 16.27 4.88 55.6 4.42 1.05 
QPX 119.4 16.22 4.86 57.2 4.67 1.08 

5 3.5 10 29.8 MAN 53.7 15.76 4.58 29.9 1.99 0.85 
QPX 57.5 15.79 4.66 30.9 2.17 0.90 

9 8.0 0 46.4 MAN 89.6 16.00 4.62 47.0 3.35 0.91 
QPX 94.9 15.95 4.62 49.0 3.55 0.93 

l2 8.0 3 52.2 MAN 106.7 16.21 4.56 53.2 3.94 0.95 
QPX 115.9 16.17 4.59 56.6 4.30 0.97 

5 3.5 10 29.8 MAN 41.7 15.52 4.65 30.9 1.57 0.82 
QPX 45.2 15.60 4.77 31.9 1.75 0.88 

9 8.0 0 46.4 MAN 61.2 15.60 4.66 44.5 2.32 0.84 
QPX 67.0 15.50 4.68 48.6 2.55 0.84 

15 8.0 6 58.0 MAN 84.5 15.64 4.99 53.9 3.43 0.92 
QPX 91.0 15.65 4.97 62.7 3.67 0.94 

18 8.0 9 63.7 MAN 103.6 15.72 5.16 71.4 4.34 0.98 
QPX 110.9 15.81 5.10 73.0 4.59 1.01 

21 8.0 12 69.5 141.0 16.42 4.83 82.4 5.53 1-08 
QPX 139.7 16.51 4.72 77.3 5.35 1-11 



T h  E s t .  QPX B'l'Ps /%I 

5 3.5 10 29.8 MAN 48.2 15.92 4.39 29.7 1.69 0.84 
QPX 51.6 15.76 4.63 31.3 1.92 0.90 

9 8.0 0 46.4 MAN 72.3 15.76 4.67 45.6 2.70 0.87 
QPX 78.1 15.85 4.68 46.2 2.93 0.93 

12 8.0 3 52.2 MAN 81.7 15.66 4.89 52.2 3.20 0.90 
QPX 88.1 15.63 4.90 54.4 3.46 0.94 

15 8.0 6 58.0 MAN 107.6 16.16 4.69 61.3 4.04 0.97 
QPX 114.5 16.15 4.66 62.5 4.26 1.00 

18 8.0 9 63.7 MAN 134.4 16.61 4.52 68.2 4.86 1.05 
QPX 139.8 16.58 4.49 68.2 5.02 1.08 

5 3.5 10 29.8 MAN 47.4 15.66 5.11 26.6 1.93 0.95 
QPX 53.3 15.47 5.21 30.2 2.22 0.96 

9 8.0 0 46.4 MAN 78.1 16.01 4.66 41.2 2.90 0.92 
QPX 82.9 15.81 4.73 44.2 3.12 0.93 

12 8.0 3 52.2 MAN 86.9 15.54 5.11 50.2 3.54 0.93 
QPX 92.9 15.50 5.10 52.3 3.76 0.94 

15 8.0 6 58.0 MAN 106.1 15.70 5.16 58.8 4.37 0.97 
QPX 111.5 15.67 5.17 60.2 4.58 1.00 

18 8.0 9 63.7 MAN 123.2 15.87 5.29 65.1 5.20 1.05 
QPX 127.4 15.86 5.29 65.1 5.37 1.08 


