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DISCLAIMER NOTICE

The views and conclusions contained in this document are
those of the asuthors and ehould noet be interpreted a2& necessarily
representing the official pelicies or recommendatione of the
Interior Department’s Bureau of Mines or of the United Stzates

Government.
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FAAFALAEARALEARES EXECUTIVE SUMMARY AEAAATAANAAAAAAT

Understanding the responsss of miners Lo emergencies i=s
gszentizl in order o mazimizs bthe probability of survival
following mine gdisaszterys. Based on the Federal Cozl Mins Hezlth
and Eafedby 2cb of 1868, 2 section of the Codes of Federal
Regulations {20CFR, part 11) was estzblished in 1872 o insurs
adeguate probtection of miners and rescue beams in energency
=ituationzs. Thesz regulation=s are currently the standsrds by
which the National Institute for Oocoupational Health 2né Szfedy
{MEHA/NIDEH) certifies 211 seli-gpontzinsd bresthing apparabus
{8CBaY, The 30CFRI1 was writbten with Hhe intent Ho be revissd 2%
sppronimately ten—vesy intervals in oxder to z2ocommodates changes
iz technology and the expanding types of applications for BCEAS.
Long overdue, the purpoze of U.5. Bureaun of Mines ponbract No. JO
100082 wa= %o e=teblish 2 more guantitative basi= for recommending
revisions to the current 30CFRII regulations. This repord
suEmarizes complebed ressaych pertaining %o the reaction of human
subjepts expos=ed toc BCBA stresssoys during sscape condidions (vie.,
resistance breabhing, C0OZ bresthing, hobt sir breathing, and shatic
fagepiece positive prescsurs breathingy and thez devaliopment of an
gutomated bresthing & mpebsbolic simulabor (ADME). To facilibabs
the implemenbtation of the ABME, 2 bresathing waveform study was
vndevrbakten to charapterize fiow rate waveforms of human subjeots
under mulitiple exercise a2nd resistance breathing condibions, 2
mathematical medel of human and oxygen botble trype SCBEA
performance was also developsd in thi=s contract. This model
enable=s predficticns of SCEA performance under specific ceonditicons
without actuzlly expsnding an SCBA. Moreover, this model, which
will operate on most scientbific computers, is useful in
invesbigaving effectzs of SCBA design change= and gan be used == 21
inztructional bopl for industrizl hygienicts and ipdividuazls
regulring in-depth knowledge of SCBA funchbions.

This reporb is divided into two volumss. Volume I conbail
summaries of the shbudies pexformed under this conbrash. These
stpdies zre pressnted in seven ssobion=: (1) resistance
breathing, (2} carborn diczide breathing, (3} positive pressure
breathing, (&) hot =zir bre=athing, (5) auvtomated breathing &
matabolic simulatoy, (6} mathem=tical model of SCBA and human
subjects, and {(7) breathing waveform=s. Veolumz II i= an appendizx
which conbtzins more detziled desoriptionz of these cstudiss,
Information is also availzble in theses, manuscripts, and
publications written under this contract (s=e report references).

This is VOLUME II
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FOREWORD

This rsport was prepaved by the Laborsbory for Human
FPerformance Eezsarch at The Pennsylvania Bizate Universidy under
U.8. Bureazu of Mine= contraot No. J0 100082. The t=chnical
projest officer was John Kovac fyom the Pitbsburgh Resesarsch Center
2nd the conbrach adminisbratory was Janice Johnson, Resezrech was
conduchted I July 1581 teo 31 Deocsmber 1582, This report was
submitied 15 Junes 1884,

Reszszzrch reporited herein was under the direotion of Eliezey
Kamon and Scott Deno, co-pringipal investigators, and Max
Vercruyssen, co—invesbtigabtor. Other staff zad students ascsisted
in oollecting data, enslyzing results, and wribing porbions of
this yeport. Charles Rvan‘s constant manzgement of cuyr laboratory
and assisbance in data collection and data anzlyszis was
invaiuable. 8tudents who had & major role in the resssyxch
pressented in this yazport inoclude Jon Benson, Colsbhies Bizal, Tom
Brennan, Philip Crosby, Sezan {(Bzlizgher, David Kis=esr, Pebsr
LaChanos, Donzmz Mah, James Pawslczyk, James Sheshy, Dean Sidtbig,
and Claudia Turner. Students whioh assistsd in the writing of
portionz of this report were Coletbe Bizzl, Philip Cxrosby, Sesan
Gzllaghey, and De=sn Bittig. He 2lso must thank Tina Mihaly foz
her expellent ediboryisl assistance in refining and assembling
rortions of this report. We thank thess supporiing people foxr
their dedication. ;
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APPENDIX Al:

EFFECTE OF BREATHING RESISTANCE

Introducticon

Respirators and self-conbained breathing appasratus {ECER}
offer reszistance bo breathing. If the re=zistance is lzarge enough,
the usevy’'s work performance capability can be reduced. Other
investigators have studied the responses o rvesistance with regarxd
to "pomfort” and not actual physioclogical limits (BEilverman,

1851; Gamberzle, 1878; Dresssndoxfer; 1976; Johnsom, 18978; Cr=ig,
1970; Hermansen, 187Z). Fewer investigators have svystemstically
studied the sffepts of resisiznoce on work performence, and thess
studies are for short duration exposure (Cexrebelli, l1583; Demedis,
1873,

In the desoribed study, the resduction in work rabte cepabiliidy
of healthy voung men was studied. Exposzures o resistance were of
long duration {one hour). &lso, aszsociated respirabory
messurements weye made o evaluats the usser’s changes in
phy=iplogical sizbe duse to the resisbanos imppsed. & wide rangs
of balanped resisteznpss and izbalanced resistanpes were
inveshtigated where balanoesd rvesishance isg defined 2= egqual
resistanpe on bhe expired apd inspiyed breathing pabhwzavs,

The inspiratory and expiratory phasss of the breathing ovols
weyre known bo have different bvolerances 1o resistance, therefors
the resulds from the imbzlianced exposures arxe imporbtant in
esbablishing a2n optinum rabtio of expired and inspired resistansca
when designing an SCBA., All the pombinations of resistance
exposure conditions are significant in establishing resistanos
levels, both inspired and expired and the indterelationship betwesn
the two.

Mathods
Bresthing resistznose

Inhelation and exhalstion were restricbted using small
diameter, S—om-leong btubing segmenbts. Theses segments were located
130om from the subject breathing valve. The no-resistance control
condition used omrly the bresthing valve and a #3 Fleisch
pngumoctzshogrzph. The breathing resistance segoments wsye defined
by the pressure developad aoyoss the segmenrt ab a2 flow of &0
literz pey minubs {L/min). The resistzneoes tested on bobh expirsd
and incspirsd ranged from 0 {control) do 65 om HED. For simplicity
these resistznoes were plzoed in ¥anges: oontrol {{Z oo HZO), low
resishance {(Z{=R{1l0cm HZ0), medium {10<{=R<E5},; high (Z5{=R<{40cm
HZ03, and very high (>40gom HZD).



Exgrciss

For 211 tests the subjecis were told Lo perfoyrm thair maximum
gffort. II tests were comppleted without reguiring =2 maximum
effort bthe date from that teszt were discarded and the best
repeated at & higher work rabte. Tezts wherse the subisct could not
complete the test were 2l1so repezted 2t 2 lowsr work rabes unitil
the brue maximum effort was found., Only d=2bz from maximum =fford
tezts are included in the described study. The subjects ware
highliy motivated and were considersd to be comparzble o gn BCE2
ussy would be in 2 1ife threatening situstion. '

Messursments

Heart rate {(HR), wminute ventilation (VE}, cxvygen consumpiion
{VD2), respirabory freguenoy {fB}, zxespirsbory exchange ratio
{RQ), end tidsl COZ paxtizl pressure (PLCOZ), bidal volum= (VT),
times of expirabion (TE), dbime of imspirztion (TI), pe2k pressurs
expired {PFE}, pesk inspived pressure (FIi}.

o r
and mouth concentrations are messursed instanbtanesonsly, digitizsd
and analyzed using a POF 11 mini-compuber. All the zbove
varizbles z2re osliculated from these instantezeous signsls by the
compuber. :

211 the reported variables =re averages babtween the 30—-1o-43
minuvbe times during each l-hour tast. This time interval is the
best represenbation of Hthe shezdy—=ztetz of the subjsoch.

Eubijechs

Two subject populations were tested. The first grpup was
compossd of healthy, voung cellegse shudents of 2verage or above
average fitness. The cecond group was compossd of miners from
Assogiated Dyxilling Co. of Philipsburg, Pa. Each condition
testad inveolived at least five subjschks znd no subjest dztz 2xe
included for repesited trialis =2t thz szwme condition. Subisot dets
zrs in Tadble Al-1.
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Tabhle Al-1: Subject Characteristics

Condition Age Height HWeight VOZmax
group {yr=s} {cm) {kag) {(L/mip~8TFD)

YOUNG MALEDS

balanced zZ5 178 75 3.77
resishance 4 8D 7 8D 10 8T D.58 8D
umbalznced z5 173 74 8,401
resistance & Sh Z BD £ S 6.20 ED
MINERES
bzlanced ad 173 - F 3.05
resisbenoe 1 8D 3 En 33 80 0.2Z 80
Prooedures

The subjeph’s VOZmax was debermined using a graded drssdmilil
gexeroicse best to exhaustion, as parxt of his initisl mediocal
examination. The maiimum work raite which ezch subjest could
achiseve at 2 given resisbance condition was measured on the
bre=2dmill wheye the darged durzaition o exhsushion was ons houw
Bubiechbs were highly mpotiveted and instructed to perform & mazinum
efford. Tests wheyre the subject could ngt last the hour were
repeated at a lower spes8 or grade. Tests which were pﬁrfa:mnﬁ
for the hour without 2 maximum efford ware repeabted 2% a2 higher
work rate on anobhgr day. Hezicshbance condition=s wers exposed t
subjects in a random ordexr, Only mza2z2im=sl &ffort resulis ars
regorted.

The miper population was te=zted only with the bzlanced
reszistance conditions.,

Rezuits

The resisbance conditions were groupsd into 5 rangss of
intensity. These were cabegorized from "NONEY o "VERY HIGH”
whare "NONE” iz no resisbtance o bresthing or the control
conditvion. The "LOW"™ pondition is 211 resisbsnoce conditions
tested beatween Z and 9.9 omHED @50L/min flow, the "MODERATE®
conditions were resistanoe gonditions bebtween 10 and Z22.5 omHZID 8
60L/min flow, "HIGH® ponditions were bzbwesen 25 and 89.°% omHED
BF0L/min fiow, and the *VERY HIGH" condibvions wers beitween 40 and
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£5 omH20 BEOL/min flow. 211 the results sre presenbed in this
grouping.

.erk Ezbe (Young Msle Grpound

The decrement in work rahe capabiliby, which is of primsrvy
imporbtance, is shown in Tabie Al-Z. The work rate effsct from the
duration {one hour) =zlone i=s ogonsisiant with resulits from obhex
investigators {(Bpnjexr, 1592}, Bonjer prefipts 68% of maximum for
gne hour of work a2nd our study mezsured S7% for no resisbange angd
glightly higher valus pf E8% for the low resisbange condiidion.
This slight ingrezse in work tolersnce with increzsing resistznce
should not be considersd =1§ﬂlflG:Jt and is not maintainsd as
resiszstanose iz increased.

Clearily, the deorement in peyformsanee is significant with
inoreasing resisbance impossd, however the decremend is not 2=
great a2 one might expect considering the invensity of the
vesishtanocss impns=4. The expired effents aye very similar to the
inspirzd effects when the resistanoe is imbzlanced. The lzrgest
drop in work rabe, with bthe very high resisbance only on one sids
limits work zabe to 48% angd 87% V0Zm=x for the inspiresd and
expired sides; respechively. Balanced resistzante effects ar
lzrgey, a5 expeched,; than the inmbalanged resistance cpnditions
because the overall respiratory sbress is increasesed. The largest
effect of the very high balanced resisteance gondition i= 2 limit
of the work zate capzbilidby to 35% VDZImaz.

The abznlute work rate resulis are shown in Tablé -
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Tazble Al-Z: Resistangce Effects on RWOZMAX
Young Mzale Group

Expired

Inspired
NOMNE - LOH MODERATE HIGH VERY HIEH
NONE 57.8 65.0 g4.0 GE.B 43,0
LOW 2.0 S&.8 53.0 - -
MODERATE E4.0 £2.7 45.0 - -
HIGH 55.8 - - - -
VERY HIGH £7.0 - - - 38.0
Table Al-B;‘ResistancE Effects on VDE (Limixn)
Young Male Group
Inspired
NONE LOH MODERATE HIGEH VERY HIGH
NONE 2.23 2.02 Z2.0Z 1.585 1.83
LOK Z.08 2.16 Z2.12 - -
MODERATE 2,01 1.71 1.73 - -

HIGH Z.08

VERY HIGH 1.87

bt
£
o}



Hzart BEabe (Young Mals Group)

Heart rate follows the work rate capabilidty with changes in
resistange conditions. Even though this study was not dssigned to
szparate resistance effschk= a2nd exercises effects on hezrdt rate,
there is no indicastion that hezrt rate is elevated by bthe sitrazs
of the imposed resistanee o breathing. The heart rabte is

elevated due to sxergises only., The resulds zre shown in Table
Al-4, -

Table Al-4: Resistance Effects on Hezrbt Rate (bpm)
¥Young Mzle Grﬁgp

Inspired
HOWE LOW  MODERATE HIGH VERY HIGH
NONE 144 155 128 145 181
LOW 151 151 146 — R
E MODERATE 150 138 131 - —
5 wicH 147 — - - —
VERY HIGH 133 _— — — 119

Ventilation {Young Male Group}

The ventilztion is the varisgble most dirsctly 2ffzocited by ths
breathing rvesistance . The veatilasbion is d=cxraassd by resistaznos
tc 2 much lsrger degres than any obher variablie. The ventilstion
is redused bto 3B% at the most severe conditvion; a2 compared o the
VioZmax which is regduped 3o only B1l% from the contrel condition.
Generally both inspiratory and expiratory siresss reduce overall
ventilation with a2 =lightly largey effect on the explratory sids,
The venbtilatiocn resulds z2re shown in da2bles Al-D. The ventilzbory
equivalent {VE/VOZ) indicateszs dramavically the sffecht=s oz ths
ventilstion in relabion to the VOZ as shown in Tadble Ai-£. This
means that gas exchange is ooouryring with incressing resisbznece in
spite of yeductions iz ventilsiion.
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Table Al-5: Eeszistanoe Effects on Ventilation {(L/min)

NONE
NONE 4€. 3
LOW 37.6

MODEREATE 34.5

Expired

HIGH 33.6

YERY HIGH Z9.0

Table Al-5: Resistance

NONE
NONE £20.8
LOW 18.3

MODERATE 17.Z2

Expired

HIGH is.3

VERY HIGH 135.°5

Young M=sle Group

Inspired
oW ‘MODEHATE HIGHV VERY HIGH
40.4 - 35.5 30.9 25,1
37.2 34.0 - -

Z8.1 23.48 - -

Effects on Ventilaboxry Equivalent (VE/VOZR)
Young Male Group

Inspired

LOK MODERATE HIGH VERY HIGH

19.7 17.6 15.9 14,6
17.% 16.0 - —
16.4 14,7 - --
- — — 13.5

Respiratory Freguenpy {¥oung Maie Group)

Reduotione in recpirztory freguenpy (£B) ares similar o
reduptiocns in ventilation. The fB is consistantly reduced by

resisbanse breathing in

2ny combinstion of ezxposure. The debailied

rezults for fR =ye shown in Tsble A1-7.



Table Al-7: Resisbance Effects on Breathing Freguency {(Bresath/min)}
¥oung Male Group

Inspired
NOWE LOW MODERATE HIGH  VERY HIGH
NONE 36.3 26.5 24,0 z3.8 20.0
- LOW 27.5 Zg6.3 Z4.0 - -
.§_ MODERATE 26.0 248.0 18.90 - -
i HIGH 25.2 — -— - -
VERY HIGH Z3.0 - - - 12.9

Eesoniratory Exchangs Eabio (Young Mzle Groun}

The resplratory exchange rablio (RO)Y has no cleary drend with
inpreasing resishange on either the eypired or inspirsd oycles,
'This i= expected since the RO is 21 indigcator of the fuel fox
matabolism. The fusl or energy sourcs for msbtaboliesm is nod

expected o change dus $o resistanpos bresthing. EHesulds ars shown
in Table Al-B. :

Tabie Al-8: Resishtanee Effects on Respiraboxry Exchange Rebvio {(CDZ/0Z)
Young Male Group

Inspired
NONE LOW MODERATE HIGH VERY HIGH
NONE 0.83 0.76 0.78 06.83 0.31
LOW 0.83 0.98 0.92 - -
=
<53
= MODERATE 0.85 0.80 - - —
=3
4N

HIGH 0.85 - - - —

YERY HIGH 0.55 e e - —
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Ené tidal DZ partiasl pressure (PETCDI) was ccnsistanbly
increased with increzsed rezistance to breathing. Again, the
expired and inspired effects are similay. The PETCOZ plays a
cignificant role as the indicator of blood COZ levels, which are
the limitving factor when ventilabion is vesbrichbed. The PETCDZ
rize=s guigkly with inoreasing reszistance and levels off at =2

PETCOZ of 53.9% mmHg. Results are shown in Table &1-8.

Table A1-9; Rezishtance Effects on PLOZ (mmHg) .
Young Mzle Group

Inspired
NOHE LOW MODERATE HIGH VERY HIGH
NONE £7.1 45.5 45,7 47.2 -
- LOD¥ 42,7 49,3 - -— -
a
-
‘5 MODERATE 45,1 - SE2.2 — -
"
HIGH- 27.2 - - — -
VERY HIGH — - - - 53.8

Tidsl Volums (Young Mzsles Group?

TigZal volume does not changse significantly with resisiancse.
This is in contrast to the large changes in VE and fB. The
respirabory control center is veacting to the rvresistance stress by
meinteining V¥. ERs=ulbds are shown in Table A1-10.
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Table A1-10: Recistanos Effectz on Tidal Volume (L/bresth)
Young Male Group

Inépired
NONE L.OW  MODERATE HIGH VERY HIGH
NONE  1.37 1.20 1.35 1.60 1.89
. LO® 1.10 1.82 1.35 —_— -_—
[<5)
= MODERATE 1.15 1.30 — — -
i
HIGH 1.389 — —_— —- -
VERY HIGH 1.41 — — - —

Mputh Pressures

Both bthe peszk expiratory moubth prassure (PEY and pesk
inspiratory mouth pressure (PI) are shown in Table 2l-11 and
Al-1Z. Of course, dramstic increasss in pressure are obssrved on
any porbion of bthe byresthing coycle which has the ryesistasnoe
impp=ed. Somewhat surprisingly, the peak pressurs for the
expiratory side for the totally imbalzancsd resistange ozxss is
higher (48.0 omHZED) than the inspirabory side for the tobailly
imbalanged resisbance gase (34.0 omHZ20)., This iz in conbrast
the balenced yesishbances conditions where the expiratory side
consistently produced lowsry peak pressures. The expiratory
respirabory muscles ares ganerally conz=ideryed wszsker than the
inspirabory muscles by treditionzl respirsbory meshanics studiss.
Cleerly, the respiratory muscles iavolved in ezpiration have
nearly egqual strength to the inspirstory musgles when the strass
i= applied.

«



Table A1-11:

HONE
LOW
“O
b
s MODERATE
*  HIGH

Resistance Effects on Peak Expired Pressurs (om HZO)
Young Mzle Group

NONE

4,13

£.286

3.70

5.00

VEEY HI{H 7.50

LOW
17.8
13.1

EGID

Inspired

MODERATE HIGH VERY HIGH

23.0
i7.3

Z25.4

33.7 34.0

Table Al-12: Resistznce Effects on Peak Inspired Preszurs {om HZID)
¥oung Mzle Group

NONE
LOW

~

e

= MODERATE

=

“~  HIGH

NDNE

3.7

i6.5

31.3

44.0

VERY HIGH 45.90

oW

26,2

17.8

Inspired

MODERATE HIGH VERY HIGH

Exvired-Ianspired Dursticn Bsihio

The expired-inspired dursbion ratio {TEfTI} is ap indiocation
of which portion of the Lovzal breathing cycle is using the largssh
portion of the availzblie tims $o bransfer gas through the moubh,
The bzlanced resistance conditions a&ll producsd ryaebios= =lighily
greatery than ong, indipabing that the expiratory porition i= using
slightliy more of the avzilable time.
significantly as the resistances incresses for the bzlance
resistance conditions (Table A1-13 dizgonal valuez). The radic is

This ratio 4id not changs
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zitered dramabticelly fory imbalanced resistanpes conditions, whers
az expected the portion of the breathing coycle with resishance

. takes more of the avaiiszble time o move the gases through thse
mouth. ' ' '

Table A21-13: Resistance Effects on Expired/Inspired Time Rabiso
(ocm HZO/om HZG) Younmg Male Group

Inspired
NONE LOW  MODERATE  HIGH  VERY HIGH
HONE 1.18 1.72 2.25 .36 z.21
. Law 0.73 1.07 0.88 - -
[
= MDDERATE 0.51 1.51 -~ — -~
HIGH 0.43 - - - -

VERY HIGH C€.44 - —_ - —_

Regression prediction eguations weye developsf foxr ths
meszured variables for the young mele group. Indspendent
variables are the expired resistange (RE) z2znd inspired resishances
{EI) and the interzction term {(REARI}, which is the prpduct of RE
anfd REI. All indepsndent variable resistanoe teyms are in unitss of
cmHZI0 pressure at a flow rabe of 60 L/min. The predicticns
eguabions z2ye as follows:

%¥V02Zmaxy = 59.7 - 0.,203RE - 0.135%RI - 0.00ZRE#RI

VE = £0.3

Q0.Z38RE ~ 0.Z27ZRI %+ 0.001RE#RI
fB = 25.1 - 0.138RE ~ §.1B7RI

VT = 1.05 + 0.01RI

PE = 12.8 - 0.114RE + 0,5ZBRI

FI = 15.8 +0.738BRE - 0.Z04RI

TE/TI = 1.21 - O0.01RE + 0.0ZRI
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Re=zults of Miner Fopulation

Results for the mpiner population bested ares shown in Table
Ai-14 %o Table RALI-Z25. They show interesting diffsrences from ths
young male groun. The gbsolube VDZ for the miners is
significantly less than the young mele populstion (28% is== on ths
gverage). However, based on VOZEZmax, the mizners VOZImax wsre nodv
sigunificantly ls==s than the young ma2le group. The pssk pressiyes

develcocped by thes minerz were only slighitly

le== thazn the young

male group for the same conditvions,; 2= was the effect on

venbilation.

The PETC0Z wvaliues for the minsyrs were
yvyoung male grpup. Thie indigates thzat the
were not &2t thely respiratory limit guring
may indicate a2 slightly reduced mobivabion
*Srue® work rvatvte limit. The fact that the

211 lpwesxy than ths
miners, iIn general,
these tests. This glso
by the miners 0 bheir
PETCOZ were lower for

mingrs even at the contzxpol condition ("NONE®) indicates that ths
minsrs were hyperventilating S8ue Yo anxiety about the lzaboratory

envirocnmenb.

The minsrs ¥yesponses to obher varizbles of HR, RO, VT, zand
TEfTI ware similay o the yvoung m=ls population.

Tablie ARl1-14: Resistanpe Effeocts on %¥V02Zmax

Miner Gxroup

Inspired
NOYE LOW MODERATE
NOWE S3.8 -— -

LOW - 239.4 -

Expired

MODERATE - - £7.8
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Table A1-15: Resistanpe Effechs on VOE (Limin}

Tahle 21-16: Reszistance Effect on Heart Rabe

NONE
NONE 1.65
e}
<]
£ LoW -
=
=
tl  MODERATE —
NONE
NONE = 17Z
)
ar
s oW -
=
& MODERATE -

Minsxr Group

Inspired

LOuW

MODERATE

Miner Grouy

Inspired
LOW MODERATE
1i4 -

{hpm}

Table A1-17: Resistance Effect on Ventilation Respoanses {(L/min)

BONE
NONE 7.7

=)

£ Lo —

=y

2 MDODERATE -

Miner QGroup

Inspired

LOW

21.4

MODERATE

30.1



Expired

Tshle A1-18:

Miner Group

Inspired
NONE LOM MODERATE
NONE zZ2.4 -- -
=
¢ LOW - 17.8 -
a
X MODERATE - - Z20.5

Table 21-19:

Miner Group

Inspired
NONE LOW MODERATE
NONE 20.5 - -
~
b
= LOW i 17.2 -
=
o MODERATE — - 23.7
Tzkle Al-Z0: Resicstanpos Effect oo Exchange Rastico
Miner Group
Inspired
HOWE LOW | MODEEATE
NOHE 0.83 - -
LOW - 0.81 —
MODERATE -

{R}

PAGE Z8

Besigtanss Effect on Vendilatory BEguivalent (L/imin)

Resistance Effect on Breathing Freguenoy {(Bresth/min)



Table 21-Z1:; Resistance Effest pp End Tidsl PTOZ {mmHg?
Migery Group

Inspired

NOMNE LOW MODERATE

NDNE Z22.9 - e
w]
¢ oW - 29.7 -
2
i MODERATE - - 3i.6
Table Al-27: BEexziztance Effect on Tidel Veolume (Limin)
Miner Gzoup
Inspired
NONE LOW MODERATE
NONE 0.73 - -
D
s LOW - 0.88 ——
a
S MODERATE - -

Tabie A1-23: Resistance Effect on Peak Expirxed Pressure {(mmHg)
Miner Grpup

Inspired

NONE LOW  MODERATE
NONE 2.9 —

LOH — 23.1

Expired

HOLDERATE -



Tzble 21-25: EREesistance Effect oo Expirsd-Inspired Time Ratiso

Table Al-234: Resistance Effect on Insplred Pressure (cmHED)
Miner Group

Inspired

NONE LOW MODERATE

NONE 3.1 - -
~
a
s LoW -  z5.5 —
<
Wi MODERATE - —_ 13.9

Miner Group

Inspired

NONE LOW MODERATE

HONE 1.26 - -
ki
> LOW - 1.19 -
&
o MODERATE S - 1.26

Dispussipn

The results st 2 clezy profile of the re=spponsss of twe
populstions to bthe sbressory of breathing resistanpe. The most
significant variable is the percenbage of mazimum =2e=rpbics capsciby
{% VDZmzax}., The % VOZmax i=s the most predicieblese wvarizble =2nd is
= dirept predictor of the subject’s work pexrformance in the
respiratory use situsticon. In & pariiculasry =situstion,; o estimats
a2 user’s =zcbual escsape time in 2 mine aceident, the user’'s maximun
gerohic capacity (VOEZmsy) and body weight arsz necsssarxy. Ths
V0OZman can be predicted from age and body weight;, if nobt dirschly
measurable, The sgbual spesd of exit gan be prediocted, if given
the grade of exit path. This means thad the percentzges reduchion
in % V0Zman i=s proportional 1o the peroentesge reduction in esoczpe
time from the site of a2n acoident. As shown in Table Al-Z, =no
cleariy significandt reduction ia % VOZmax oocurs uvaotll the explized
resistanoce reaches the modsrste resistance level,



The miner poprlabtion besbed had 2 lowsry abs=nlube V0OZ (===
Tahle Al-15} a= comparsd to the young malie populadion {s=22 Table
&1-3}, This giffsyence should not be overlooked when sstimating
escape btimes in 2n acpident situaticon. The mineys z=iso hzd =2
lower VDEZmay a= mezsured on the exsxcise bolerance shbyess besh,
Thiz difference iz partizlly duz %o bthe age differences in tThe two
groups {(se2e Table Al-l), even though our minsr populatisa had zno
miners over age 40. QOlder minsyxs shonuld be evaluzbed in the
future; howsver, one would expect & high correlation betwesn ¥
V0Zman a2nd resistance stress condition %o be malinitzined for az
clder miney population. One woulgd also sxzpeoct the older minsy
population 30 have lowsry VOEZmazr values.

The respiratory chtatus of the subjects is well profiled by
the VT, fB, PCOZ, PE, PI, znd TE/TI recults. The exzpired =nd
inspired portions of the breathing cycle respondsed oniy slighitly
differsntly to the stzress of resistanoce. Trzdiiionsl
physiological studies would have predicted that the explred
roxrtion of the breathing cycle would have mpore 4difficulby than tha
inspiratery portipn. This is based on the idez that erxplirstipn is
“moztly passive.® Indesd,; this is not the case. The sxpirsbozry
mussles are very capable of maintaining nepessayy flows with
resistance to breathing imposed.
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Effects of Carbon Dioxide Inhalation on
Psychomotor and Mental Performance during

Exercise and Recovery

JAMES B. SHEEHY, ELIEZER KAMON,! and DAVID KISER, Pennsylvania State University,

University Park, Pennsylvania

Psychomotor and mental tests involving reaction time, rotor pursuit, short-term memory for
digits and letters, and reasoning ability were administered to subjects inhaling up to 5% CO;
in air and in gas mixtures containing 509 O;. The psychomotor and mental tests were given
during the 6 min of recovery following 10 min of treadmill running at 80% of aerobic
capacity, Although the subjects inhaled the CO, during the entire exercise and recovery
period there was no difference in performance between the CO, inhalation condition and the
control condition for any of the performance measures.

INTRODUCTION

Exposure to carbon dioxide is not uncom-
mon in a wide range of occupations. Observa-
tions on carbon dioxide (CO,) exposure range
from 1 to 2% in submarines and space vehi-
cles for mostly sedentary activities, to be-
tween 3 and 10% in grain silos, oil tanks, and
chemical treatment plants where physical ac-
tivities are performed (NIOSH, 1976). The de-
termination of an acceptable level of CO, in-
halation that will not adversely affect per-
formance depends on such factors as the level
of physical work and the psychological,
physiological, or clinical effects involved.

The literature is devoid of attempts to as-
sess the effects of CO, as measured by
psychological tests. Carbon monoxide (CO),
not carbon dioxide (CO,), adversely affected
dual-task performance (Putz, 1979), whereas

! Request for reprints should be sent to E. Kamon, 104
Noll Laboratory, The Pennsylvania State University, Uni-
versity Park, PA 16802.

vigilance was shown not to decrease after ex-
posure to concentrations of CO normally
found in urban environments (Roche, Hor-
vath, Gliner, Wagner, and Borgia, 1981). In-
halation of CO; during physical exertion
could involve hidden psychological effects,
such as deterioration of motor control, loss of
orientation, and impaired mental perfor-
mance or reasoning ability, although no
physiological effects or clinical symptoms are
reported.

Noticeable physiological responses to CO,
inhalation were an increase in pulmonary
ventilation (Dripps and Comroe, 1947), con-
striction or dilation of blood vessels (Lam-
bertsen, 1971), increases of up to 75% in cere-
bral blood flow (Kety and Schmidt, 1948), de-
creases in specific airway resistance (Taskin
and Simmons, 1972), changes in the elec-
trocardiogram (McDonald and Simonson,
1953), and apparent premature cardiac con-
tractions (McDonald and Simonson, 1953).
Clinical symptoms observed were headaches,

© 1982, The Human Factors Society, Inc. All rights reserved.
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dizziness, restlessness, and dyspnea (Schae-
fer, 1963). After 12 to 15 h of exposure to
CO, concentrations of 2 to 3% during seden-
tary activities, subjects exhibited lassitude,
irritability, and unconsciousness. Within 3
min of exposure to CO, levels of 20 to 30%,
subjects exhibited increased perspiration,
flushing, restlessness, dilation of the pupils,
leg flexions, and torsion spasms (Lambertsen,
1971).

Exercise compounds the problems created
by CO, inhalation. The body’s retention of
CO, normally increases with exposure time;
however, exercise increases metabolic CO,
production, and this results in an even higher
CO, retention. This excess CO, could in turn
reduce the worker’s endurance for strenuous
physical work (Craig, Blevins, and Cum-
mings, 1970). Inhalation of CO, during physi-
cal work can occur during fire fighting or
following an underground mining disaster,
when a self-contained respirator (SCR) is
used to prevent the inhalation of ambient
toxic gases. The SCR is designed to provide
oxygen while absorbing the CO, produced by
the body. Most SCRs, however, are limited in
their capacity to absorb CO,; therefore, dur-
ing prolonged usage the level of unabsorbed
CO, will increase with time.

Although physiological responses to inhala-
tion of up to 10% CO, during rest and exercise
did not indicate deterioration of essential
body functions (Craig, 1955; Asmussen and
Nielsen, 1957), unknown psychological ef-
fects, such as loss of orientation, could be cru-
cial to the user of an SCR during an emer-
gency situation. The duration of SCR use
during emergencies is expected to be rela-
tively short, ranging from 30 to 60 min. If
there are no hidden effects, however, allowing
a higher CO, level would permit use of the
SCR for a longer period. In some cir-
cumstances, this would represent the differ-
ence between saving and losing a life.

This study is concerned with psychomotor
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and mental performance during the inhala-
tion of up to 5% CO,. Subjects inhaled CO,
during 10 min of strenuous exercise and the
following few minutes of psychomotor or
mental testing,

METHOD

Subjects

Three groups of paid volunteers participated
in the study. Their age and physical charac-
teristics are summarized in Table 1.

Apparatus

A treadmill was used for the 10-min exercise
period. The speed and grade of the treadmill
were adjusted to yield O, uptake at 80% of the
maximal aerobic capacity (80% Vozmax) for
each subject.

The gas mixture for inhalation was stored
in a 150-L Douglass bag. Mixing was con-
trolled by using an oxygen analyzer and a
medical gas CO; analyzer. To add humidity to
the gas mixture before inhalation, it was
passed from the bag through warm water.

Chest electrodes connected to a digital beat
readout were used to monitor heart rate (HR).
Auditory reaction time was measured with an
automatic performance analyzer and remote
response button. The probe stimulus was a
70-dBA tone. The choice reaction time unit
consisted of eight telegraph keys mounted
equidistantly from a starting button. The
stimulus was a number (1-8), which appeared
in an illuminated display 30 cm above the
board, centered behind the keys. The rotary
pursuit apparatus consisted of a light-
emitting target, which moved in a circular
path, and a tracking stylus that had a photo-
sensitive tip interfaced with a timer. The
short-term memory (STM) and reasoning
tests were displayed on a graphics terminal. A
minicomputer system with a disk drive and
CRT executed the STM and reasoning-test
programs, and recorded and scored the sub-
jects’ responses.
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Means and Standard Deviations for Age, Physical Characteristics, Maximal Heart Rate (HRp,,), and
Maximal Aerobic Capacity (Vo2rlmx in ml-kg™!-min) of the Subjects

Experiment N Height (cm) Weight (kg) Age (yrs) HR jax Voz,,,a,
Psychomotor 6 1829 £ 5.8 7898 =+ 9.1 224 + 76 186.0 = 11.0 47.44 £+ 43
Short-Term Memory 5 1795+ 7.2 78.86 = 8.9 238+ 35 1856 = 11.2 48.36 + 4.7
Reasoning 4 182.0 + 8.7 76.98 = 13.8 275+ 39 184.2 + 13.3 46.96 = 4.3
Tests between initiation of the tone and the sub-

The experimental testing included psycho-
motor, short-term memory, and reasoning
tests. Figure 1 gives a schematic description
of the time sequence for each of the ad-
ministered tests.

The psychomotor tests consisted of an audi-
tory and choice reaction-time test, and a ro-
tary pursuit task. The auditory reaction-time
(ART) test consisted of four blocks of nine
trials each. Reaction time was the interval

ject’s pressing of the hand-held response
button.

The choice response time (CRT) test in-
volved pressing the telegraph key that corre-
sponded to the illuminated number in the
display. The measured response time was the
interval between the presentation of the
stimulus and the depression of the key. Catch
trials (i.e., the subject is given the ready sig-
nal, but the response number is not pre-
sented) and variable foreperiods (0.5, 1.5, and

RP ART ART ART RP ART
ROTARY PURSUIT (RP) W@ @ v o v @
AUDITORY REACTION TIME (ART) I l 1
SIT
CRT CRT
h. 4
CHOICE RESPONSE TIME (CRT) | I —l
SIT
STMt STM2
> 9

SHORT TERM MEMORY TEST (STM) [

I I ]

STAND

REASONING TEST
h. 4

REASONING TEST |

I l |

STAND
TIME IN MINUTES | ] EXERCISE | RECOVERY,,
0 10 16
CO, ONSET co, ENDS

Figure 1. Graphical description of the time sequence for each of the administered tests.
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2.5 s) were employed to eliminate anticipa-
tory responses. Each subject received two
blocks of 24 trials.

The rotary pursuit (RP) task assessed the
subject’s ability to track a moving object.
Each subject received six 20-s trials. To
eliminate practice effects, subjects were al-
lowed to reach optimum performance levels
prior to testing. All testing consisted of the
target moving in a clockwise direction at 30
revolutions/min.

The short-term memory (STM) test for digit
recall was based on the digit span test used in
the Wechsler Adult Intelligence Scale (WAIS)
(Wechsler, 1958). The digits were presented
singularly for 1s, followed by a 250-ms pause.
The digits were 1.5 cm in height and ap-
peared in the center of the graphics termi-
nal’s screen. The main test program consisted
of two subroutines, forward digit and back-
ward digit recall.

In the forward recall condition, the test
started with a presentation of three digits and
proceeded to a maximum difficulty of nine
digits. The subroutine for backward serial re-
call started by presenting two digits and
progressed to a maximum difficulty of eight
digits. Each test trial consisted of a random
grouping selected from the digits 2 through 9.
The test trials did not contain repetitions or
sequential progressions. The test continued
until either two trials at the same difficulty
level were answered incorrectly, or the sub-
ject had reached the maximum difficulty
level.

The short-term memory test for serial letter
recall was also based on the WAIS. The test-
ing and sequence were the same as for the digit
recall test. Both letter subprograms (forward
serial recall, backward serial recall) started,
however, by presenting 4 letters, and could
progress to a maximum of 12 letters.

All letters were uppercase and 1.5 ¢cm in
height. Each trial consisted of a random
grouping of letters, consonants only. The
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trials did not contain repetitions or sequen-
tial progressions. The test followed the same
format as digit recall, with the criteria for end-
ing the test being either two incorrect an-
swers at the same difficulty level or the at-
tainment of the maximum difficulty level.
The reasoning test was a 4-min test based
on grammatical transformations (Baddeley,
1968; Carter, Kennedy, and Bittner, 1981).
The subject read a statement followed by a
letter pair, and then decided if the statement
matched the letter pair. The following are
examples of the statements presented:

True or false: D follows C.CD
True or false: C is followed by D. DC

True or false: D precedes C. CD

True or false: C does not precede D. DC
The statements comprised all possible com-
binations of the following six binary condi-
tions: true or false, active or passive, precedes
or follows, C or D mentioned first in the
statement, letter pair CD or DC, and positive
or negative. The computer randomly selected
statements, waited for a response (T for true,
F for false), and then continued to present
statements until 4 min had elapsed.

Procedure

Upon arrival, the subject sat while being fit-
ted with chest electrodes. The test involved 10
min of treadmill running at 80% Vo,max
(calculated for each subject), followed by the
psychomotor or mental tests administered
while the subject rested. The gas mixtures
were one of the following: control; 4% CO,,
21% 04; 5% CO0,, 21% 0,; 4% CO,, 50% O,; 5%
CO,, 50% 0O,. Gas mixtures were inhaled from
the onset of running to the end of the post-
exercise tests, which could last up to 6 min.

Subjective reports of feelings and/or dis-
comfort were recorded after each session. All
questions regarding the tests were answered
at this time.

The procedures specific to the three sepa-
rate substudies are described as follows.
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TABLE 2
Mean Values of Psychomotor Responses during Exercise at 80% Vozmax while Inhaling 5% CO, in 50%
0. (COy)
Auditory Reaction (ms)
During Sixth Minute Choice Response (ms) Rotary Pursuit(s)
During Running of Recovery During Recovery During Recovery
Subject Control Co, Control CO, Control CcOo, Control CO,
1 180 190 169 190 593 629 10.12 8.88
2 195 224 200 170 472 522 9.88 9.47
3 179 185 171 171 531 595 11.04 11.54
4 177 187 171 181 483 559 9.22 9.50
5 171 192 151 165 686 685 9.66 7.38
6 205 225 163 179 719 754 11.01 11.27

A block of auditory reaction time (ART) and
rotary pursuit (RP) tests served as controls.
These were administered prior to exercise. A
second block of ART trials began at the eighth
minute of exercise. A second block of RP
trials, and a third and fourth block of ART
trials were administered during the recovery
period. The rotary pursuit tests were admin-
istered with the subjects seated.

During a separate test session, the choice
response time (CRT) tests were administered
with the subjects seated. The CRT test was
given only during the 4% CO, and 5% CO, in
50% O, conditions. The sequence is shown in
Figure 1. Subjects received one block of 24

TABLE 3

trials prior to exercise, and the second block
in the postexercise period.

For the short-term memory tests the sub-
jects were divided into two groups differ-
entiated by order of recall (e.g., forward-
backward, or backward-forward serial re-
call). The sequence of testing is depicted in
Figure 1. Upon reporting for the first session,
the subject took a shortened practice test. The
STM test program was initiated by the ex-
perimenter after 10 min of exercise. All trials,
feedback (e.g., correct, incorrect answer), and
prompts (e.g., “please enter your response,
then press return”) were programmed and
delivered via the graphics terminal. The av-

Means and Standard Deviations for the Number of Digits Recalled (S) and the Number of Errors (E) per

Test for CO,—0, Inhalation

Control 4% C0, 21% 0, 5% CO, 21% 0, 4% CO, 50% O, 5% CO, 50% O,

s E S E S E S E s E

Test 1 X 7.6 1.0 7.7 1.2 7.6 1.8 7.0 1.4 7.4 1.6
sD 089 100 084 110 114 045 071 055 114 0.89

Test 2 X 7.2 0.6 7.4 1.0 7.8 0.8 7.6 0.8 7.2 1.4
SD 130 056 114 100 084 084 114 084 130 1.14

Combined X 7.4 0.8 76 1.1 7.7 1.3 7.3 1.1 7.3 1.5
iand2 SD 107 079 097 0989 095 082 095 074 116 0.97
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erage test time per subject was 6 min. The
number of errors and maximum difficulty
level obtained (number of digits or letters
correctly recalled) were recorded for each
subject.

The STM test for serial letter recall was
administered to the same subjects during
different sessions. The subjects reported for
10 sessions.

Upon reporting for the first session of the
reasoning substudy, the subjects received a
2-min practice test. The reasoning test was
administered after exercise, and lasted 4 min
(see Figure 1). The subjects were tested at the
same time of day for all five sessions.

RESULTS

A representative sample of the CO, inhala-
tion test data for the psychomotor tests is
shown in Table 2. There were no significant
differences between controls and CO, condi-
tions for the auditory reaction time and ro-
tary pursuit tests. A significant difference was
observed for the choice response time test, (F
= 4.21, p < 0.05), but only during inhalation
of 5% CO, in 50% 0O,. Aside from this differ-
ence, no trends or consistencies were ob-
served. The difference indicated a somewhat
slower response during CO, inhalation, but
only for the 5% CO, condition.

The data for the STM tests are shown in
Tables 3 and 4. The first and second STM test,
for digit or letter recall, did not differ signifi-
cantly in terms of the number of items re-
called per condition. A significant difference
was found between the number of errors (F =
3.35, p < 0.10) for the first and second STM
tests for digit recall (Table 3), with higher
error rates associated with the first test.
However, no differences were observed in the
number of errors between CO,—0, experimen-
tal conditions. The other difference (F = 4.35,
p < 0.05) was between subjects for average
response time (in STM letter recall tests).

The data for the reasoning tests are shown
in Table 5. No significant differences were

TABLE 4

Means and Standard Deviations for the Number of Letters (S) Recalled, the Number of Errors (E) per Test, and the Elapsed Test Time (ELT)

5% CO, 21% O, 4% CO, 50% O, 5% CO, 50% O,

21% O,

4% CO,

Control
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Means and Standard Deviations for the Number of Statements Completed, Errors per Session, and the

Average Response Time per Question (in Seconds)

Control 4% C0, 21% 0, 5% CO, 21% O, 4% CO, 50% O, 5% C0O,50% O,
Statements
Completed 5150 +950 42.00+147 4100+x1160 5150140 4375+ 13.30
Number of Errors
per Session 1.25 = 0.96 1.50 = 0.58 2.00 = 1.40 2.00 + 0.82 275 + 2.20
Average Response
Time per Question  4.78 + 0.90 6.36 = 2.60 6.29 + 2.10 4.94 +1.40 5.80 + 1.50

found for the number of errors or statements
completed in the five conditions. However,
the control and 4% C0,—50% O, conditions
had the same average number of statements
completed, whereas in the other three condi-
tions (4% and 5% CO,, 21% O,; 5% CO,, 50%
0,), fewer statements were completed but the
difference failed to reach statistical signifi-
cance (p > 0.10).

DISCUSSION

The finding that there was no deterioration
in psychomotor and mental performance as a
result of inhalation of up to 5% CO; has im-
portant positive implications.

Unlike CO, which is an external toxic gas,
CO, is produced internally, yet it could affect
performance if it were to be retained in the
body. However, although some physiological
responses such as increase in pulmonary ven-
tilation and changes in blood flow to the
brain were observed, it was interesting to find
that subclinical concentration of CO, did not
affect such complicated tasks as short-term
memory, reasoning ability, and psychomotor
reactions. It should be noticed that the sub-
jects of this study were young, healthy, physi-
cally fit adult males. Age and gender might
constitute important factors in the deteriora-
tion of performance during CO, inhalation.

The observed significant difference in er-
rors between the first and second short-term
memory tests for digit recall cannot be at-
tributed to CO, inhalation. If CO, had caused

the difference then the effect would appear in
error rates between the conditions of gas mix-
tures. The other observed significant differ-
ence in response time for short-term memory
letter recall can be explained by the large in-
dividual variability in the responses.

The use of 4-5% CO, levels in this study was
based on some pilot observations in our labo-
ratory, in which higher CO, concentrations
resulted in persistent headaches after the test
session. This has also been observed by others
(Dripps and Comroe, 1947; Schaefer, 1963;
Sechzer, Egbert, Linde, Cooper, Dripps, and
Price, 1960). Therefore, we set the upper limit
of this study at 5% CO,. Even under these
conditions, some subjects complained of
headaches and lightheadedness. In most
cases, 2 or 3 min of walking in room air would
alleviate these symptoms. However, for most
subjects, these symptoms gradually subsided
from one session to the next, until, in later
sessions, the symptoms were no longer re-
ported. This implies that “habituation’ to
CO, is possible. The lack of deterioration in
psychomotor and short-term memory per-
formance for inhalation of up to 5% CO, could
mean an improvement in the life-support ca-
pacity of the self-contained respirator, if
higher inhaled CO, concentrations are al-
lowed. Increasing the permissible CO, levels
would enable longer usage of the CO, scrub-
bing system, and, since oxygen supply is not
restricted for many respirators, the useful-
ness of the SCR would be prolonged.
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In summary, our results are encouraging
with respect to acceptance of CO, in inhaled
air. Inhalation of subclinical concentrations
of CO, did not affect mental and psychomotor
performance. It should also be noted that the
short-term memory test was sensitive enough
to show the effects of strenuous exercise,
whereas CO, did not cause a decrement in
performance.
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BEHAVIORAL EFFECTS OF ONE-HOUR BREATHING OF HIAH
CONCENTRATIONS OF CO, AND 0, WHILE DOING PHYSTCAL WORK

Max Vercruyssen and Eliezer Kamon
Ergonomics Unit
Lakoratory for Human Performance Research
118 Noll Laboratory
University Park, PA 16802 LUSA

ABSTRACT

Attention is drawn to the lack of scientific infarmation pertaihing to
the effects of breathing elevated {but subclinical) levels of carbon
dinxide (CDE) an cognitive and psychomotor performance. Furthermore, an
appeal is made to reevaluate existing standards for the maximum allewable
‘concentration of 002 for self-containad breathing apparatuses (SCBAs),
particularly those used for escape during emergencies. An experiment is
presented in which psychomotor and mental performance tests were administered
to subjects inhaling room air, 50% oxygen (02), and 2% €0, {with 50% 02)
prior to, between, and following two 20-min exercise bouts at 75% of aerobic
capacity. Conditions were designed to simulate a one-hour exposure to
2% Cﬂé {(in a high 0, concentration similar to that of SCBAs) while running
{as in a mine escape)., The results showed no effacts of these gases on
short-term memory, reasoning, choice response time, pursuit tracking, and
balance on a stabilometer. Caombined with previous studies (Sheehy, Kamon,
and Kiser, 1982), the authars have not yat found evidence of impaired per-
formance due to acute (16 min) exposures of up to 5% €O, or chronic (60 min}
exposures to 2% COZ’ when inhalation is accompanied by moderate to strenuous
exepcise,

This article is divided into twe sections: (1) carbon diexide: an
environmental stressor, and (2) CO, experiment, The first section consists
of discussions pertaining to the need for a reevaluation of current carbon
dioxide standards and the physiological and psychomotor effects of breathing
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alevated levels of carbon diaxfde. The second section is an experiment
to ascertain the effects of hpeathing a high concentration of carbon
dioxide and oxygen.

1. CARBON DIOXIDE: AN ENVIROHMENTAL STRESSOR

Carhon dioxide (COZ) exposure is a very common environmental stressor.
An estimated two million industrial workers are patentially exposed to high
levels of carbon dioxide in their work environments (NIOSH, 1976). For
example, chronic exposures to CO2 are everyday occurrences for people who
work in submarine$ and space vehicles (where the CO, concentration is
1-2%) or in oil tanks, grain silos, and breweries {where CO, concentrations
range from 1 to 10%), Even wearing a self-contained breathing apparatus
{SCBA), for protection against ambient toxic gases, does not always help.
Carbon dioxide, being a normal metabolic by-product, accumulates any time
one vebreathes his/her own expired air (e.g., the closed system in SCBAS).
Ta prevent this build-up and the concomitant decrease 1n oxygen, SCBAS are
designed to scrub €0, and supplement 0,. The Jongevity and utility of each
system 1s sometimes determined by its ability to vemove CDE. And, since
most SCBAs are ¥imited in their CO2 scrubbing capacity, prolonged usage
results in an increase of the unabsorbed CO, over time. This means that as
the €0, scrubber fails, the inspired concentration of coz rises {(usually in
an exponential fashion). Aside from such concerns as size, weight, resistance,
hot air, and seal {e.g., leakage associated with negative pressure or fit-
ting), one of the major 1imiting factors in the design of these respirators
is the ability of the scrubber to prevent CD2 from exceeding the maximum
allowable concentration (MAC).

A more definitive basis for establishing the MAC of cnz is needad. A
vary Jow 1imit for the inspived ajr would at first glance seem desirable since
it would prevent possible psychological and physiological reactions. However,
meeting such high standards would greatly increase the size and weight of
SCRAs, making it move difficult for the wearer to use them. The MACs must,
thevefore, be established with attention given to minimizing the overall
difficulties encountered 1n using the SCBAs.
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Physialogical Effects

Carbon dioxide serves a major role in yespivation and cerebral circula-
tion. At high concentrations, it acts as a respiratory and central nervous

~ system (CNS) stimulant, producing increases of up to 76% in cerebral blood flow

(Kety and Schmidt, 1984), an increase in pulmonary ventilation (Dripps and
Comroe, 1947), decreases in specific atrway resistance {Taskin and Simmans,
1972), and lacal vasndilation, At excessive concentrations, it is a CNS
depressant, capable of producing unconsciousness, narcosis, respiratory
arrast, and death (Dripps and Comroe, 1947; Friedlander and Hi11, 1954).
Moreaver, hecause the solubility of €O, is approximately 20 times greater
than that for O,, diffusion is rapid and the respiratory and CNS effects are
experienced almost instantaneously.

Exercise (physical work) my compound the effects of 002 inhalation
due to the increased metabolic CO, production which vesults in an even

-higher CO, retention, This increased retention might then reduce the worker's

endurance capacities (Craig, Blevins, and Cummings, 1970). Generally speak-

ing, however, at rest or combined with exercise, physiological reactions

to breathing up to 103 CO, do not seem to cause a deterioration of essential

body functions (Asmussen and Nielsen, 1957; Craig, 1955). :
The relative severity of clinical symptoms associated with acute exposures:

(1ess than 15 min) of varying concentrations of C02 are summarized in Table 1. '

Tahle 1

Summary nf the Severity af Clinical Symptams
From Acute COn Exposure {< 15 min)

% C0, " DEGREE OF SYMPTOMS

07 i M1d, §f present
7-10.5 Pronaunced
» 0.8 : ) Unconsciousness

»a " Death
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Usually, the duration of exposure deteymines the extent of the clinical
symptoms observed, For instance, three cowbinations of concentration andd
time are summarized in Table 2 alony with the clinical symptoms they pro-
duced.

Tahle ?

Clinical Effects of €0, Inhalation

% L8, . TIME SYMPTOMS SOURCE
In.o 24-28 sec Unconsciousness (n=37) 1
{reqained atterll0 sec)
10.4 3.8 min Dyspnpa, headache,
7.6 7.4 min restlessness, dizziness,
sweating, visual
distortions, irrfrability
(n=4?2}) 2,3
3.0 § days Mikd frontal headaches in
4 of 7 subjects during
first 2 days 4
Mote; 1 = Friedlander & Hill, 1954, 2 = Schaefer, 1963;

3 = Dripps & Comrde, 19473 4 = Glatte, Motsay, L'welch. 1967.

Headache is one of the most recurrent symptoms of C02 inhalation and may
be partially attributed to the increase in cerebral bleod flow and in
cerebrospinal fluid pressure (Small, Weitzner, and Mahas, 1960).

MACs for C02
In summarizing the standards for CO2 exposure, Table 3 shows the maximum

allowable concentrations (MACs) for differant agencies.

At present the MAC far CO, is well belaw the levels known to impaiv
physical or mental performance. Since it requires reasonably large concen-
trations of CO2 {5-10%) to substantially impair physical performance or
produce clinical symptoms, the question reduces to “what is the highest con-
centration of CD2 that can be breathed for a given period of time without
mental dysfunction?® The literature is deveid of work in this area and it
appears that somewhat arbitrary standards have been implemanted. If, for
instance, it can be established that breathing up to 3% 602 for an hour

66

dournal of the ISR

Table 3

Maxipum Allowahle Cancentrations of €O,

YEAR AGENCY 1.C0; CONDTTIONS SOURCE
1943 USPHS 0.5 1
1947 US Hayy 1.0 Lupmarines with
¥y7-211 0, z
1968 ACGLH 0.5 tUp to 8 hours b}
i972 NASA 4.0 up ta JO minutes
3.0 up to ) haur
1.0 Up 1o 6 minths 4
1973 NASA 1.9 Up to 3 hours
j.0 Migssion 5
1974 ACGTH 1.5 Healthy subjects [
1375 UsS Havy 2.5 Up to ) hour
1.0 Up ta 24 hours
0.5 Up ta 90 days 7
Current  NIOSH 0.5 In 503 0., after
icrubber? during
a Man Test

Note: 1. Gafafer, 1943; 2. Consolazie, Fisher, Pace, Pecora, Pirts, &
Bennke, 1947; 3. NIOSH, 1976; 4. Calvin & Gazenks, 1975;
5. NASA, 1973; 6. ACGIH, 1974, 7. Calvip & Gazenko, 1675,

does not impair performance, then raising the MAC to as high as 2% could
dramatically affect the design of vespirators {e.g., decreasing the size,
weight, and cost while increasing longevity) without compromising the
safaty of the worker, 0On the other hand, even if high levels of 0, do
not impair physiological functicns, great care must be taken to ensure that
essential cognitive and motor skills are not affected.

Psychamotor Effects
Even though there are no disabling physiolagical effects or clinical
symptoms associated with breathing up to 5% CDZ‘ there still may be
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psychological reactions, such as impaired motor contral, slowed reactions,
disorientation, or diminished mental capacities, which may jeopardize a
worker's health and safety. Regardless of the COE source, impalired cogni-
tive and/or motor performance may make the worker susceptible to accidents
and may decrease the probability of survival in emergency situations.

Very Tlittle attention has been given to the behavioral effects of COZ'
In the NIOSH publication, Occupational Exposure to Carbon Dioxide (1974),
only seven studies were mentioned. Two of these studies reported detrimenta?l
effects on performance and three showed null results. Using a sample size
of 42, Schaefer (1963) found that in 15-min exposures of 1.5, 3,3, 5.4, and
7.5% C0,, there was a significant decrease in critical flicker fusion for
€0, concentrations fn excess of 3.3%. In the other study showing detrimental
effects, Weitzman, Kinner, and Luria (1969) exposed one subject to progres-
sively increasing concentrations of £0,, from 0.03% to 3,00%, for 15 hours
on each of six days. Visual acuity and accommodation were not affected,
but color threshold sensitivity diminished {without mention of significance).
Also included in their conclusions was a report on a similar experiment
which resulted in no decrements in "sensory functfon' except for diminished
color sensitivity from exposures up to 3% €0,. As for the null results,
Weybrew {1970) found that over a six-day period, 15-haur exposures to co,
at concentrations between O and 3% resulted in no impairment of one-digit
addition and letter cancellation. However, Weybrew's study, 1ike that of
Weitzman et al., used anly one subject and was not validated for confinement
effects. Storm and Giannetta (1974) exposed six subjects to 4% {30 tarr)
C0, for 14 days and found no effects on complex tracking, eye-hand coordina-
tion, and preblem solving. Glatte, Motsay, and Welch (1967) found no effacts
of hreathing 3% 602 for 5 days on arithmetic, vigilance, hand steadinéss.
memory, problem solving, and auditory wonitoring.

Not only is there a shortage of research on the behavioral effects of
CDZ, but, as can be seep in this brief review, many of the previous studies
have had methodological shovtcomings (e,qg., small sample size, inadequate
controls) which severely 1imit their intevpretation. Therefore, further
behavioral research 1s required to make prudent decisions relative to CO2
standards.
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In recent years, two studies have used improved methadologies to
investinate the behavioral effects of COz, but each has failed to find
performance impaivment. Sheehy et al. (1982) exposed their subjects to
4 and &% co, (with 21 and 50% 02) for 16 min and found no deterioration
in the performance of psychomotor {simple reaction time, pursuit tracking,
and choice response time) or mental (short-term memory and reasoning) tasks.
foncerned with the risks due to CO2 retention in diving, Henning, Sauter,
Reddan, and Lanphier (1983) found no effects of breathing 6% CO2 for
10-14 min on simple and choice reaction time, hand steadiness, and postural
sway.

. €0, EXPERIMENT

Pravious 002 research at The Pennsylvania State University (Sheehy
et al., 1982) examined the effects of an acute expasure (16 min) of up to
5% CO2 (with 21 and 50% 02) on reaction time, rotary pursuit tracking,
short-term memory (digit and letter recall forward and hackward}, and
gramatical reasoning. While some of these tests were sensitive to the
effects of exercise, acute exposure of €0, of up to 5% did not impair per-
formance. The next step in the systematic search for the effects of ca,
might be to increase exposuve duration. Furthermore, since the SCBA user
typically breathes in excess of 50% D2 and hyperoxia has been shown to
produce deterioration in short-term memary (Poulton, 1974), ascertaining
the effects of hyperoxia is also important. Thus, the purpose of the
present experiment was to explore the effects of prolonged breathing (60
min) of elevated but subclinical levels of €0, and 05, during and. following
exercise, on cognitive and motor performance.

Method

Subjects

Five right-handed, heardless, male university graduate students volun-
teered tn serve as paid subjects in this study. Prior to participating in
the experiment, 211 subjects receivad a medical examination, including
exercise tolerance and pulmonary function tests. All were non-smokers and |

in geod gereral health, Their demographic characteristics are shown in
Table 4.
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Demagraphic Characteristics of Participants in Cﬂ2 Iphalation Study

SUBJECT  ABE (YRS} KT (em) WU {em] % FAT HRmax®, YOamax g

. {brmin” ) (ml-kg"'.min~')
| 27 176.0 65.8 13.85 186 47.34
2 26 182.6 80.0 9.01 178 55,33
3 26 180.7 71.0 16.34 193 49.51
4 24 187.5 78.7 10.37 188 49.39
5 29 170.2 76.0 15.00 191 50,00
MEAN 26.4 179.6 75.5 12.01- 187.2 50.27
So* 1.8 6.6 5.54 an 5,8 3.03

*) Maximal heart rate (HRmax); M;'udmal i

deviation (SD).

10

o uptake (\'Inzmax); standard
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A two-factor, repeated measures 3 x 3 (Gas and Tests) design was
employed to analyze data from each of six performance measures, Per-
formance tests were administered prior to, between, and following two
axercise bouts. For each session, each subject breathed one of three
i fferent gas mixtures during a one-hour inhalation period from the onset
af the first exercise bout to the end of the post-test following the
second bout. The threes gas concentration conditions can be thought of
as: (a) control (voom air), (b) hish 0, {60% 0, with 0.03% CO,), and
{c) high CO2 (2% €0, with 50% 02). As illustrated in Figure 1, the
three test conditions ware described as pre-, mid-, and post-tests referring
to their relative position to the exercise bouts.

PRE- |75% VO2max| - [75% VO2maxipost- cooL

PREP TEST| .pun- |TEST| -pun- |JTEST DOWN
| I P ]
40 - 50 70— 80 —00

{min); 0 == 10 — 20

Figure 1. Testing protecol for each testing session., [Quring the
60-min inhalation period subjects breathed cither room
air (contrnol}, high axygen {50% 02), or high carbon
dioxide (2% CO2, B0¥% 02).

The pre-test was always a fully rested, room air control condition, while
the mid- and post-tests followed exercise and occurred during the gas
inhalation period, Subjects were vandomly assigned to gas conditions which
were counterbalanced random combinations, The order of tests within each
performance battery was also counterbalanced.

Cxercise

Each subject undeywent a treadmill progressive exercise tolerance test’
as part of a health assessment procedure Lo determine his maximal aerobic
capacity (ﬁozmax). During the exercise periods, each subject van for 20
minutes on a treadm1]] with the speed and grade adjusted to yleld an 02
uptake of 75% of his Vozmax. Each experimental session consisted of two
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such wark bouts spaced with pro-, mid-, and post-tests, each lasting approx-
imately 10 minutes, during which the dependent measures were collected.
Oxygen uptake samples were taken during steady-state running while breathing
room air in arder to record actual exercise intensity. The average intensity
for the group was 75 + 3% (SD) of 00 max, While on the treadmill, the
subjects were cooled with an elastic“fan placed directly in front of them.
Chest electrodes were connected to a Respironics Digital Exersentry (SN) for
monitoring average heart rate.

gge Inhalation

A 150-1iter Dbuglas bag served as a mixing reservoir inta which room
air, COZ' and 02 were mixed hefare humidification by passage through warm
water enroute to the subject in an open-circuit system. The inspired qas
mixture was cantrolled by continuous monitaring of an Applied Electrachemistry
S-3A Oxygen Analyzer and an LB-2 Beckman Medical Gas CO2 Analyzer. Expired
air was released into a well ventilated testing reom. Three gas mixtures
were used in this study: (a) roam air (0.03% 0, and 21% 0,) as a contrel;
(b) high oxygen (0.03% €0, and 0% 0,), to test for hyperoxia effects; and
(c) high carbon dicxide, (2.00% €O, with 50% 0,), to test for hypercapnia
effects (the elevated 02 was to ensure that there was no hypoxia and to more
closely approximate SCBA conditions). The prescribed gas mixture (+ 0.1%
D) was inhaled for a period of 60 minutes (+ 2 min SD) during each of the
experimental sessions.

Performance Measures

Two types (batteries) of performance measures, each containing three
individual tests, were used in this experiment: (a) Cognitive Performance
Tests, and (b) Psychomotor Performance Tests. Thus, six nerformance tasks
were administered, each in a pre-, mid-, and post-test farmat. Five counter-
balanced orders of tests within each battery weve developed with each subject
being randomly assigned to one of the orders.

Cagnitive Performance Tests

Three different cognitive tests were used: a grammatical reasoning
test and two short-term memory (STM) tests (farward and backward serial
Tetter recall},
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Grammatical Reasoning. Reasoning, based on grammatical transforma-
tions (Baddeley, 1968), has been shown to he a stable {Carter, Kennedy,
and Bittner, 1981) metric of "higher mental processes" that is sensitive
to nitrogen narcosis (Baddeley, de Figueride, flawkswell Curtis, and
Williams, 1968) and hypocapnia (Gibson, 1978). This test consisted of
a four-minute task adapted from Baddeley's (1958) grammatical transforma-
tion task. Seated in front of a cathode ray terminal {Digital VT&2-AL),
the subjects read a statement followed by a pair of Jetters, decided whether
or not the statement matched the letter pair, and then entered the
appropriate "True" or "False" response on a standard alpha-numeric keyboard.
The statements were randemly drawn from €4 possible comhinations of six
binary conditions (see Baddeley, 1968; Baddeley et al., 1968} and were
presented one-at-a-time until the four-minute time interval elapsed. The
following are examples of the statements presented:

True or False. A follows B--AB ‘

True ar False. B precedes A--BA

True or False., B does not follow A--AB

True or False. A is not preceded by B--BA
The stimulus presentation and data callection were completely an-Tine using
a Digital Equipment Corparation (DEC) PDP-11 ccmputer. The criterion meas-
ures were the response rate {i.e., the total number performed in each four-
minute interval), accuracy (i.e., number of correct responses/total number
of responses), and response times for each statement.

Short-Term Memory (Letter Recall). Based on the YWechsler (1958) Adult
Intelligence Scale (WAIS), letter recall was used to assess functicnal memory
span, a fundamental component of all human performance. A DEC PDP-11 system
consisting of a disk drive and monitor was used to present the letters in a
forward or backward serial fashion, as well as record and evaluate each
response., The arder of divectional recall was counterbalanced between
subjects (i.e., forward-backward, backward-forward). The letters were pre-
sented singularly for one second followed by a 250-msec pause. All letters
were consonants in upper case, 1.6 cm in height, and presented in the center
"of a Tektronics 4006-1 graphics terminal screen. Each trial consisted of a
random grouping.of letters such that there occurred no repetitions of the
same letter (e.g., B, F, D, D, K) or sequential progressions (e.g., P, Q,

R, S, T). DBeginning with a sequence of four letters, each correct recall of
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a series of Jetters would increment the number of Jetters presented on suh-
seguent trials, until either two incerrect responses were recarded at the
same difficulty level, or a maximum of 12 letters were reached, I[f the
subject failed to correctly recall the sequence of letters on a particular
trial, he was given a second trial at the same difficulty Tevel {with
different letters). [f the subject answered the second trial correctly, he
progressed to the next higher difficulty level (i.e., the number of letters
presented was incremented by one); if the subject failed to answer the
sacond trial correctly, the test was terminated.

Psychomotor Performance Tests

Three differant psychomotor tasks were used: (a) Choice Response Time
(CRT), (b) Rotary Pursuit {RP), and {c) Stabilometer,

Choice Respense Time. A Marietta Chaice Respanse Time (Model 14-210-M)
apparatus, with eight telegraph keys mounted on a baseboard equidistance from
a starting button, was used to measure chaice respanse time (i.e., the time
interval from the presentation of a visual stimulus to the completion of a
correct key depressian response}. The stimulus appeared in a lighted
display mounted appraximately 30.6 cm abave the baseboard and centered
behind the keys (60 cm from the subject's eyes). The keys were not numbered,
but ware arranged in sequential arder {1-B) from left to right. Each trial
began with a "ready" command by the investigator after which the subject
assumed the ready position by depressing the start button. At the end of a
fixed 0.5 sec foreperiod {during which a red warning Tight pasitioned atap
the stimulus box was illuminated), the stimulus number appeared and the
response time clock hegqan. A correct response {pressing the appropriate key)
resulting in the disappearance of the stimulus display and stopping of the
clock. Twenty-four trials comprised a data block, of which the first eight
trials (random presentation of each key once) were used as practice and the
next sixteen (random presentation of each key twice) were used for data
analysis,

Rotary Pursuit Tracking. Censidered a valid test of psychomotor per-
formance (Fleishman, 1960), this measure was. selected because of {ts use in
previous stressor studies; particularly, those dnvelving hypocapnia (Gibson,
1978), hypercapnia (Storm and Giannetta, 1974), and hyperventilation
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{Labue and Withey, 1978; Withey, Spreight, Labuc, and Leqq, 1979). A
Lafayette Phatoelectric Rotary Pursuit apparatus was used to assess the
suhject's ability to track a meving ohject with a hand-held stylus. The
apparatus consisted of a light emitting target moving clockwise in a
circular manner at 30 RPM. The tracking stylus contained a photosensitive
tip which was connected ta a Hunter Decade Interval Timer, to timit the
vecording period to a 20-sec interval, and a Hunter Model 220 Klockounter
to record the time on target (in msec). The subject was permitted to track
for approximately 30 seconds prior to each test to reduce waym-up, practice,
equipment start-up, and 1imb inertia effects. Three 20-sec trials, with
approximately 30-sec inter-trial rest intervals, were given to each subject
during each test. Ambient 1ight was controlled and the sensitivity of the
apparatus was calibrated for each experimental session to a vertical toler-
ance of 2.6 cm {i.e., if the stylus was raised more than this distance above
the target, the clock counter would stop recerding on-target performance)}
Stabijometer. Since dizziness and tess of balance are characteristic
clinical symptoms associated with €O, inhalation, the ahility of the subject
to maintain his balance, as measured by a harizontal pivoting platform
stabilameter, was included as a psychomotor test. This measure was also
selected because of the information availabla an its susceptibility to
practice (Ryan, 1966} and fatique (Nunney, 1963) effects as well as its
retention {(Ryan, 1962b) and stress reaction (Ryan, 1962a) characteristics.
The apparatus consisted af a 37.5 cm x 95 cm x 2.1 cm woaden platform with
an axle and bearings positioned directly beneath such that the subject could
stand on it, straddling the axle, and attempt to balance {i.e., keep the
platform horizontal). Microswitches were positioned on the stabilometer
frame to record the amount of time the platform was tilted {off-balance).
A Hunter Decade Interval Timer was used to Timit the recarding period to
20-seconds. A Hunter Madel 220C Klockounter was used to record the total time
the subject was off balance per 20-sec trial. Three trials, with approxi-
mately 30-sec inter-trial rest intervals, were given to each subject during
each test.

Procedure
Fach subject participated in eight sessions as presented in Figure 2.
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EXERCISE
TOLERANCE
TEST

ot

INTROBUCTION

e

R i

sycHOMATOR] {coamTIVE] EpSYGHOMOTORE JCOGHITIVE PSYCHOMOTOR| |COGNIMIVE
TESTS TESTS

TESTS TESTS TESTS TESTS
L— ain —! — 02 — L— coz —l
{D.03% COZ2, 21% O2) (0.03% cO2, 0% 02) {2% CO2, 80% 01)

Fiqure 2. Schematic far tne faperimental iessions (1 dox - 1 davl. Subiects beoan with the
Arided kriirc Tse talaranee tnsl Fram whTch their asranic caparity (¥0,mae) was detammined
Next the subjects werp familiar-zed ~ith the ewgrcrsp and the weariod af the breathing
spparatus, Aad Prazticed-all a? the perfarrince tasts quring the Introdyciton session.
The the piprharatas tRsts Lehosie ronpanse tame, stapilameter, amd rotary qursait) and
the coqnitive tests (8T forward fptter racall, SIM ngchuard letter rrcall, and grammatical
reASORIAY LESTS) nerR qiypa rangenl,, nne &at per saqcion.

Following an exercise tolerance test, the subjects participated in seven
90-minyte sessions, one per day with at least 48 hours rest between the
sessions involving exercise. The introductory session was used to explain

the experiment, compiete the informed consent documents, introduce the
dependent measures and experimental orotocol, and provide considerable practice
on each of the performance measures. Follawing this introductory session, the
same protoce] was used each day (see Figure 1).

Upon arrival to the Taboratory, the subject was fitted with chest
electrodes, given a brief warm-up on each task, and then given the pre-test
performance measures which were completed in approximataly 10 minutes. The
gas nhalatian period began with the subject running on a treadmill for
two 20-min work bouts at an intensity equivalent to 754 of his aerobic capa-
city. Between and following these work bouts wepe the mid- and post-tests,
respactively (each also lasting approximately 10 minutes). The face mask
was removad after the post-test (making the total inhalation pericd approxi-
mately one haur) and the subject was required to walk on the treadmill at
3 mph for at least 6 min as a "cool-down™ hefore departing the Tlab. - During
and following the cool-down, the subject was asked to provide subjective
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information on his perceived exertion, clinical symptams (discomforts),
performance quality, etc. A1l eight testing sessions per subject were com-
pleted within three weeks.

Laboratory Environment
The experiment was conducted in ap air-conditioned laboratory where

the room temperature ranged from 23 to 25° C, Also, measures were taken
to control ambient Jight and sound.

Treatment of the Data
The dependent measures were analyzed using a multivariate analysis of

variance on repeated measures, All post-hoc follow-up analyses were done
using the Tukey Wholly Significant Difference (WSD) technique. 1In all
cases, the level of significance was p = 0.05. An additional univariate
analysis of the repeated measures was perfarmed on each subject to test for
learning {sequence) effects. (See Jackson and Raven, 1983, for a discussion
of statistical and research designs for industrial respiratory research.)

Equipment failure caused seven out of 450 data values (1.6%) to be
grossly inappropriate. Omitting all of the results for these subjects
involved would remove 20% of the data on each measure. Therefore, five
values {one for the stabilometer, two for reasoning, and two for rotary
pursuit) were astimated accerding to Winer (1962) in a technique designed
to have no effect on the individual cell means {interaction) in the data
matrix. The two pre-test values for reasoning were astimated by using the
average of the remaining pre-test values per subject.

Results and Discussion

Cognitive Parformance Measures

The group mean and standard deviations for each of the cognitive tests
for each experimental condition are shown in Table 5. Nane of the cognitive
performance tests revealed a significant effect of hyperoxia ov hypercapnia,
hut one non-gas test contrast was significant. As seen in Figure 3, the rate
at which subjects parformed the post-exercise test portion of the grammatical
reasaning task (M = 14.33 linas/minute) was significantly [E(2,8) = 5.72, p =
.029] faster than that for tha pre-exercise test (M = 13.23 Tlines/minute)
or mid-exercise test (M = 13.31 lines/minute).
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In a closer laok, however, a univariate analysis of these data revealed a
significant [F(1.8) = 5.96, p = .011] practice (learning or sequence) effect
which may explain a large portion of the high post-test rates, As shown
in Figure 4, the speed of reasoning improved from session to sessijon
regardless of the manipulations of the independent variables, Since the
accyracy of responding did not differ significantly across copditions,
there was no reason to suspect a possible speed-accuracy trade-off. In fact,
the obtained trend suggests that, regardless of the gas breathed, accuracy
improved concurrently with rate and was consistently better following
exercise, than at rest., Exercise in the mid- and post-tests may alse account
for some of the elevated reasening rate, but this cannot be determined by
the present design.

The most meaningful finding here is that the gas concentrations inspived
did not impair cognitive performance. If anything, as unusual as it seems,
the trends shown in Figure 3 hint that CO, and exercise may even improve
reasoning rate, None of the other main or interaction effects tests for
reasoning or shert-term memory were significant {p > .08},
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Psychomatar Performance Measures

The means and standard deviations for the psychomotar tests are tabu-
lated in Table 6. Neither chaoice response time nor its error rate showed
performance changes due to hyperoxia or hypercapnia. Although these
elevated gas concentrations did not siagnificantly affect tracking or balanc-
ing performance, each test did possess significant results.

As shown-in Figure 6, rotary pursuit tracking was impaired with time,
Breathing room air while exercising had no effect on tracking performance,
but breathing elevated concentraticns of either 0, or €0, while exercising
resulted in a significant [E(2,B) = 5.23, p = .035] decrease in time on
target of the post-test conditions (M = 16.69 sec) and mid-tests (M = 16,18
sec). Although not significant, the impairment trend in tracking due to €0,
inhaTation does Jook suggestive., It is possible that with a slightly larger

:14)

Journal of the ISRP

5 o
E B
w
g _‘—“’02
: 2
ﬁ s O AR
et
- 74 o aco2
a
1w
iE
= -
. -
i
ta
TR
o
=
)
& o
L A
-
« L L
(4] T ] T
PRE MIip POST

Figure 6, The mean (n = 5) for time off balance during a 20-second
stabilometer task performed before, midway through and
after exercise while inhaling room air (AIR), 50% 02 {02,
and 2% COZ with 50% D2 {CO2).

sample size, this test may have shown deleterious effects of CO2 breathing
on pursuit tracking,

Labuc and Withey {1978} and Gibson (1978) found that hyperventilation
impaired tracking performance, which suggests that tracking may be sensitive
to. acute C02 changes. However, as these data show, for simple tracking while
breathing 2% CO2 and as Storm and Giannette found for complex tracking
during exposure to 4% CO,, tracking may not be affected by (or sensitive ta)
chronic hypercapnia,

Hyperaxia and hypercapnia did not affect balancing an a platform
stabilometer; howaver, it appears exercise may cause a decline in per-
formance. As shawn in Figure 6, time off bhalance was significantly greater
for the mid-tests (M = 7.42 sec} and post-tests (M = 7.30 sec) [E(2,8) =
7.22, p = .016] than for the resting, room afr pre-tests (M = 6.54 sec).
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Because the purpose of this study was to oxplore the effects af these gas
cancentrations on performance while simulating the conditions of a mine
escape, exercise was nol anp independent variable and was, therefore,
intentionally confounded in the desiogn, Thus, it cannot be concluded that
exercise produced these effects hecause there was not a control condition
of breathing the qases without running. Monetheless, the obtained trend
suggests that the stabilometer may be sensitive to the effects of exercise.
No other psychomotor contrasts were significant,

Caution. A word of warning is called for when interpreting these
results. Jdust because 502 was not found to impair performance does not
mean that the CO, MACs should be rafsed. It means that under the conditions
specifiad, these measures failed to show a sensitiyity ta CDZ' In fact,
there remains the possibility that under slightly different circumstances,
or with different measures, CO2 at these levels might produce pronounced
effects.

Many stressor experiments are contaminated by uncontrolled (con-
founding) variables and this study was no exception. Some abvious consid-
erations inciude age, health, bhody size and fitness level; however, such
factors as volunteer and smoking status, CO2 sensitivity, gender, and
personality characteristics may alsc contribute unwanted variance and cloud
the interpretation.of results,

Although a very hamageneaus sample population, the subjects in this
study may not have been representative of the population of individuals using
SCBAs. These subjects were healthy, young, active non-smoking adult male
volunteers with fitness levels highar than those of many workers who
might don SCBAs. For instance, Kamon, Doyle, and Kovac {1983) collected
physiological data on six miners simulating an escape from an undergraund
coal mine follawing an explosion. Compared with the demographic character-
istics of the subjects in this study {see Table 4), the coal miners weve
alder (45.2 vs 26.4 yrs), shorter (172 vs 179,4 cm), heavier (78.6 vs
76.5 kg}, and with lower maximum heart rate (176.8 vs 187.2 hpm} and aerobic
capacities (34.1 vs 50.3 ml/kg/min). Ayout and Selan (1981) also discuss
the unique characteristics of miners.

Furthermore, since the physical performance of smokers {s considerably
impaired relative to non-~smokers (Morgan, 1983) and volunteers may not

a2
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possess the same mental or physical characteristics as non-volunteers, the
external validity of many laboratory studies, including this one, hecomes
questionable. Because there are considerable individual differences in
tolerances and reactions to C02 (e.g., Morgan, 1983), the subjects used

in this study may have been insensitive to the CD2 levels employed.

Gender and personality have alse been linked to ventilatory responses to

CO2 inhalation (Dempsey, 1979; Lum, 1975: Mora, Grant, Kenyon, and Patel,
19765 Saunders, Heilpern, and Rebuck, 1972+ Sharshow, King, and Robinson,
1973}, Thus, age, body size, gender, degree of Jung impairment, perscnality,
volunteer status, experience, aerobic capacity, CO2 sensitivity, smoking
habits and anxiety (trait and state) may certainly be factors which contri-
bute to different results and alternative interpretations. |ike many

other Tazhoratory studies, carvefully controlling various sources of variance
in this study may have diminished its ecological validity. Further

research of this sort using subjects directly from the populations of interest
is nessary to ensure the generalizability of experimental results.

Clinjcal Symptoms Reparted

Each subject experienced two sessions of CO2 inhalaticn. The most
frequently reparted symptom during these exposuras was a dry throat (4 of
5 subjects, but two of these also reported dry throats in the air condi-
tions). While one subject appeared very semsitive to COZ’ having a moderate
headache with dizziness and weakness throughout the inhalatien period, most
subjects were .not aware of the gas conditions and could not detect changes
in their ventilation., During the First work bout, three subjects noticed
sTight headaches which became most intense when exercise ceased (during the

first 3-min of mid-test). For all of these subjects, the headaches disappeared

during the cool-down period {while breathing room air and walking on the
treadmill). AN CO2 reactions were most intense on the first day of exposure.
No headaches were reported during the second exposuye to COZ, only dry
thyoats. These findings hint at the passibility of individual differences

in €0, intolerance and adaptation {habituation, desensitization, or acclima-
tization) to G0y,  Further studies should explore these areas.
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Conclusions

Working at 754 of QD max while breathing elevated concentrations of
02 (50%) or C02 (2% with gO% 02) was not found to affect cognitive and
psychomotor perfarmance as measured by the six tests used in this study,

A trend in the data implied that hypercapnia may impair Eracking performance,
but this pattern failed to reach significance. The data also suqoested

that exercise may have disrupted balance, or viewed another way, that the
stabilometer test way have been sensitive to exercise. Consequently, with

no performance impairment attributed to breathing #levated levels of 02

or COE’ aither these gas Tevels do not influence cognitive and psychomotor
performance, or the measures used in this study were not sensitive to such
affects.

The design of SCBAs is severely limited by the present MAC of COZ'
Since there is no evidence to suggest these subclinical levels cause
physiological dysfunctions,and because there s almost no data available on
the effects of CO2 breathing on cognitive and psychomotar performance,
the current standards appear to be based on speculations. Therefore, if
studies similar to this one repeatedly show nc deterioration in performance,
then the existing MACs should be reevaluated,

If higher concentrations of inhaled €O, were allowad, considerahle
improvements could be made in the life-support capacities of SCBAs, For
instance, higher permissible C02 Tevels would enahle longer usage of the
unit. For instance, shallower beds for the scrubbing agents could decrease
the size and weight of the SCBA unit. If the weight of the SCBA alone can
produce a 20% decrement in hoth submaximal {Myhre, Holden, Baugardner, and
Tucker, 1979} and maximal (Raven, Davis, Shafar, and Linnebur, 1977;

Raven, 1983) work capacity, then using a smailer and lighter unit might
greatly aid physical performance during escape and rascue activities (also
see Margan, 1983). The size and weight consideration hecomes especially
important when considering SCBA users who have limited capacities to begin
with {dué to age, lung disease, Tow fitness level, etc).

While there is not sufficient data available at this time to make
recommendations for raising the MAC of €0y, evidence is accumulating to
suggest the issue be considered in future meetings concerning SCBA standards.

A4
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Previous work in our laboratory (Sheehy at al., 1982) found no effects of
acute exposure (16 min) of up to 5u CO, on behaviaral performance measures;
this study found no effects of chronic exposuve {60 min) of up to 2% €o,.
Continued behaviaral studies may someday establish a stapdard of high
utility which does not compromise the safety of the warker,
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AFPEMNDIX B3:

BREATHING 3-4% CO2: BEHAVIORAL EFFECTS

Max Verpruyssexn

The environmenhal siressory explored in this experimsnt was
breathing elevabed, bud subcliniezl, levels of carbon dioxids
(COZ) while ryunning. ESimulsting an emsrgency mins esgape, =ix
subjects breathed esach of thres ga= mixtures — rpom zixr, 3% C02Z,
cxr 8% COZ -— for ons hour. Conoomitantly, psychonodbor and meEntal
pexrformance teshs were administered pricr o, betwesn, aznd
foliowing two Z0-—min exeroiss boubs &bt 70% of sach subjesct’s
agrpbic capasity., The xaesulds showsed no effescts of these gas2s on
zddition, multiplication, grammatical reasoning, angd balzance on 2
stabhilomeber. Combined wibth previous shtudies which alspo failed o
find evidenoe of impaired performancs, thess findings 211 for 2
resvaluation of the eristing fedsrzl sitandards for the ma2zimum
gllowable concentrations of COZ for sslf-conba2ined breathing
apparatus (SCBAs), parbisularly those used for escape during
emeygencies,

A lack of scientific inforymabion peritzining to the effspts of
breathing elevated, bud subelinigsl, levels of C0OE on cognitive
and psychomotor perxrformance has made it difficult to repommend
revision of the federzl standards for the mzximum =2llowsbls
concentrations (MACs) of COZ. & very low 1limiv for bhe inspirsd
a2ir would initiglly seem desiyable =ince it would prevent po=szible
psychological ang physiclogical resctlions: howsver, meebing such
high standards would graabtly iancresss the size and weight of
respirabory devices, making it more difficult for the wearer o
use them. The MACs must, therefore, bes estabiished with attention
given o minimizging the overall difficulties esccundbered in using
such respirabory devices, parbicularly during emsygency £=0=2Dp2
from mines.

Even though there are no diszbling physiclogicsl effects ox
clinical sympbomzs asspciabted with bhresathing uvp to 5% LC0Z, there
s%ill may be psyshological resgtions, such 2z impaired motox
control, slowed rezctions, disorientation, or diminishsd mentzl
capaonities, which may jeopardizes 2 worker’'s hezlith and safedy.
Impaired cognitive and/or mobtor performance may makes the worker
suscephible ¢0 zcocidents and may decrezse the probability of
survival in emergency situabions.



Frevious reseaych ezploring the effects of acute (15 min o
less) COZ exposures found little evidence of impzired menbal
performance dus %o breathing up bo 6% {0Z. Sheshy, Kazmon and
Kisey {1838%2) expos==4 theix subjechts to 8% =2nd 5% CDOZ (with Z1 =znd
S0% 0Z) for 16 min and found no deteriorztion in the performanecs
of psychomotor (simple reaction bime, pursuit btracking, and choics
response bime}) or mental {shorb—berm memory and reasoning) tasks.
Conperned with the risks duese to COZ ryetention in diving, Henning,
Ezunteyr, Reddzamn, and Lanphiser (13838) found no effechtz of brezthing
€% C0OZ for 10-1%4 mizn on simple and choice reastion time, hand
stezdiness, and pocStural sway.

2 sinilzyry pichure emerges in guantifying the effechzs of
chronig €02 exposuyes. Storm and Giannebbta (1874) exposed siy
zubjiectzs to 4% COZ foxr 14 dzys and found no effents on comple:x
tracking, eve-hand coordination, and problem solving. Glabbs,
Mobs=y, and HWelch (1557) found no effects of bresbthing 3% C0OZ for
5 days or arithmebic, vigilance, hand steadiness, memory, problem
=0lving, angé zuditory monitoring.

Even when exposures ocour during physical work, there is
little evidence Yo support the existing standards., Veroruyssen
and Kamon (1%84) found no effechtsz of brezathing 2% COZ for oms
hour, gduring and fellowing mpoderate o stranupus work, on
shordt—term mendry, reasoning, balange, choice response bimse,;, ox
pursuit bracking., The purpose of the pressnt enperimendt was to
exploze the effepts of prolonged bresthing (60 min) of elevabsd
but subeclinicsl levels of COZ {(i.e., 3% and 48%), during =and
following physiecal work, on cognitive and mobor performsnce.

A11 previous rezezyoch in our lab (Shashy &% 21., 188Z;
Veroyruyessn & Kambon, 18B&) exploxed the effects of breathing =
toxig g==s on Yhe performance of novel experimenbal ba=z=ks. This
seemed ressonable sinoce othey investigaitoys had found such
measures sensitive o obhery sbtressore (e.5., nitrogsen nasroosis,;
hypoxuia, c2rbon monoxide). However, dus to the shesp slope of the
apguisition trend obtainsd in previous sbudiez (e.g., Verpruysssn
& Kampn, 1884) znd thes fact that most agtivitiss encountszred iz
esecaping from mines are well-lesrned, a different approasch was
enployed for the preszent experimend, Assuming the effegt of z2n
enviypnmenbal stressor is measured by the devistion from ophimal
perforgznoe produced by exposing the subjsct o bhe stresssoy, ths
oonoern of this study was the z2mpunt of deviasticn from =2 stshise
best pexformance stabe. Learning pilod studies debermins=d the
gcguisition pabbterns and the number of drisls to0 2 criterion “near
a=zymprtobtic performance level.® A1l subjeois were rsgulired o
zttain this level befors stariing datz collection, The medicsl
suppoxt reguiryed in thesze ejyperiment=s makes them very sxpen=z=ive,
and minimizes the numberx of subjects that could be tesbed.



Method

Enbhiechbs & Design

Bix xight-handsd, baardless, male university graduzts
=tudendts volunbeesyed o s=xve as paid subjects. Prior o
participating in the experimsnt, 211 subjsots received & madiosl
examninabion,; including exerycise toleranse and puimonary funchion
tesks, All weye nonsmokers 2nd in good genseral health, Theilwx
dempgraphic characteristics are shown in Table B3-1.



Tahle B3-1. Subject Demographic Characteristics

‘\.Io?max
_ Age Height Body Mass Body Fat AR ax ) iy 2
Subjects (yrs) {cm) (kg) (%) (bpm)  {ml-kg” "-min" ")
7 27 180.7 77.0 16.3 193 49,5
2 27 182.6 80.0 9.0 178 5.3
3 23 190.3 71.4 12.4 190 58.5
4 33 175.3 62.8 20.1 193 44 .4
h - 28 177.8 69.6 18.3 190 . 50.2
6 2 187.5 78.7 10.4 188 51.3
Group Mean = 27 182.4 73.2. 14.4 189 ' 51.5
Standard |
Deviation = 4 5.7 6.5 4.5 6 ' 4.9
Note: MR .. = maximum heart rate; Qo'max = maximum oxygen consumption (aerohic capacity)

2 .
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& two—factor, repested measurss 3 K 3 {82z =nd Tesiks) design
wzs employed Lo anzlyze data from e=ch of four dependent mszsura=.
Three gas concenbtretion conditions were employsd: =2 ¥oom ailx
control, 3% €02, and 4% C0Z. Performencs tests ware s2dministersd
prior t0O; beﬁwean, znd feollowing two exeroise bputs. For eazch
session, each subject breathed ons of thres differsnt gas miztures
during 2 one—hour inhalsbtion period frpm the omset of the fizrst
exerzisse bout to the end of the post-test following the second
bput,

The pre—-test was always a2 fully resbved; room 2iy gonbrol
gonfition while the mid~— and post—tests followsed exerpise z2nd
ooourred during the gas inhaliztion pericd. Bubiechts were randomly
as=igned to counbterbalanoed randop combinations of ga=z conditions.
The ordery of tests within each performazngs batbery was also
counbarbalanged.

Etressoy Conditiopns

The stresssor condition for this study was similar o 2 minsr
breathing 3% =nd 4% COZ for one hour, the expected 1ife of 2 SLB2
ezcaps unit, while running slightly ovey bthres miles as fast as
poEsible.

zerpise. Duxing the exercise perigds, esch subiseb ran for
15 min on 2 trezadmill with the cpeed angd grafte adiusted to yvisld
an DZ uptzke of 70% of his VOZm=x. Each experimenizl ssssion
consicted of two such work bouts spaoed with pre—, mid—,;, and
posh-be=zts, eacgh lashting =pproximately 15 minubtes, furing which
the dependent meazures were collected. Oxvgen upitake szmples wers
baken during shteady stadte running while bresthing room aix in
orger to repord actual exesrcise intensity. The average inbemsity
for the grouvp was 7i.6 (% 3% BD) of VDEm=x. Oz the average, tha
subjests yan =1ightly over bthres miles par day at their sstimated
mazimun spesds,

¥hile pn the trezdmill the sabkjects were cocled with z2n
elegbric farn placed directly in frond of them. Chest slechbyrodes
were connected bo a Respivonigs Digitsl Exesrssntzy (8BN) fox
moniboring average hesrt rate., The expsrimsnt was conducgted iz 2n
zir—ponditioned laborziory where the room tempeyature rangsd from
23 1o 25 degreses cenbigrads. Alss, mezzures were taken o conbrel
ambient light and sound.

Carbon Dipxide Inhalstion. & 150-1liter Douglas bsg ssrved as
& mixing veservoiy inte which room 2iy, COZ, 2nd 02 wers mixsd
before heating 2nd hunidificabion by passage through wazrm watser
enroute o the subject in an ocpen—circuit system. The inspirsd
ge= mixbuye was controlled by pontiznuous monitorizng of an Applisd
Eigoctroghemistyy 5-32 Oiygen Anzlyzery and an LE-Z Beckman Medicsl
Gaz COZ Analyzey. Thres gas minbures were ussd in this study:
{1} room alr (0.03% COZ and 21% 02}, (2} 3% COZ (with S50% 0Z), and
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{g) 4% CO0Z (with 50% 02). The prescribed gas mixbure (1 0.1% 8D)
was inhaled for a peripd of 60 minubes (3 Z min 80 during esch of

the ezperimental sessions., Expired aly was releassd into 2 wsll
ventilated testing room.

Performance M=azzures

Four performance tasks were adminisisrsd, eash in a pre-,
mid—, and posht-test formab. Grammabical ressoning and arithmebico
tasks (2d4dition and multiplicetion) were considersd cpgnitive
tacks which guantified decision-—making spesd z2nd apoursoy; balancs
was gonz=idered a psychomotor bask reflecting vesbibular integrity
and neunromusgular conbyel. Selechbion of these behavioral measures
was base€ on preliminary pilot studiss and yresulis from other
investigabions using different stressorxs. These measures ware
ponsideraed rvepyessntative of ceriain skills nepesssry o
suncgessfully escape fyom a mine during an emsyrgensy¥. Any
pexformance degradation due to CO0Z2 inhaslation andfor exerpise
would provide valusble informstioz in defining the de=sign
paramehbers for escapse insbructions, emsrgancy apparabus, and
mining safeguards.

Six counierbalannsd orders of tezbz were developsd with e=ch
subject being yandomiy a2s=signsd bo one of the ordsrs. Befors
beginning the experimesnt,;, ezch subisct repeived a2t least four days
of practice with immediate knowledge of resulits o esbzblish neaxr
asvapbotic performance levels on e=ch of the perxformance messuyes.
Theszes neay asyompbobic levels were reeshablished in 2 practice
period prior Lo ezach testing sessipn. The ampunt of practics
given was bassd on leayning pilot studies =nd by resulids obizinsd
by obher investigators (Sheshy et 21., 1898Z; Vercruyssen,
18BZ; Verocruyssen, & Kzmpn, 1884).

Grammabical Eezzoning., Rezsoning, base4 on grammabigal
transformations (Baddeley, 1S9£8), has been shown to bz 2 sizble
{Carter, Kennedy, & Bitiner, 185B8l; Kennedy & Bitbner, 1378; Rosse,
18728) mebric of "highsr mental prooeszsesz® that is =sen=itive o
nitrogen naveosis {Baddeley, de Figuerido, Hawkswsll Curiis, &
Willizms, 188B), ags {(Webdb & Levy, 188Z}), hypoocszpniz {(Gibson,
1878), ozyhelium diving (Lewis & Baddeley, 1981), and trimiz
breathing during dives of 660 meters (Logie & Baddeisy, 1583).
This test consisted of a thyee-minubte bazk adapbed fzrom Baddeley's
{1858) grammatical transformation task. Sszted in front of 2
cathode ray isrminal (Digitzl VITSZ-AE), the subjsots rez2d =
statemsnt followed by 2 pair of letters, decided whather or nob
the sbabtement matched the letter pair, and then enbersd the
eppropriate "Truse" oy "Falss" rezponss ot 2 one of bwo keys
adjecent the reburn key on & sitzndayd zipha-numsrig keybozrd.
Responses were magde with the indexy {(fales key) or middie finger
{(true kKey) and zring fingsr {reburn key). The stabtemenbs ware
randomly drawn from 64 possible ocombinations of six binary
gonditions (=e=e Baddeley, 18£8; Baddeley et 21., 18E8) and were



presented one—sb-~a-time until the thres-minube bims inderval
elspsed. \ :
The fellowing are examples of the statemsnts precsented:

Tyue py False, & follipws B —-— A8

True oxr Fzlss. B precsdes & —— Ba
True pr Falss, B does not foliow &2 —— AB
True or Fzlse., A is not preceded by B — B2

The stimnlus presentabion and d=2%a collection were complebely
on—line using a Digitzl Eguipmesnt Corporation {DEC) PDP 11
computer. The oribtesrion measures were the response rate (i.e.,
the bot2l numbexy perforxrmed in ezch 3-min interval}, acocurzasoy
{l.2., numbsr of corract responses/totz2l number of ressponsss), and
response times for each siabtemend.

Arithmetis Tasks. Tasks similayr o dbhe =244ition and
multiplication btests harein describesd have bessn shown Lo be
sensitive Lo slesep gdeprivabion (Hebb & Levy, 188Z:; Hilliams &
Lubin, 1887; Wilkinson, Edwards, & Haines, 1586} abrupt awakening
at diffeveant bimes of night {(Wilkinson & Stretbon, 1571),
hyperbaric and cold conditionz (Hanpook & Milner, 1582Z; O‘Resilly,
1877), slevated body tempervature (Wilkinspn, Fox, Gopldsmith,
Hampton, & Lewis, 1584}, hezt sirzss (Bataman, 1981}, exesrsiss
{(Gutin & DiGennaxo, 1558z, 18E£E8b),; oxvhelium diving (Bsddeisy, &
Fiemming, 1587; Lewis & Baddeley, 1981), trimixz dives %o &££0
meters {Logie & Baddeley, 1883), xepsated diving (Mosller,
Chattin, Rogers, Lazzr, & RByapk, 1981), and compress=ed gas=e=
{carbon diopuide, boxygen, and nitrogsn —— Haszzr, Fagraeus, &
Adplfson, 1878B}. Moreover, an arithmebic tssk has besn ussd by
Movygan and Alluisi (1572) as synthetic work in the assessment of
humzn performanoce. Such tasks have also bsan shown to be 2 stable
metric in the development of performance evaluzstion bHests for
environmental researyrch (Kennsdy, and Bitbner, 1978; Sszles,
Kennedy,; & Bittmer, 15B0}).

1. 2dditipn Test. This test involved simple vertical
gddition. The subjects were presented problems, each comprissd of
five rows of two—gdigit numbers,; o be sumnned as guickly and
accurabely as posszible, Using the digits 1-8, numbesrs wers
randomly gsnsrzbed for each problem. Fiftesn problems appeared iz
three vows of five on ezch form; 13 eguivzlent forms were rvandomly
az=ignad 2oross subjepts a2nd gondivions. The zubjeots praoticed
for 30 ==¢ {a wayrm—ugp) before completing as many problsme acs
possliklie in Z min., The oriterion messurss were bthe numbsr of
problems completbted {(spe=sd) and the percentzge of errors
{acouracy). To ensure the maximum speed was obitzined, the
subjects were sncouragsd to make 5-15% errors.



Z. Mulbiplicabtion Test. Iz this best, subjects were

presented problerns whisch werye bo be mulbiplied as guickly and
acouratsly a= possible. Each problem consisted of a threse-digit
multipiigand, a two-digit mulbtiplier, and a2 five-diglt produch,
Uszing the digits 1-9, numbers were randomly generahesd for the
pultiplicand, the digits 2-8% were ussd for the multiplisx, with
the resitriction that the product must be 2 five-digit mumbsy. &
Fiftsesn problems zppezaved in thres rvrows of five on sach form; 1
egquivalent forms were randpmly a==signed acyoss subjecht=s and
gonditions. The subjeots were given a 30-z=ec prachice period
befpre baginning the Z-min tsst. The oriterxion measures weEre the
number of problems completed {cspeed) and the peroentage of errors
{soouracy). To ensure mazimum spe2d,; the subjechts wre encoursgsd
o make 9—-15% errors.

3

Stebilometery Balencing., Since digziness gnd lo=s of balance
are gharactervistic clinipal symptoms assosizted with COZ2
ivrhalation, bhe a2bkility of Lthe subject bp maiantain his balances on
2 horizontal pivoting platform stabilomster. This mezsure was
2lso selephed bepsuse of the izformaticon availzhle on iss
susceptibility %o practioce (RByzan, 18585) and fatigunsz (MNunmnsy, 1553}
as well z2& ibs rebvention (Hyan, 186ZL) snd strezs reachtion {(Ey=an,
1862z) characteristios. The apparatus consisted of 2 37.5 om ¥ 35
cm ¥ 2.1 on wooden platform with an axie and beayings positionsd
directly beneath such that the subject could stand on i+,
=btraddling the z2xle; and atbsmpt ©to balzange —— kegp bthe plaitfiorm
horizontal., Microswibches were positionsd om the sizbilomsier
framz %o record the amount of time the platform was Hilses
{cff~belenpe). A Huniter Decade Interyval Timer wazs us=d Hp limit
the repording period to Z0-s=oonds. & Hunbesr Mpodel ZZ0C
Kilpocshkounter was used o record the totzl times the subjzot was off
balance pexy Z0-=25 btrxiazl. ERigorous $xaining {morese than 150
practice txials) precadei the staxrt of the experimsnt. In f=ob;
all subjects experiencesd keeping the platforxrm horizonbel {(i.e.,
8.0 sec off-bzlance) for the sntire Z0-zzo test) =omz2 subiszobs
wegre able %o 80 this consistendtly. The subjeot performsd five
brials,; sepsrated by approximstely 30-zsc inber-trisl rest
intervals, during each btest.

# Begzsuse of the eass in computing, mulibiplicstion
problems usged in future studies should not use identical
multipiiers {(e.g.; 785 = BB = 77?77},



Frpoedurse

Ezch subject participated in eight sessions; onse per day.
Fpllowing &n exerciss toplerance Lest (Day 1), each subizot
participated in four 150-minubte pragbice sessions, one sach day
{Dzy=s Z-5), before receiving = counterbalanced random order of
gxperimentzal sessicons (Days 6-8B)., The first practice szssion was
used o explair the experimeni,; complets the informsed conssnt
dopunesnts, introduces the depesndent measures and expsrimezntal
protocol;, angd provide conszsiderablie praobics oh each of the
pexrformance measures. In the courss of thess praetice ssssions,;
the subjects experisnced at least 38 3—min grammatical ressoning
bests, 150 Z0-seo stabilomeber besis, a2nd 12 Z-min add4ition and
multiplication test. Also, the subjscts ran on the brezdmill
while breathing the highesd concentration of {02 (4%) to bacoms
familiay with the experimentsl protoools, the respiratory hosss,
treadmill running and the stressor (C0Z inhzlation). Thus, thesa
subjects ware performing well-lsarned tasks and had previous
experienge with 211 aspzobs of the ezperimental proocedurss,;
ingluding familiavyity with the stressor itsslif.

Fogllowing the practice sessions, the probocol i1llustraded in
Figure B3-1 was used each day. Each ezsperimentzl sss=ion book

approximatsly 135 min to complete and weyre spaced with a2t lgast 2
£8-hpour rest interval.
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IMHALATION

«in

|
L2

PRE- [F0% VO2max] mip- [70% VO2maxi posT- cooL

o PREP | PRACT |TEST| - RUN - | | TEST | DOWN
mnY: O 30 A5 — 6 75 — €0 105 —120 —135

Figure B3-1. Protocol for experimental sessions
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Upon arrival to the laborxaitory each subjech was fithbed with chest
glectrodes, given & brief warm-up on each task, and then givazn the
pre-~best performance messures which were complebsed in
approvimabtely 15 minube=s. Asymptotic performz=nce levels were
unsually repshtablished in one txizl for grammsaticsl reasoning,
z2dditvion, and multiplipcation. The siabilomster usually reguired
10 trisis. In all, prachtice and preparatbion boballied ZL4.7 mizn (%
4,2 8D),

The pre-test measures {(control ——- no faoe mazk, no exexgiss,;
no gas mizbures) were gathered in Z5.2 min (+ Z.8 BD). Tha g=s
inhaliation periocd began with thz subjepd running on 2 bresdmill
for two 15-min work bouts 2% an intensity eguivalent to 70% of his
aercbic capaciby. Babween and folliowing thess work bouts wsre ths
mid- and posi-te=tz, respeotively, each elsc lazbing spproximately
1% min (mid-te=bt was i6.6 min 1 1.5 8BD; posb—best was 15.8 + 3.5
El}. The fazoe mask was removed after the post—-test, making the
total inhalation pericd €4.4 min (1 3.5 BD), and the subljzct was
raguired to walk oz the trezdmill =2t 3 mph for at lsast € min as =2
"cogl-down? before deparbing the lab. During and following the
popl-fown, the subjent wzs acsked o provide subjective information
or hi= perceived exexbieon, olinical symphoms {discomforbts},
performance guality, eto. A1l eight testing se=z=ions per subjech
werse gonpleted within thres wesks.

Trezstnent of the Dats

The depsndent messures were analyzed using s multivarizits
analy=sis of variance on repssbed meazsures (Bames, 188Bi1; Gamss,
Gray, Herzon, & Pitz, 1880). &Al1ll post-hoc folliow-up anslysss were
fone using bthe Tukey Wholly Significgsnt Diffsrsnce (KED)
technigue. In aill cese=s, the level of significencs was p = 0.035,
An 2d44itiomal univariate analiysis of the repezted meazsurses was
performed on ezch subject Lo best for lezrning {(ssguenge) effizots.
{See Jack=on and Raven, 1883, for a discussion of shabistical and
researph g8esigns for industrizl respiratory researoh.)

Results and Disgussion

Performance means 288 standayd deviations for sach dependend
meaasure aye shown in Table B3-Z,



Tzbls B3<Z Performance Means and Standard Deviations

AR 3% CO2 4% CO2

FPRE MID | POST FRE | MID | POST FRE | MID | POST
z g 13.8 13.7 14.0 13.3 14.5 13.8 13.8 13.3 13.0
g ks +3.1 +2.9 +2.5 +3.6 +3.0 +4.1 +4.0 +2.4 +4.1
C *: + + + + b * +
e % 12.5 14.7 1.2 6.0 | 9.0 8.3 12.7 7.8 8.3
S EmmroRs] +10.5 +9.4 +2.9 +4.9 +3.2 +10.7 +15.4 +7.5 +5.0
=
e g 30.0 30.2 30.3 28.3 30.7 31.0 29.7 33.0 28.5
s +7.7 +65.4 +7.9 +7.9 +7.3 +7.6 +6.3 +6.2 +7.0
& % 9.5 7.8 13.3 16.0 11.8 9.0 6.7 6.0 13.2
g cemRos] 8.1 +12.5 | +15.5 +16.2 +9.6 +10.0 +5.6 +1.8 +8.1
2 98.2 101.8 | 102.3 98.3 102.3 101.0 107.3 104.8 | 107.2
z 7 +17.0 +14.0 | #15.2 +15.6 +16.3 +17.0 +29.2 +30.6 | +29.1
Q — — — — —_ — : = —
R 6.7 5.5 5.5 5.2 5.7 7.9 6.2 7.5 7.3
¥ ERROAS]  +5.4 +3.5 +4.0 +3.0 +3.4 7.7 +3.7 +3.9 +5.5
TRIAL 2.34 5.00 4.69 1.57 3.25 4.36 1.85 4.07 4.67
& 1 +2.12 +3.23 | +3.49 +1.48 +1.96 +1.77 +1.50 +2.85 | +2.90
w .
w  TRIAL 1.34 4.21 3.62 1.44 3.89 4.00 1.99 4.6 4,28
= 1-8 +1,58 +2,52 1 +42.38 +0.83 +2.06 +2.10 +0.52 +2.58 | +2.82
pul
- TRiAL 1.96 3.96 3.41 1.30 3.76 3.74 1.62 3.89 3.94
« 1-5 +1.61 +2.33{ +2.2% +1.01 +2.07 +2.10 +0.9% +2.57 | +2.75
hi
o THIAL 1.86 3.70 3.07 1.18 3.61 3.40 1.57 3.82 4.15
2-5§ +1.04 +1.87 | +1.54 +0.55 +1.49 +1.71 +0.45 +2.20 | +2.62
Note: + = standard deviation; # = number of items completed; “ error = relative number of errors; AL =
U.03% €0, 21% 03 3% C0p = 37 (0, 50% Uy 4% €O, = 4% C0,, 50 0, PRE = pre-exercise test;

MID = mid-exercise test; POST = post-exercise test.
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Only two mezsures produced significaant resulds {p € .05}):
mpultiplicabtion rate aznd time off-bzlangos on the shabilomster. The
mean multiplication rates as a funotion of inspired gases and
tests are illustrated in Figure B3-Z. Nexd to each msan rabe
value i= the mezsn psrcentage errors for that comditiom.
Mulbipiigation rate was signifigsatly faster [F (2,10} =
7.57; = .0013, with the lowsst percenbtage of errors, omn the
mid—-test while breathing 4% COZ thazn when brezthing obhexr gas
mizbures, This finding is 8iffiould do inbexpred, however, since
breabhing 4% CDZ slsoc produced bhe slowsst muliiplication razide on
the post—tezt. I% is nob clear why such mid- and posit—Hesh
gifferences occourred.

%)
- L
= (] 4% CO2
Ei € tg A .L 
% 534 ‘ : 8 oncoz
N 3% C02 4 “G AR
u 31 ;f &c Eg
< 1053.".". (5 seeneedes 313 AR L
£ 7 8 L 5
29 4%, coz  © G
L ! e
| 16d ©i3 E a
PRE  MID  POST PRE MDD  POST
TEST TEST =~

Figure B3-2. Mean multiplication rate and time off-balance as a -
function of gases inhaled and tests. Percentage
errors per condition are indicated next to each
multiplication rate.

Mezn time pff-balance during the plaitform shabilomster
testing i=s also shown in Figure B3-Z as a2 function of inspired
gazses anad btests. Balangs was significaztly igpaived [F (2,10 =
14.58; p = .0011 on the mid—-test (M = 3.72 sep) z2nd post—itests (M
= 3.58 s=g) comparedf bo the pra-tesh (M = 1.58 ssz) —— presumably
due Lo exergicses angd the addsd yespirebory noszs. Howsvery, beozuse
the purposs of this study was to exployese the effescts of thesz gas
concenbrations on performance while simulabing the conditions of =2
mine ss=cape, exercise was not an independent varizble and was
therefore intesntionally confoundesd in ths dssign. Thus; it cannot
be concluded that exeroiss producsed thess effectzs beczuss there
was not 2 control condition of breathing the gases without
runznipng. Despits the fact bthat the valuss gbitainsd on the
pre—tests were very similay — suggeshing high inter—-test



reliability —— the gas trend shown on the post—test was not
significant {(p > .035).

The most meaningful finding is that the gas concentrations
inspired d4id not impair cogunitive or psychompbor performance. If
aayvything, as unusual 2= it ssems, the trends shown in Figuyre B3-2
hint that COZ and exercicse may even improve multiplication rate
undsy oerytein conditions. Other than the twpo effescts herein
mentioned, none of the other main or indeyrastion effecits tesis
wers signifigant {p > .05).

Verpruyssen and Kamon (1884) warn against the
misinberpretastion of pull results iz stress studies similay o
this one. affirming the null hypothesiz —— that therse i= no
effent due to the streszor conditions -—— i=s not grounds feox
raising the MALD for COZ It simply means that under the conditions
spegified, theses dependent measures failed $o show 2 sensidvividy
to COZ Thers etill remzins the pos=ibility that under slighily
gifferent circumshtances, or with differsnt dependent messures,; C0Z
at thess levels might have produesd significant effepts. I
numerous other dependendt messures were enployed and =211 fallied bo
reveal COZ effects bhen there might be evidenoce supporting the
notion that humans pan btoleyabte these subolinicsl levels of COZ
without suffering from impairmentes in coganliitive and mobox
performanca.

Yergruyssen ang Kamonm (18B4) alsp identify pobentizl
confounding varizbles to be considered in evaluabing the sitsrn=l
validity of such studies. Most imporbant were sge, hezlibth, body
sige, fitness level, veolunbesr and smoking shebus, COZ
sensitivity, degyres of lung impzirment, sxpsrisnce, gengder, angd
personality charachberistics. The subjecHs in this study m2y nob
have besn yepryesentstive of the population of individusls nsing
ECBas., To maximize statisticzl power, bthess subisots comprissed a2
homogensous populabion of hezalthy, young, active, nonsmoking,
gdunldt msie voluntesryrs with relatively high fitaness ievels. Eaoh
demographic charzcteristic provides 2 possible sourpes of
svyshemabtio variance and, therafore, must be given caraful
cons=igeration when interpreding bthe zesulit=s of this investigation
{(ailso se2 Ayoub & Ssian, 1881; Dempsey, 1573; Kamon, Doylie, &
Kovas, 1983; Morgan, 13983; Vercruyssen & Kamon, 13581),

Ezgh subjeot experienced bwo ssssions of €0Z inhzalation. The
most freguently reporbted sympbom during these exposuresz was =2 dry
bhroat (&€ of § subiecht=, but two of these aliso reporied gdry
throzats in the 2ixr conditicons)., MWhile ons subject sppeared very
sensitive bto COZ having a moderabe headache with dizziness =nd
wezskness bShroughout the inhaletion pericd, most subjesohz were nob
awayre of the ga= oonditicon=s and could not dstscst changes in theilr
ventilzbion. During the first work boud, bhryss sublects noticsed
slight hezdaghe=z which became most intenz=s when sxsrpiss gesssd
{guring the first 3-min of mid-test). For =21l of thess subiests;



the hezdache=s disappeared during the cool-down perisod {while
brzathing room =2ir and w2lking on the treadmill). A1l COZ
re2anbions were most intenss on the first day of exposure. No
headaches were veporbed during Yhe second exposure o COZ only dry
throats. These findiangs hint a% the possibiliby of individusl
differencez in CO0Z toleranges =nd sdaptation (habituation,
desensitization, or acclimatization) to COZ Furbher studaez shonigd
exploye thessz aress.

Emargency breathing sysbems, e.g., SCBA=s, must bes abis 4o
sustzin 1life =2nd maximize bhe probability of successful escaps
from 2 hazardous environment without constraining the ezcape
scbivibies of the ussr., Binoce thers i=s no evidenos o suggesh
thez=e subelinical levels causs physiplogiczl dysfunchbions and
begauses bhers is slmost no dabe aveilabkie on the effech=s of CDZ
brezthing on cognitive and psychomotor perforxmance; the currsnt
standards appear o be bacsed on spesulations. Thersefore, I
sbudie=z similar to this one repeatedly show no dsberiorabion imn
performance, then the existing MACs should bs resvalusted., If
higher concentraticns of inhaled COZ weye zllowed, comsiderable
improvements could be mzde in the life-support capacities of SCEas
{ze2e Vercruyszen & HKzmon, 1384).

Conciusions

Breathing 2= high a5 4% C0Z for ons howr, during and
following physieal work, d4id not impair cognitive and mobor
performance (i.e., addition spsed or acguracy, mulbipiicsbion
aopuracy, reasoning spesd or agouracy, oy stabilomeber balance).
Bresthing 4% C0Z caused an unsxplainsd improvemsnt in
multiplication but this finding is 4difficult to interpret =nd the
zauthors a2¥e rveiuctant o suggest thabt brsathing COZ improves
mental pexformance. The data also suggsshted that sxercise may
have disrupbed balance, or viewsd another way, that the
stabilomstery test mzy have besn sensitive Lo exeyocise. Finding ne
perfoxrmance impsirment abtribubed do breathing elevatbed levels of
CDZ may be explzined iz one of thres ways: {1) the cognitivs
processes reguivred to pexrform the experimental basks are flexible
enough bo mitigste the effechts of the siressocr, (Z} the depsndend
measures enploysd were not sensidive to the tvpes of degredaticon
gffects encountered,;, or (2} bresathing up o 8% COZ doss not
significantly impair cogniitive and psychomobor performance
e=zential to mins eszcaepe. The subthorz are incliinezd o believe ths
lather,
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BEHAVIORAL EFFECTS OF BREATHING 3% AND 4% CARBON DIOXIDE

DURING AND FOLLOWING PHYSICAL WORK*

Max Vercruyssen and Eliezer Kamon

Ergonomics Unit
Laboratary for Human Performence Research
The Pennsylvania State University

University Park, PA
U.S.A.

16802

The envirgnmentel stressor explored in this experiment was breathing elevated but sub-

clinical Tevels of carbon dioxide (C0p) while running on a treadmill.
gency mine escape, six subjects breathed, for one hour, each of three oas mixturas:

3z 0,, or 4% (o

Simulating an emer-
. rogm air,

Concomitantly, psychomotor and mental performance tests were administered

prior-to, betweeg; and following two 20-min exercise bouts at 70% of each subject’s aerobic

capacity.

The results showed no effects of these gases on performance, &s measured bv addi-
tion, multiplication, grammatical reasoning, and balance on & stabiTometer.

These findings

call for a reevaluation of the existing federal standards for the wmaximum allowahble concentra-
tions of C0p for self-contained breathing apparatuses (SCBAs), particularly those used for

escape during emergencies.

Althaugh there are no disabling physiological
effects or clinical symptoms associated with one-
hour breathing of up to 5% COp, there still may be
psychological reactions, such as impaired motor
controi, sTowed reactions, disorientation, or
diminished mental capacities, which may jecpardize
a2 worker's health and safety. Impaired cagnitive
and/or motor performence may make the worker
susceptiblie to accidents and may decrease the
probability of survival in emergency situations.
Therefore, it is important for applied as well as
theoretical reasons to study CO2 inhalation as @n
environmental stressor.

Previous research exploring the effects of
breathing elevated but subclinical Tevels of CO2
have consistently failed to demonstrate dearadation
in performance. Sheehy, Kamon and Kiser (1982)
exposed their subjects to 4% and 5% COz {(with 21 and
50% 0p) for 16 min during which the subjects ran on
a treadmill at 80% Vgomax for 10 min. Up to 5% COg,
they found no deterioration in the perfarmance of
psychomotar tasks (simple reaction time, pursuit
tracking, and choice response time) or mental tasks
(short-term memory and reasoning). Concerned with
the risks due to COp retention in diving, Henning,
Sauter, Reddan, and Lanphier (1983) found no effects
of breathing €% COp far 10-14 min on simpTe and

choice reaction time, hand steadiness, and postural
" sway. Storm and Giannetta (1974) exposed six sub-
jects ta 4% COz for 14 days and found no effects on
compiex tracking, eye-hand coordination, and problem
solving. Glatte, Motsay, and Welch (1967) found no
effects af breathing 3% COp for 5 days on arithmetic,
vigilance, hand steadiness, memory, problem solv-
ing and auditary monitoring. Recently, an experi-
ment was conducted by Vercruyssen and Kamon (din
press) which found no effects of breathing 2% C0p
for one hour, during and follgwing moderate-to-
strenuous work, on short-term memory, reasoning,
baTance, choice response time, or pursuit tracking.
The purpase of the present experiment was to
increase the gas concentration used in the previous
experiment to expliore the effects of breathing 3%
and 4% COp, during and following physical work, on
cognitive and motor performance.

METHOD

Subjects and Design

Six right-handed, beardiess, male university
graduate students volunteered to serve as paid sub-
Jects. ATl were nonsmokers and in good general
health. Their mean age was 27 years; their mean
aercbic capacity was 51.5 mi-kg-'-min-!. Prior to
participating in the experiment, all subjects
received a medicel examination, inciuding exercise
toterance and puTmonary function tests.

A two-factor, repeated measures 3x 3 (Gas x
Tests) design was employed to anaiyze data from each
of four dependent weasures: rezsoning, additiom,
multiplication, and balance. Three gas concentration
conditions were employed: a room afr control, 3%
€0y and 4% CO,. Subjects were randomly assigned to
counterbalanced random combinations of gas condi-
tions. Six counterbalanced orders of tests were
developed with each subject being randomly assigned
to one ¢f the orders.

Stressor Conditians

The environmentzl stressor imposed in this
study was breathing 3% and 4% COp for one hour--
the expected T1ife of a SCBA escape unit--while
running slightly over three miles as fast as possi-
bhTle. During the exercise periods, each subject
ran for 15 min on a treadmill with the speed and
grade adjusted to yield an Oy uptake of 70% of his
Vo-max. Each experimental session consisted of
twg such work bouts spaced with pre-, mid-, and
post-tests, each lesting approximately 15 min,
during which the dependent measures were colliected.
For each session, each subject breathed one of three
different gas mixtures during & one-hour inhalation
period from the onset of the first exercise bout
to the end of the post-test following the second
bout. The pre-test was always a full rested, roam

*This is a condensed version of a contract
report for the U.S. Department of Interior, Bureau

of Mines. For further details, see Vercruyssen
{Note 1).
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a2ir control condition, while the mid- and post-tests
followed exercice and occurred during the gas
inhalation period. Three gas mixtures were delivered
in an open-circuit system: (1) room air (0.03% CO,
and 21% 0,), (2) 3% €0, (with 50% Op), and (c) 4%
€0 (with 50% 02). : :

Performance Measures

Four performance tasks were administered, each
in a pre-, mid-, and post-test format. Grammatical
reasoning and arithmetic tasks (addition and muiti-
plication) were considered cognitive tasks which
guantified decision-making speed and accuracy;
balance was considered a psychomotor task reflecting
vestibular integrity and neuromuscuiar control.
Selection of these behavicral measures was based
on preliminary pilot studies and results from other
i{nvestigations using different stressors. These
measures were considered representative of certain
skills necessary to successfuliy escape from a mine
during an emergency. Any performance degradation
due to CO; inhalation and/or exercise would pro-
vide valugble information in defining the design
parameters far escape instructions, emergency
apparatus, and mining safeguards.

Before beginning the experiment, each subject
received at Teast four days of practice with
immediate knowledge of results to establish near
asymptotic performance levels on each of the per-
formance measures. These near asymptotic levels
were reestablished in a practice period prior to
each testing session. Following are brief descrip-
tijons of the performance tasks, details are avail-
able elsevhere (Sheehy et al., 1982; Vercruyssen,
Note 1; Vercruyssen & Kamon, in press).

Gremmatical Reasoning. Reasoning, based on
grammatical transformations (Baddeley, 1968), has
been shown to be a stable metric (Carter, Kennedy, &
Bittner, 1981) of "higher mental processes" that is
sensitive to nitrogen narcosis (Baddeley,
de Figuerido, Hawkswell Curtis, & Williams, 1968},
age (Webb & Levy, 1982), hypocapnia (Gikson, 1978),
oxyhelium diving {Lewis & Baddeley, 1981), amnd
trimix breathing during dives of 660 meters
(Logie & Baddeley, 1983). Criterion measures were
response rate {i.e., the total number performed in
each 3-min interval), accuracy {i.e., number of
correct responses/total number of responses), and
response times for each statement.

Arithmetic Tasks. Tasks similar to the addi-
tion and multiplication tests herein described have
been shown to be sensitive to sleep deprivation
{Webb & Levy, 1982) abrupt awakening at different
times of night (Wilinson & Stretton, 1971), hyper-
baric and cold conditions (Hancock & Milner, 1982),
elevated body temperature (Wilkinson, Fox, Goldsmith,
Hampton, & Lewis, 1964), heat stress (Bateman, 1981),
exercise (Gutin & DiGennaro, 1968a, 1968b), oxyhelium
diving (Lewis & Baddeley, 1981), trimix dives to 660
meters (Logie & Baddeley, 1983), repeated diving
(tMoeller, Chattin, Rogers, Laxar, & Ryack, 1981), and
compressed gases (carbon dioxide, oxygen, and nitro-
gen (Hesser, Fagraeus, & Adolfson, 1978). Moreover,
an arithmetic task has been used by Morgen and
AlTuisi (1972) as synthetic work in the assessment of
human performance. Such tasks appear to be suitable
performance evaluation tests for environmental
stressor research (Seales, Kennedy, & Bittner, 1930).
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The addition test involved simple vertical addi-
tion. The subjects were presented problems, each
comprised of five rows of two-digit numbers, to be
summed as quickly and accurately as possible. The
subjects practiced for 30 sec (a warm-up) before
completing as many problems as possible in 2 min.
Criterion measures were the number of problems
completed {speed) and the percentage of errors
(accuracy). To avoid speed-accuracy tradeoffs inm
responding and to ensure maximum speed of response
execution, the subjects were encouraged to make
5-15% errars.

In the muitipiication test, subjects were pre-
sented problems which were to be multiplied as
guickly and accurately as possible. Each problem
consisted of a three-digit multiplicant, a two-digit
multiplier, and a five-digit product. The subjects
were given a 30-sec practice period before beginning
the 2-min test. C(riterion measures were the number
of problems completed {speed) and the percentage of
errars (accuracy). The subjects were encouraged
to make 5-15% errors.

Stabilometer Balancing. Since dizziness and
Tass of balance are characteristic ¢linical symp-
toms associated with CO; inhalation, the ability
aof the subject to maintain his talance on & hori-
zontal pivoting platform stabilometer was measured.
This task was also selected because of the informa-
tion available on its susceptibility to practice
(Ryan, 1965) and fatigue (Nunney, 1963} as well as
its retention {Ryan, 1962b) and stress reacticn
(Ryan, 1962a) characteristics. The eriterion
measure was the total time the subject was off
balance per 20-sec trial. The subject performed
five trials, separated by approximately 30-sec
inter-trial rest intervals, during each test.

Procedure

Each subject participated in eicht sessions,
one per day, all within & thres-week period. Follow-
ing an exercise tolerance test (Day 1), each subject
participated in four 150-minute pracice sessions,
one each day {Days 2-5), before receiving a counter-
balanced random arder of experimental sessions
(Days €-8). During the practice sessions, subjects
experienced at least 36 3-min grammatical reasoning
tests, 150 20-sec stahilometer tests, and 12 2-min
addition and multiplication tests. Also, subjects
ran on the treadmill while breathing the highest
concentration of COp (4%) to become familfar with
the experimental protocols, the respiratory hoses,
treadmill runming, and the stressor (L0 inhalation).
In short, these subjects were performing well-
learned tasks and had previous experience with all
aspects of the experimental procedures, inciuding
familiarity with the stressor ftself. Each experi-
mental session took approximately 135 min to com-
plete and 211 were spaced with at least a 48-hour
rest interval. .

Treatment of the Data

The dependent measures were analyzed using &
multivariate analysis of variance on repeated meas-
ures (Games, 1981; Games, Gray, Herron, & Pitz,
1980). A1l post-hoc analyses were done using the
Tukey Wholly Significant Difference (WSD) technique.

% |
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For 211 contrasts, the level of significance was

= 0.05. A&n additional univariate analysis of
the repeated measures was performed to test for
learning (sequence} effects. Data were treated
in accordance with the recommendations of Jacksen
and Raven (1983).

RESULTS AND DISCUSSIOM

1648
Performance means and standard deviations for

each dependent measure are shown in Table T.

Cnly two measures produced significant results FRE WD POST
(p < .05): multiplication rate and time off-balance TEST
on the stabilometer. Mean multiplication rate as a .
function of inspired gases and tests 1is 1lTustrated

MULT RATE (+/2MIN)
a
'y

Figure 1. Multiplication rate and % errors

Table 1. Performance Means and Standard Deviations

AIR 3% CO2 4% CG2

PRE MiD | POST FRE | MID | POST FRE { MID | POST
z % 13.8 13.7 2.0 13.3 15.5 13.8 13.8 13.3 13.0
: +3.1 2.9 2.5 +3.6 3.0 H . +2.4 4.1
s % 12.5 18.7 1.2 6.0 9.0 8.8 12.7 7.8 8.3
< FEAROASE +10.5 +8.4 +2.9 +4.9 +8.2 +10.7 +15.4 47.5 45.0
=
2 P2 10.0 0.2 30.3 28.3 30.7 N.0 75.7 33.0 285
5 *7.7 +5.4 +7.9 +7.9 +7.3 +7.6 +6.13 +5.7 +7.0
|4 % 8.5 7.8 13.3 16.0 1.8 9.0 6.7 6.0 3.2
§ ERWORS] 481 +12.5 | +15.5 +16.2 +8.6 +10.0 +6.6 +4.8 +3.0
2 # 98,2 101.8 | 102.3 98.3 102.2 101.0 107.3 104.8 { 107.2
g +17.0 4.0 | #15.2 +15.6 416.3 +17.0 +29.2 +30.6 | +29.1
< 6.7 535 5.5 5.2 5.7 7.8 6.7 7.5 7.3
g EmAORS +5.4 +3.5 .0 +3.0 +3.4 +7.7 +3.7 +3.9 5 8
TRIAL 7.38 5.00 4.60 1.57 3.25 4,36 1.85 4,07 3.67
M 1 +2.12 +3.23] +3.49 +7.48 +1.96 +1.77 +1.50 +2.85 | :2.90
-
u TRIAL 1.84 L4} 3.62 1.44 3.89 4,00 1.99 .46 4.26
2 -3 +1.58 +2.57 [ +2.138 +0.83 +2.06 +2.10 +0.92 +2.50 | +z.82
-
o A 1.9 3.56 3.41 1.30 3.76 3.74 1.67 3.89 3.94
<« 1-5 +1.61 +2.33) 2.2 +1.01 +2.07 +2.10 +0.99 +2.57 | +2.76
o ha e
e  TAIAL 1.86 3.70 3.07 1.18 3.61 3.40 1.57 3.84 4.15
2-5 #1.04 .87 1 +1.%4 +0.55 +1.4¢9 1.7 30.45 .20} :2.82
Mote: + - standard deviation; £ = number of items completed: * error = relative number of errars; AIR =
0.037 L0;, 210 9y 3% (0 = 37 €05, 50° Oy 47 €0, = 47 €0y, 50% Oy; PRE = pre-exercise test;
HID = mid-exercise test; POST = post-exercise test.
in Figure 1. MNext to each mean rate value is the g”szhe m;d»tzstr(g_: 3%? sic}tang ?;SE-FEZ 225__
mean percentage errors for that condition. Multi- g seg_l CS pate 0 the p e& if] dded g Srator
plication rate was significantly faster (F {2,10) = presumably due Lo exercise an € added respir 4
7.57- = .010) ith the 1 ¥ Te of hoses. These data suggests that exercise may impair
: B + W ¢ lowest percentage o balance on the platform stabilometer, but that
errors, on the mid-test while breathing 4% C0p breathing CO dp t. H L2 reise was
than when breathing other gas mixtures. This ia ‘Egd 2 doez not. b_lowevir‘, smcg ei? ria'l'l
finding is difficult to interpret, however, since : Egnfiﬂnd';de?ﬁntﬁg dv:;ﬂa I'[?tanan:lai ;2 ignc:?udedy
bregthmg 4% €0 also produced the slowest muitipli- that exercise rodue dgzi s Cff Ot A control
catmn‘ra‘te on the post-test. It is not clear why diti P bp thge the €€ EC.E‘ + nin
such mid- and post-test differences occurred. condition of breathing the gases without running

. . would be necessary to determine the effects of
Pﬁean t1n_1e offvba1ance is shown in Figure 2 as a exercise on performance. The apparent gas trend
ﬂ.mc‘gu?n of inspired gases and tests. Balance was shown on the post-test was not significant
significantly impaired [F (2,10} = 14.59; p = .001] (p > .05).
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Figure 2. Balance on stabilometer

The most meaningful finding is that the gas
concentrations inspired did not impair cognitive
or psychomotor performance. However, Vercruyssen
and Kamon (in press) identify potential confound-
ing variables tc be considered in evaluating the
external validity of such studies. Most important
are subject demographics: &age, health, body size,
fitness., volunteer and smoking status, COs sensi-
tivity, degree of lung impairment, experience,
gender, and personality characteristics. To
maximjze statistical power, the subjects used in
this experiment comprised a homogeneous population
of healthy, young, active, nonsmoking, adult male
volunteers with reTatively hich fitness and,
therefore, may niot have been répresentative of
populations of miners or others using SCBAs.

Thus, care must be taken when interpreting the
results of this investigation since each demo-
graphic characteristic provides a possible

source of systematic variance (also see Kamon,
Doyle, & Kovac, 1983; Morgan, 1983; Vercruyssen &
Kamon, in press).

Since there is no evidence to suggest these
subclinical ievels cause physioclogical dysfunc-
tions or impairment of cognitive and psychomotor
performance, the existing federal standards for
the maximum allowable concentrations of CO»
should -be reevaluated. If higher concentrations
of inhaled CO, were allowed, considerable improve-
ments could be made in the Tife-support cepacities
of SCBAs (see Vercruyssen & Kamon, in press).

CONCLUSIONS

Breathing as high as 4% CQ, for one hour, dur-
ing and following treadmill runging, did not impair
cogritive and motor performance (i.e., addition
speed or accuracy, multiplication accuracy, reason-
ing speed or accuracy, or stabilometer balance).
Three explanations account for these results:

(1) the cognitive processes reguired to perform the
experimental tasks are flexible enough to mitigate
the effects of the stressor, (2} the dependent meas-
ures employed were not sensftive to the type of
degradation effects encountered, or (3) breathing up
to 4% €Oy does not significantly impair cognitive
and psyc%o

The authors are inclined to believe the last
explanation.

motor performance essential to mine escape.
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COMPUTER TASK FOR ASSESSING THE EFFECTS OF
ENVIRONMENTAL STRESSORS ON MENTAL PERFORMANCE

Max Vercruyssan and Merrill E. Noble

The Pennsylvania State University
University Park, PA 16802
u

presented 15 a research strategy for guantifying the effects of environmental stressors
on mental perfarmance and the development of a computer-operated infarmation processing task
which uses serial choice reaction time {SCRT} as the principal dependent measure. The pro-
posed research strateqy advacates the use of batteries of exploratory tests during the early
phases of a research project to isolate the general type(s) of perfarmance impured by the
stressor, |n subsequent phases, it is vecormended that tests be desianed to investigate
fundamenta) psychological pracesses by using wnidimensional tasks, Iike the SCRT task, with

multiple intra-task variables.

An envirormenta] stressor may he any condition
or aspect af a physica) enviranment which in some
way impairs human sensory or motor functions or
poses a threat to persomal health and safaty,
Examples include inhalation of toxie gases and
particulates, consumption of drugs and aleohel,
ambient noise, and atmospheric conditions (also
see Vercruyssen, 1984 Vercruyssen & Nohle, Notel),
These stressors are particularly hazardous whan
performence is tmpaired without the person being
consciously aware of the presence of the
stressor, ths imbalance created hetween demands
of the task and the person's response capa-
pilities, or the degree of performance degrada-
tien.

This paper briefly discusses some research
considerations in quantifying the effects of
environmental stressors on human performance and
then highlights the development of a computer
task, based on seria) choice reaction time, which
may be useful as a stressor research metric.
Several segments of material presented were
7xtra§ted fram a dissertation by Vercruyssen

1984), .

QUANTTFYING THE EFFECTS OF STRESSORS

In envirormental strassor experimentation, a
systematic research strategy is essential, Inm
reliminary explorations, it 1s suggested that one
l1:1rst Tdentify 2 per?urmnn:e parameter to éxamine
and then constryct a batrery of tests designed
to sample many different qeneral types of per-
formance, Jf it is determined that a stressor
impairs a certain type of performance, i.e.,
if a dependent measure from the hattery of tests
§s found to be sensitive to the stressor,
secondary explaration should focus on examining
The basic processes which produce that type of
performance, LUnderstanding these basic psycha-
Togical processes in turn permits definitive
applied research.

20

Preliminary Explorations

Ascertaining the effects of enviranmental
stressors on mental performance is often a per-
plexing problem, Strassors can affect performance
in many different ways depending on the state of
the arganism, the characteristics of the stress
condition, the nature of the task performed, and
the experimental methodology employed {Alluisi,
19753 Vercruyssen, 19843 Welford, 1973;
Wilkinson, 1869}, For this reason, results in
stressor research are often uninterpretable.
Absence of an effect, for instance, may be due
simply to charvacteristics of the subjects used
in the study, selection of an insensitive per-
formance task, or inappropriate experimental
procedures, In other words, there might have
been significant effects if another sample
population, performance task, or research
method had been employed, Therefore, a
stressor research project shauld include
muTtiple experiments and employ methods which
systematically manipulate characteristics of the
stressor and demands of the performance task while
contralling organismic variables.

Usually stressors produce changes ip one or
more of four performance parameters: (]} physical
wirk cutput, (2) mental performance, (3) physie-
1ogical reactions, and (4) emotiamal reactions
(vercruyssen, Note 2}, However, even when con-
cerned with only mental performance, a major
problem confronting scientists embarking on
stressoe research projects §s identifying the
general type of mental performance impaired by the
stresser (e.g,, memory, motor contral, decisian-
making, percention), Alcohel in maderate doses, for
instance, seems to have its greatest effects on
motar control, e.q., speech, balance, coordination,
and movement time, Amphetamines seem to speed
mavement time (MT) without having major effects
on reaction time {RT); whereas, harbiturates
work in reverse (Frowein, 1901). Thus, to improve
ecolagical validity and increase the probability
af identifying a particular tvpe of performance
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impafred by the stressor, {t has hecome common
practice during exploratory studies for stress
researchers to use a hattery of performance tasks
which samples distinztly different general types
of performance. Scores of applied studies have
explored the effects of environmental stressors
using such test batterias, In fact, the most
carman approach taken in 97 stressor studies
reviewed by Poulton (1970} was the use of test
hatteries which employed many different tasks,
Hence, within each stressor experiment, a
battery of tasks may he useful in identifying the
general typels) of performance affected hy
stressors. -

Threshold for Emergence of Effects

Once a stressor has been shown to affect per-
formance, it may be useful to determine threshold
lave] which reliably produces effects. This thres-
nald may also be viewed as the maximum safe lavel,
abave which stressor effects occur, Usually
stressor research studies begin with relatively
low levels of the stressor and increment the
intensity from study-to-study until effects are
found. Since ’stressor effects may not hecome
apparent until the subject has been engaged for
a long time on the task, time spant perfarming
the task {i.e., time-an-task) may alse be systema-
tically manipulated, During the search far
pffacts, the dependent measyres alss eusjve and
become increasingly more sensitive, Therefore,
after effects are documented, and specific types
of perfarmance tasks are determined to be sensi-
tive to the stressor, stressor Tevels may he
gradually reduced until the effect disappears.

In this way a threshold potnt can be estahlished
above which effects emerge.

Secondary £xploration

A major limitation of the test battery
approach fs that it is neither designed for, nor
very capable of, making inferences abaut the
effects of stressors on fundamental processes
underlying information processing {see Frowein,
198%). TYherefore, once a general type af per-
formance impairment is discovered, a performance
measure is needed to identify ths underlying pro-
cesses affected by the strassor. In such cases,
a unidimentiona) approach, {nvolving a single
task, may be implemented to explore the effects

. of a strassor on severa) well-defined task vari=-

ahles (e.q,, Frewein, 19B1; Moraal, 19@24
Rahbitt, 1979; Sanders, 1977, 1980, 31981, 1983;
Sanders & Dunt, 1971; Sanders, Wijnen, h

von Arkel, 1982; Vercruyssen, 1984}, Intra-task
variahles place demands on and reflect activity
af certain coanitive pracesses. The additive
factors methed (Sanders, 1980, 1983; Sternberg,
1969) is one means of investigating such pro-
cesses (processing stages). Thus, to determine
which fundamental processes are affected, use of
@ single task wikh multiple intra-task variables
i5_recommended.

Research btrateqy Applied

An example which applies the proposed research
strategy task might be helpful at this point. The
Ergonomies Unit at The Pennsylvania State iiniver-

sity [PSU) has heen interested in the effects

of preathing o toxic qas {carban dioxide) on
cognitive and psychomator performance. To date,
five experiments have been performed aver a five-
year periad, As previously recommended, these
studies hegan with a hattery of tasks to {dentify
sensitive parformance measures after which a single
task, involving multiple tntra-task factors, was
develpped {Sheehy, Kamon, & Kiser, 1982;
Vercruyssen, 1984, Note 3; Vercruyssen & Kaman,
in press, Note 4), The elevated but suheltnical
gas concentration and exposure durations employed
in these studies were progressively increased until
it wes determined that choice rasponding was
susceptible to impairment. Choice response time
was the only task to be influenced by carbon
dioxide (CO3) inhalation, Tasks which produced
nul) results at numeraus stressor {ptensfties
included short-term memory (forwird and backward
serial recall of Yetters and numbers}, reasoning
(qramtica1 transformations), ar{thmetic problems
{addition and muitiplication), balance an & plat-
form stabilometer, rotary pursuit tracking, simple
reaction time, and critical flicker fusion.

Since choice response time was the anly per-
formance task found susceptible to performance
degradation, subsequent research focused on
response latencies and information processing,
The remaining portion of this paper wiil be
restricted to discussion nf the technique used
at PSU to investigate hasie psychalodica) pro=~
cesses affected by a stressor (C0n). [t is
important to note that 1f the preliminary test
battery approach had jdentified some other task,
e.g,, tracking, memory, or balance, as heing
sensitive to the stressor, an entirely different
follow-up technique would have heen employed.

SERTAL CHOICE RESPONDING

If it can be determined that the ability to
quickly react to stimulation {s impaired hy espo-
sure to an environmental stressor, information
processing, as measured by sarial choice respond-
ing, may he ap appropriate dependent measure.
Serial choice response tasks are self-paced, l.e.,
each stimlus {s activated hy the subject's pre-
vioys response, and involve the repeated perform-
ance of discrete responses, e.g., pushing a button
or tapping 4 disc, without intertrial rest inter-
vals, The most cotmmon serial responding instru-
mentation employed in Stress research has been
the S-Choice Task developed in England’s Medical
Research Council, Applied Psycholagy Unit, by
Leanard (1959). This task was adapted from the
apparatus used by DiT1s (1931, 1937). Altermative
forms of the §-Choice Task were a)so used by
Broadbent 51953. 1957}, Pepler (1959), and
Wilkinson (1959, 1976}, These tasks require the
subject to tap one of five metal) discs with a
hand-held stylus in response to the i1lumination
of one of five 1ights, Responding to one bulh
darkenad that bulh and illuminated another, ta
which the subject respands by tapping the corres=
ponding disc, and so on. Typically, the subject
works at the task conttnually, without rest, for
30 min, without knowledge of results (see Poulton,
1970). A series of clocks and counters provide
the dependent measures. Tapping the correct disc
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trips the carrect response counter, while tapping
the wrong disc advances the error counter.

“gap" or “hlock” octurs 11 the subject failed te
tap a disc within 4 1.5-sec interval. A clock
measured the interval between two responses and
triggered & qap counter avery 1.5 sec, The gap
time interval was arbitrarily established, but it
represents approximately twice the averdge tnter-
trial response interval. At the end of each
5-min {nterval, the experimenter recards read-
ings on the counters,

Emptoying serial performance measures, similar
to the 5-choice Yask, in stressor research has
several advantages which merit consideration,
First, serial responding {s appealing because of
Tis Tong history in successfully demonstrating
the effect of a multitude of stressors on par-
formance (see Poulton, 1970), Second, serfal AT
tasks gemerate a larger pumber af trials per
condition than discrete RT tasks and this is
beneficial statistically. Where many studies
report using blocks aof 20 to 300 discrete RT
trials cqllected in & 20-min session, SCRT tasks
may resuit 1n as many as 2000 serial trials during
this same collection interval, Accarding to the
central |imit theorem, the Jarge number of trials
per condition will make the AT dats more normaily
distributed and, therefore, better suited for
analysis of vartance tests than discrete data
with a retatively small number of trials, and
positively skewed RT distributfons. Third,
since responding continues without rest hreaks,
there is no time to recover from or compensate
for the effects of the stressor, which places
additional demands on the information processing
system, Length of the response-stimulus fntarva)
is tmportant since, there may he sufficient
recovery time between discrete trials to counteract
the effects of the stressor, Finally, serfal
responding samples pevformance over the entire
testing session. Where discrete measures repre-
sent activity taking place in about 10% af tha
data callection period, serial measures (AT & MT)
actaunt for nearly 1005 of the subject's activity
during this period, This capebility becomes
especially valuable when exploring the effects of
& stress relative Eo time-on-task and duration
of exposure.

SCAT CAMPUTER TASK

M1 serial responding tasks functian essentf-
81y the same with regard ta stimilus delivery,
however, recent systems deviate considerably from
the original §-Choice Task dascription in that thay
are c2pable of digital storage of responses. Com-
puter hisistance has permitrad automated data col-
lection and the recording of considerably more
detriled infarmaticon about the respanses, which
1&:‘{{? kas provided greater methodological cap-

a es,

The use of computers and digital storage
devices for psychological data collection is not
a new 1dea {#.9,, Daorne & Sanders, 1968; Houghton
& WiTkinson, 1973, 1982; Kvalceth & Mohn, 1933;
White et al., 1980; Wilkinson, 197%; Wilkinson A
Houghtan, 1975, 1902). Neither is the use of ser-
1a] choice responding a recent discavery [e.g.,
Mi11s, 1931, 1973; Leonard, 1959; ¥ilkinson, 1959),
However, {t has only heen in.recent years that
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computer-driven seria) responding systems have
been used {n environmenta) stressar research
(e.q., EiTfs, 190Z; fouler, Hhite, uright, &
Azkles, 1982; Frowein & Sanders, 1978; Vercruyssen,
1984),  Doorne and Sanders (1968) developed ane af
the first computer-assisted reaction rime systems
capable af a variety of applications, ineluding
serfal respending.  Their Oigftal fquipment
Corporation (ﬂfc? R 7 computer-supparted $ystem
wAs named PSARP--Pragrammable Signal and Respanse
Processor. Milkinsan and Houghton (1976; alsa
Wilkinson, 1975) conyerted a cassette tape
recorder {nta a portatde four-choice serial reac-
tion time testing unit for field testing. White
et al. (1980) developed & serial choice reaction
timar which used a DEC PDP 11/04 computer, Using
a DEC POP 11 cemputer, an Al1-Purpose Experimental
System--APES--was craated by Ternes, Ehrman and
0'Brien (1982) for hehavioral pharmacology studies.
These are only a few of the tomputer-hased SCRT
sysﬁems which have eyolved from Leonard’s 5-Choice
Task.

The PSU SCRY Apparatus

The SCRY apparatus developed at The Pennsyl~
vanja State University was intended to quantify
the rate and quality of information processing in
fuuman subjects during exposure to var{ous
environmental stressgrs. Connected to the real-
time clock on any DEC PDPY1 computer, this d-key
SCRY apparatys serially presents stim)i--a
digit in a light emiiting diode (LED} display--
and callects several descriptive measures af
information processing behavior. To be more
specific, for each rpsponse, information stored
on disk for supsequent analysis includes response
latencies (reaction, movement and response times)
and elapsed time, As wel] as medsures of respanse
rate {total number of trials performed) and
accuracy (stimylys LED Pretented, response key
struck, and errar stptus of trial). Reactlon
time, in this case, yefers ta the interval from
the onset of a stimulus to the inftiation of a
response,  Movement time is measured from the
initiation of a resppnse to its campletion,
Response time s the sum of RT and MT. Elapsed
time begins with the fivst Stimulus in an experi-
menta) session and ends with the last response.

The PSU SCRT apparatus was constucted in such
2 way 85 to permit collection of simple, discrete
chofce, or serial reactfon/response times, with
all Yatencies accurate tn 1 mser. [t wes alsp
designed to permit manipulations of such intra-
task factors as stimplus intensity, stimulus
degradation, stimulus-vespanse compatibility,
number af stimulus and response alternatives,
respanse and stimulus probabilities, movement
amplitude and duration, and response-stimulus
or stimulus-stipulus, intervals. In all cases,
entire testing sessipns can be programmed and
data eollection is fully sutomated (on-Yine).
Further details of this SCRT apparatus are

avallable elsewhere [Vercruyssen, Deno, & Brennan,
fote §).

Recently, this SCRT computer task was used
to examine fundamenta) processes and determine
which of two stages of informaticn processing were
affected by freathing €0z (Vercruyssen, 1984).
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This research determined that the inhalation of
€0z severely impairs the vate aof {nformation pro-
cessing. Oy mantpulacing such {ntra-task variables
as stimulys degradation and stimylus-response
compatinility, 1t was alss determined that the
locus of this effect {s in the response selectjon
stage of processing, rather than an early,
encading stage.

There are no panacreas available for strass
research scientists, However, the research
strategy and SCRT apparatus herein described was
helpful in quantifying the effects of carbon
dioxide on menta) performance and may have
utility in other appiications as well.

CONCLUSTORS

Environmental stressar research shoyld begin
hy employing muitiple experiments, aach with
several different tasks, ta determine the
stressor's influence on various general types of
performance. If response latencies are syscept-
ible to impairment, computer-assisted SCOT tasks
may be useful in assessing the effacts of such
strassors on basic cognitive processes.
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NOTE: For complete details of this sbudy, ==2 the
dissertation:
Veroruyssan, M. {1884%, Caxbon dionide inhslation z2nd
informztion propecscsing: Effects of 21 envivomentzsl stressox
on gognitien. Dootoral dissertation, College of HPER, The
Pennsylvania Bizte Universiby, University Park, Pa.




APPENDIX Ci:

POSITIVE PREEBEURE BREATHING

Inbroduction

Curyent ipbersezst in PPB is due to ibs growing applicaticn o
emergensy respirators as ussd by miners and ryescue workers. &
major advantage of a positive pressure a2ir supply is the sxzlusion
of Yoxic gasss that are sometimes present in the workers’
imm=diate environment. Any air lezks azyxound the fazoemashk are
forced be flow oubwards, preventing the enbyy of environmental
gasses,

However, currently avsilable rezpirators cannot mainbzin the
positive pressure undsy gonditions of modezxabe b high venbilatory
demand, a= ococurs during heavy physical labor. In thesse
situations, the worker risks exposures 0 toxic gazsss whan the mask
pressuye goes negabive during inspiradion. To maindzin positive
pressure under 211 conditions the respirvatoryrs must operate at 2
higher averzge pressurg; ©r be dssigned with less internal flow
yesisbanoe. FKhile reducing the flow resistance iz strigtiv a2
design problem, incresszing the prezsure pressnits potentiszl
phy=siplogical problems.

The generzl response among unanssthebized yesbing humans is
for FPE Lo cause an inoreases in $idzl volume {(VT) and minube
venbilation (VE), ang =z decyesse in strokes volums (8YV) and cardize
cutput (Q}. Hhen exergise is inbroduced as an addsd ianpud, bhe
picture is even more complex. Only Biurstedd, Ros=enhamer,
Lindborg, and Hesser {(157%) zangd Kissr (1892Z) have sxaminssd FFE
effents during exerciss. These reseaychers geansrally found that
the FFE effechs noted at resh, are diminished, but not eliminatsd,
by bicyole exercise at SO%VOE max.

The purpose of this study was o evaluzbe the sffect=s on
venbilation and oxygen consumption from PRPB. Thzss parzmebers
were analyzed in terms of steady—-state and bransient '
characteristics,

Mzthod
SBultjects

Six males, age Z2 tp 34; participsted =5 pzid volunbesy
subjests. Each was medically screensd, regeiving 2 physical
erxamination, resbing 1Z-1lead slectrocardiogranm, pulmonary funotion
test, and = gradsd exerciss tolsrance test. Az debterminsd by
testing iz the Exgonomices Lab with 2 protoool describs later,
maximal oxygen upbake rvanged from 45.5 +o 74.8 mi0Z min-1 kg-i,
Five were engaged in regular zercbic draining. Physical datz of



the subjeshts sre presented in Table Ci-1.

Teble Ci-1., Phy=ical Characheristicz of the SBubjects
Subjsct Age Height W=ight V0Zmaxn
{yzs} {cm) {kg) mi0Z min-1 kg-1
A“_ N 2% ---------- ;g; _______ 7Z.6 f_——;;j; ——————
B ZZ 180 70.2 50,3
C ZZ 187 73.2 57.35
D z4 180 775 EZ.5
E 34 17%2 £0.2 5Z.35
F z4 178 72.7 29,5
% 25 18z 710 s7.8
ST 5 & 5.8 8.8
¥ = Mean
8D = Bitzandavd Deviabtion

Fressurization Svsthenm

Figure (Cl-1 shows a schematic dizgram of the pressurizatioz
system. FPressure lsvel was gcontrellsd by a2djusting the blowesr
speed anfd the fiow resistzape at bhe =2ir dump pord. Az mezsursd
by 2 water column mancomeizsr, the desired preszsure level opuld be
=2t 0 within 0.Z omHZ0 under zzro filow pondidiocms. Flow thzrough
the manifpld from the biowesy inlet to the dump port was sufficisnt
o prevent regpiygulation of expired ga= %o the inspirsd lins.

Beoause of flpw resistanpe thyough the a3ir lines, pressurs
fluctuated at the moubhpiscse over each breathing cysle. Largs
balloons of about 900 liters, acting 2= zzpacitanoe elemenis,
helpsed stablilize mouthpiece pressures.



Expired Pressure Stabilizing Ballaon :
(900 1) '
‘ : Expired Pneumotach

e e m—
Expired Air l“

Mixing Chamber (5 1)

——
Room Air Dump Port — —
— —— ~—m| Blower —— =3 _—— Subject
Airflow Restrictor
———

- —‘\\\(::::k ._}nﬁgireg_f1f___ - r_]
L

Autotransformer
Inspired Pneumotach

Inspired Pressure Stabilizing Balloon
(900 1)

Figire C1-1 |Pressurization System |



2t VE'’s of ZB, BZ, and 127 l#min-1, mouthplest pressurse
fluchtuabtion was Z, &, znd 7 cmHZ0 respectively, indepsndsnt of
average syshem pressurvs. Thus at 8 and 16 crHEl average pressurs,
movthpiece pressuye nevey bepame negative. Prsssure of the mizing
chanber, from which gas was drawn for analysis, was very stable.
At a VE of 80 l#min-1, mixing chambery pressure filustuztion was
less than 0.75 cmHZ0.

Dtz Collection Sy=hen

_ Tigzl voplume was debermined by computer integration of the
fipw =ignzl over inspiration and expirzstion. Fisish Kp.2
Pogumptachographs {(puneumobtachs) were mounted in the insplxstory
2nd expiratoxy air lines Yo messure ianstvantansous fiow.

Gz= =naiy=iz was continupus, with the gas sampling from & ©

litery mixing chamber, looated dowanstream from the expirxes
pnsumobach.

Propedurss

Eech subjeoct cams o the lzb for 2 familarization ssssion.
Eipptrodes for hesrd rate were atitached ang sach of the
experimsntal conditipone that would later be tested was expsrisnced
for several minutes, exgept the maximal zerobic exersiss
condition. At each of the execise intensities the pressurs was
varied from 0 bo 16 cmHZ0.

Maximal testing is done in threse trisls,; with 2% lesast two
days bebtweer hrials. Maximum oxygen upbake waz mesasured =%
pressure levels of 0 {conbrol), 8, =nd 16 cmHED., Increasing
pressure levels were ussd rabher bhen randomization o mazimiz
profveoticn for the surjsots. I 2ny problem was encountersd =2
omHZ0, the 18 crHEOQO trial would have been canoellsd.

=
t B

2 submaximzal exerciss protogol w=s us2d4. Eagh subject ¥zn =
tobal of six submazimal brials, with at least pne rest dzv bebwesn
trials. Two triasls were run at each press=urese level. In ons drisl
the subjeoth recoversd from running exergi=s {(BO0% VOZmax) while
walking (25% VDZmax)., In the other trizl, the subject recovered
while stending stationzry. In the cass of standing recovery, the
treafmill was shopped e2brupily a% the end of the runping interval,
For the walking resovery, the breadmill was slowed as guickly as
possible, the gdecelevation taking about 20 ssconds.



Data Analysis

Mzaximal Performance. During each triazl, the computer
averaged and printed datz ovey 30-==cond inbtervysls. After ths
trial, a2ll variable=z weres averaged over itwo consecubtive indervals
in which V02 was the highes%. If V0Z vzluezs were sbtable for thres
intervals, then thres intervals wers averzged. Multiple dependent
t—t2sbs were performed between each pressure level for =ach
varizble. 7To maximize the chance of observing any zdverss sffzob
gt maximum, family-wiss eryor raite was not controllied.

Submaximal Pexformansce. Averages were calgulabed for each
variable over the last S-minutes of each of the initizl 10 minntes
standing and walking intezrvals. That is, shanding was averaged
from minute 5.0 to 10.0, and walking was averaged from minubes 15.0
to Z8.0. EBapause steady stabe was only beling spproached bowards
the end of the 5 minube running interval, & linsgry regresz=ion was
run on eagh variable from minunte Z3.0 +0 25.0. A regression
predicted valus a2t the end of minube Z4 was used as the sheady
state value,

Fopr each variable, the steady statz values were snzliyssd by =2
repeabed measures bthres-factor (pressure, ezerciss inbensidy,
trial) ADV.

Rezults

Resulds will be presented in severzsl sechions: maximsl
periprmance, submaximal sbteady stadve,;, and prerunning-posirunning
comparison. ' ‘ '

Mazinum Pexfoxrmancs

Ho significant differyence beltwesn any pressure lsvels wss
found for any variable. Because of bthe natural progression in
erxeroise inten=ity and the lack of significance, dabe =zrz
presented in the appropriate tables in the following ssoiion with
submarimzl stezdy state dats.

Trends though were sesn in b a2nd VT. Bebwesn control and 1E
oxnHZD, fb deplined from J5Z.0 o £8.0 bpm {(breaths per minutse).
Between ocontrol and 8 and i1& omHED, group measn VI's incyezsed from
2,19 b0 2.25 and 2.34 libers,; respechively. Ezther bthan
reinforping, the trends in £ z2nd VT ware offssiting; =o no
changes dus 3o pressure were ssen in VE. Dabz ars presenbed in
the following segtion.
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Submazimpal Stesdy Stats

Ezch varisble will be considered in tuyn. Significant
effects due o pressure oy interachkion of pressure =nd inbensitby
will bs noted. Varizbles with significant effesots will be
prasented in Figures and Tables.

Respir=tion Rate

Mo significant prezsure mzin effects or interactions wers
found, and henece dpo folliow—up te=t=s werse conducted. Daka are
presented in Table C1-2, '

Tidal Velums

& highly signifieczant (p < .001) interaction of pressurse and
inbensity was nobted. Pressure effects were analyzed &t ezch level
of exercise independenitly {(simple effscts folliow-up}).  Data arse
presenbed in Table C1-3 and Figure Cl1-3. Bignificant increzses
were noted only in the sbtanding ersrpiss intensity. But VT shopzd
a2 trend ingresase in the running ang maximum inbensities.
Examinabion of Figure Cl-3 suggest=s that the interzoction ooours
primerily a2t the waliking conditipns,



Table Ci-Z. Pe:glratzcn FE=ts (brxeaths

per min).

FAGE

Group Means and Standard leviations foxr sach E?erclsa
Iotensity and Pressure Level {(coHZED).

Exerpise FPressure

Intensity 0 B 18
Mzximom 52.0 + B.5 50.8 + 7.7 29,0 % 8.8
0 £ .10
Running 41.7 + 7.5  40.E + 7.7 50,8 + 7.9
Walking 25.3 + 5.5 26.8 + 7.0 Z5.6 % 7.8
Standing 1B.6 + 3.8 17.8 + 4.2 18,5 + 4.9

Hhen listed, pl is probabilitvty of differsnce from O cmHZ0. P8 is
o listed probabiliby

probabilivy of differencs from B ocmHZO.
indicates no significance (p € .05) =nd

5o trend {p ¢

llﬂ}:

Tshle C1-3. Tigal Volume {liters).

Group Mezns =nd Btandzyd Deviztions for sach Exsxoiss
Inten=sity and Pressuye Levsl {cmHZO:.

Euprcicse Fressure
Intensity 0 g ig
Marimam 2.1% £+ .20 Z.2% + .Z4 Z.34 + .Z7
plh € .10 70 € 10
Running 1.78 + .28 1.86 + .30 1.82 £ .31
pg'= IOSS pQ = ID?Z
78 = .08B
Welking .23 + .18 .88 + .23 1.0 + .28
Btanding .33 + .67 70 + .Z1 .86 + .30
0l = 038 ph = 031
pE = .0Z4

When listed, pd is probabiliity of difference from O ocmHEZO. p8 is
Np listed probabilidby

probability of differenpe from 8 cmHED,
indicates no signifipanpe (p ¢ .03y and

no Lbrend {p <

210} .
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Minute Ventilztiono

1>

A very significant (p = .00Z) pressure main sffect was foungd,

with no sigoificant inbteraction of pressurs a2ad intensity. Data
were combinesd over 211 submayimal inbensities,; znd mein effeohs

follow—up indicated 2 significant ingresse in ventilation bhetwsen
C =2nd 16 omHZO, =nd betwsen B a2nd ie cmHED, budt not beitween 0 ana

8 cmHZ0. Daba are presanted in Teble C1-4 znd Figure C1-4,

Drvogen Uptake znd Carbon Dicxide Eliminsbion

Ho significant effecizs were seen in either V02 or in VIOOZ.

Tabie Ci-4. Minute Ventilation {liters pexr min}.
SGroup Mezns and Btandzryd Deviatvions for sach Exerciss
Intensity and Pressure Level (cmHZD),

Exerpicsse FPrescure
Inbensity 0 8 it
Maximum 11i3.3 + 2G.3 1i53.& %+ 1£.32 112.7 £ 15.2
Running 74,8 + 16.4 74.8 + 17.0 77.1 %+ 18.3
Walking 22.0 4+ 4.1 24,1 + 5.1 25:8 i' 4,8
Standing 106.0 + 1.4 1Z2.5 &£ 1.4 i5.0 + 3.5
Combined 35.8 37.2 28.2
SBubmaximum . 0 4 ,.001
8 = .04¢%

. b e e e sk e A e A A b Al

When listed, pl is probability of difference from © cmHZED. pB is
probabilidy of difference fxom B cmHZD. No listed probability
indicates no signifigance {(p ¢ .05) and nc Hrend {p ¢ .10},
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Bezpirstory Exchange Eatio

Dezpite the lack of significance in VOZ and VCOOZ, R showed =2
very significant (p = .002) interaction of pressure and intensidy.
Dzta zre pressnted in Table Ci-5. Figure Ci-J glearly indicatss
the sbtyong inberachtion. The only signifigant pressure sffesct
ocouys undey the resbing condidion.

Table {1-5. Hespiratory Ezchange Eatio.
Group Mezanzs ané Standayd Devisbions forx sach Exsrciss
Intensity and Presssure Level (omHED).

Exercicsse Frasszure

Intensiby 0 g i6

Magimum 1.12 + .0¢ 1.10 £+ .06 1.08 + .05

Running 1.03 + .08 1.04 + .48 1.04 + .07

Wziking .81 + .65 .82 + .05 91 1 .02

Stanrding .88 + .08 .55 1+ .08 .SBIi 10
P8 = .03S 0 = L0035

p8 = 083

When list=d, pd i=s probabilivy of difference fzrom O omHZO. pE is
probability of differsence from B orHZO. Ho listed probabiiiby
indipates 0o significzooe (p { .05} angé no tzeznd {(p ¢ 10).
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Discussion

Mazimum Pexfoymancs

The only effsobs, due tp PPB, were 2 btrend deprezse in fb and
2 trend inpyesse in VI, The VT incyezse is furbher supporisd by
similay increases s=z=2n 2t the csubmaximal intensities., HWhils fb
and VT each change, the effeob=s are canoelling, so that VE a%
maxivum is unchanged, and the possibility existes for the
maintzinance of normal VoZmax. ~

More imporizantly, no decrement was aghtuslly measursd in
VOZmaxz, or VCOZmax, under PPB. The =slightly {less than 5%)
inprease in VDEmar wss nonsignificant {(p > .10}.

That no effept is obserxvesd is indicative that any circulatory
impzirments existing at lower intensitiesz are eliminzbed when
running a2t mazximum, or that they arz 2% least pon-limitizng in
thelyr performance effept (Bzaltin zné Rowell, 15380). Likewiss, any
possikle changes in pulmonsrxy funchkion are shown o be
non—-limiting. As described beforxe; at high ventilzation,
mouthpiece pressure fluchtuated because of flow resisbance. I
gbdominal pumping during breathing =supporis O by causing =2 oyolic
decrease in the venous reburn pressure gradient (Cruz et 21.,
1887; Vuori et al., 187%8), this periodic breathing pressure
fluptuation may also help suppord Q in 2 similay menner.

Submaxinum Pexform=nce

Frerunning-Postrunning. No significant difference im
responses of VT, VE or R dus to PPB was found when thes szmps
exaerpice gonditions were compsyed beforxe and a2fter the running
inberval. This indigates that during 2 given trizl, the =ubjects,
as & group, ryresponded consisitently to the PPB a2t wzliking or
resting intensities despite intervening high intessiby exersiss.
Obh=ry varisbles,; fb, VDZ, a2nd VC0Z, which were nonm=ignifipant in
the steady stste, werez not compared pre~— and post— running.

Stesdy State

The =signifiecant effepts of PPB can best bzsn sesn by
gonsidering togethexr fb, VT, VE, a2nd R. The prime indicator is E.
%t standing rest, R increasses linearly zand significandly from & bo
16 omH2E0 {(Figure Cl-5). This inorease is indicative of PPB
indupsd hyperventilzstion. At wzlking =nd running intesnsitisz, R
iz unchanged by pressure, indicabting propey alveplary ventilation.



FaBe 85

Howsveyr, VE is significantiy elevated by FFB at ail
submayimum intensities (Table Cl-4 and Figure Cl-4). Alsg, VT
{Table Cl-3 and Figure Cl-3}) shows an increase at standing,
walking, running, angé maxioum (trend level a2t ruznniang and
maximam). The fb is virbtwally constant in respoanse Lo FRB;, so
increa=ss arye 2lmost entirvely caused by VT ingresses. Begauss
indipates pyoper 2lvsslar ventiliztion 2t intensitiss z2bove
reshbing, bthe incresased ventilization must bs accounted for by
dezdspace. Kisexr {(188Z) reporbed that 16 cmHE20 PPE inoressed
physziological deadspase 70 ml at rest, and 50 ml =%t 50% VDZImazx.
Expept for the resting conditvions,;, averags submaximal VT inoresse
in this study is aboud 100 ml a2t 16 cmHH20. Lonsidering ths
different subject s=amplies and messurement errprs,; this is
reasonably good agresment.

e
]

The lack of PPE effepcit= on VOZ z2nd VODZ =zd pa R, =zt
intensitiez z2bove reshing, are very encouvaging from respirsior
applicaticons viewpoint. HNo impairzrment of working papapity shoulsd
bz snticipabted abt pressures up o 16 cmHED.



AFPFENDIX Di:

EFrFECTE OF HOT INHALED AIR

Intyroduction

This experiment was undexibaken in ordexr bo sbudy the effssts
of inspiring aly with elevatzd wet bulb temperzture=s on bissue
temperabures of the tongue and hard palate. Many breathing
devices ussd in espaps oY yescuese situstions oreste 2iy which is
very hot and =2imost complebely sabturvasbed with waber vapor during
the proocess of scrubbing COZ ocut of the expired air. Undexr thess
hot znd humid condibions the Lissuses of the uppsr respirabory
traoct are no longer able to rely on evaporabion as =2 device o
gissipate heat. In addition, bthe latent heat of hob z2ir sabursted
with waber vapor is much greater than the hest ensrgy containe=d iz
hot, dry 8ir. In practical terms,; these fazotors point bow=rds =
need for = bebtber undersiznding of the respirabpry hezt gain that
will oeouy when using a2 seilf-containsd breabhing apparabus (5CBR)
for probtecbion agzinst burns of the mputh which may jeoparidizs 2
worker’'s 1life in an emsrgency situstion. Previpusz work in the
Ergonomics Unit of the Latorzatory for Human Peyformance Resesareh
has invesbtigated the effects of inhaling dxy het aix. The prezsant
investigation was undertzken to study the =24ditionzl thearmsal
stresses orested when hot inspirsed 2ir is s=turabed with water
Vapor.,

Both the humidity and the tempsrature of inspirzd gas havse azn
imporitant effect on the 8CBA wearexr‘s comfort and abilidy Lo
peyform hezvy work, parvicnlarliy in unfavorabis snvircuments. The
watery vepoy content is by far more impoxbant begauss of the
relatively 2arge thermzl exchanges iavolved in the evaporative
process in the respirabtory bract. Rapid changes of air
bemperature Lake place within a short distenoe in the uppexy
respivatory tyach. The resultant hezst exchange when gopl,;
ressonably dyy 2ir iz breathed is =mall but bscomes incrss=zingly
important in hot a2nd humid environmsnts. When the inspired aix
exoesds body temperabture 2nd is sxburzbed with water vapor Lthers
is a net gain of heat by bthe respirvstory bracht {Harbwsll and
Sennsck, 13%8).

According to resuliits obbained by MoCuichan and Taylor (1551,
wat bulb btemperaturez below 35.Z degresz Centigrads should npod
pause & resplratory heat gain, while wet buld temperaiturss abovse
this leval should cause a gain of heat to the respilrsbory brach.
However, thisz =study dealt with low relative humidiity conditions
when IneEpiring hot aiy and btheir findings may ast be appiicabls to
high humidity conditions. When bresathing hob dry =ir, the sbility
pf the recpliratory braoct to dissipate the heat presendted o it is
exbremely effective. Increasing the water vapor condent of this
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air sesms o have = grezt imp=ot on the ability of bhe respiratory
traot to dissipate this heat, but the relative contridbubions of
dry bulb temperature and ralztive humidity level on respiratory
heat gain hzve yet to be determined, Despite the number of
studies which have bes=n done sHtudying the conditioning of aix and
heat and watey sxchanges thabt ocoour during respirabion, a2
literaturs search found no shudy which demonstrates the effect of
breathing hobt zilry sazburated with water vapoy on Ltissuse
temperatures inside Hhe mouth. '

In hobt climate=z the reszpiratory byact is gemery=ily able o
inprezse itz hest losses =0 that body thermoregulation is a2idsd by
the elimination of greater ampunts of heat. Iz these climatss the
humidity ©f Lthe environment is of parbiculay imporbance.

If inspired air is hot and dry soms evaporabicn ©f wabter from
the mucosa will opouy guring insgiration. This evaporation coolis
the muopsz despite the fapt that the temperature mighd be
extremely high. The reason for this is that bthe cooling producsd
by evaporabvion of watey is highly efficient {ths latsat hezt of
gvaporation is 538 gaipries per gram). The fast that evaporstive
cooling is efficient, coupled with the fach that air having 2 low
spesific heat warm=s the muppsz vezry little, resultszs in =2 cooling
of the mucosa duying ipspiration of hot dxry 2ir. Under thesz
conditions the cooler muooss is able bo recover 2 portion of its
water losses during expiration; and the toizl water loz=s 4o the
body in a hot climate is diminicshes,

If, on the other hand,; bhe inspired sirx iz both hot 2nd humid
no significent evaporabtive copling of the respiratory brasct muposs
copurs during inspiradvion. In fzaei, if the 2ir is szturstsd =and
above body bempsrabure bhe muoosa2 may gain heat bobh from the
inspired air and from the waiter vapor in bthe inspired =iy which
will sondense on bhe mucoza to relezsssz its ila2tent heazd. This ksad
g2in can yais=e nupossl temperatures to 37 degress Centigrzds o
highaex. Under these conditigns the respirabtory dxact is
elimpinating as mugh heat as possible bu% in ned valuse is g=ining
both heat and water (Walker and Hells, 15815,

Comzroe {(1874) dispussss brisfly the effscits of bresthing =2ir
szburabed with water vapoxr at texpsrabtures grsaisr than bpdy
temperaturas. He2 states that tissus temperature will yise if =
person expossed %o hot air hypervenbtilabes; dus Lo the fact thab
more caloyies will bz pressnbted to the tissues ezch minubde.
Comyroe (197%£) also states that very hot 2iy or steam that rezaches
the =lveclar dupts and aiveell is apb o pyroduce 1ibiie hesd
damage there begsuse of the fact that the huge fliow of pulmonary
capiliary blond at 37 degress Centigrade will 1imit the ingrezss
in temperature of these tissuss. Howsever, this airx may causs
burans of the conducting aiy pass=zges,
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The most complete study of the biothermal prooesses involved
durignyg respiration,; carried put by MoCutchan ané Taylox (1851,
showsd that the tempersiurxe; m=s=s, and heat properbties of the
respiratory exchangse corryelstes glossly with bthe wat bulb, In
thi=s experiment subjects were subjected to inspired =2ix
temperatures up o 115.5 deg € but with low relative humidities
2nd found no intolerable heating of the respiratory passagseEs;
though the exppsure times were somswhat brief {i.e. les= than §
minutes). It bepame appayent bhabt, like sweat evaporation in its
effect on the skin, the evaporative coocling mechanisz oFf the
respiratory bract has grezb capaciily to absorbh sensible heatb
through hunidificaticn. Mzlutchan and Taylor developsd 2a2n
eguation which expressz2s the heat exchange in the respiratory
tract solely as 2 function of the wet bulb tszperzturs of ths
inspired gas. This eguation sglves for zexrp at approzimabely 35.Z2
gdegrees €. Inspirsd wet buld tempzyaturesz zbove this wilil
presumably cause 2 respirsbory hest gain, while inspirsd wedb bulb
temperabures below this bemperature wpuld result in 2 respizetory
heat loss.

The subjechtive reporis of hzat sensations exparisncesd by
subjects in the expgriment by MclCutchan and Taylor {1551) =agres
with previously dones invesbigations where desplibe hezt exzposures
of up to ZA0 deg ¥ there were found no cribticsl sen==%ions of hesd
or burning referred to the respiratory tract. Molutochan z2ngd
Taylor {1921) included only one condition which was desigoned to
produoe 2 heat galin in the respiratory trash, Z00 dsg F 2nd 1.18
inghes Hg. of vapor pressuye., This condition czussd thresz of the
five subiect=s Lo repord that the inspired six ‘st the d==2th on
gdge.’ The comments on the 160 deg F tests were that the 2ix was
‘warm’ or ‘4ry,’ and 120 deg ¥ 2ir was not senszed as being
different fyom room =2ir. The auvthors also point cut that while
the totzl body heat balance does not obey the heat 2nd mass
btransfer laws of the wet bulb but the respirabory hest balanca
does =¢ very closely.

& study by Besley {1340} involved sampling of =2ir =t thrzse
different depths within bthe noss (2% the anterior end of ths
inferiogryr turbinzte,; in the midporition of the inferior mestus,; and
at the posbverior tip of bthe inferior burbinabs)., A rise in waber
vapor conbent was found =b each iocetion. Over wide yanges of
relative humidiby of inspireg air most of the sddibvion of waber
vapor had ooourrsed by the time the z2iy resghed the midppind. Iz
ea2ch instance sone wabter was added beyond the $Third ppsition,; a2s
indicated by =ampling of expired air,

In the same study there were similar findings regarding
temperabture range. Insplyed air at tempersbturss ranging fzom -8
to 55 degrees £ {18 %o 131 degysss Py were adjushed to 10 o 33
degress € at the first positionm, Z4 to 38 d=gress € at thz s=cond,
and Z7 %o 37 desgrees T in the third position. In each insbancs
the temperature of the z2ir hzd zissen by the bims expired =ix
reachefd the nosse and fell somewhat during its passage back thrpugh
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the nazz2l passzges. The nose was able to adjust to very rapld
changes in the charaoter of the inspired =ir. 7This exchangse
funetion is performsed nearliy as well duzlng mouth breathipng as
during nazal bxeathing.

Experimentzl studiez in =znimalils revezal the air deliversd o
the laryny or trachea at bemperabtures up o 550 degress € is still
gdjusted toward body temperabure in the trachenbronchiazl tyesz znd
produces remarkably litdle lung damage {Moritz et =21., 1848).
Theze investigatorz studied the effects of breathing severzl bypes
of hot air on the re=spiratory dracts of dogs. The dogs wers
gither expos=d4 to oven-hested z2iy; flame, or live sizam. They
designed bheir erperiment bo exposse bthe aiy passages o heats
without ocausing conceomitant injury of the skin so that any
pathological changes that coouryed could be abiribubed to the
inhaled hest independent of any secondary effects that might
result from thermal injury of the surfzape of the body. Thse
miléest thermal exposures in bhese experimendts was ian fach mors
than sufficient to cause =ssvere injuxry to the =ski=zn.

In their discussion of the ability of the respirabory btrast
%o ipnhale air which, if it were in contzoct with the skin, would
gausg burns, Moritz et al. spepulatsd that the rsason for this
was due vo bhe fact that the gquantity of he=st that can be shored
in the velumes of gz=s that constitutes a byezath iz remaxrkably
small. They salpulated the heat dransfer that would tzkes placs
with inhalation of 2 mizture of egual paris of =iy and sheam 2%
"1E5 deg €. Such an atmposphers would causs s=vere burns of the
=kin within pne second. If an amount of =uch 2 mixzturz suffigient
tn inorease the lung volume by 500 oo, were inkalied and if it
were coblesf Yo 3B deg C before besing exhzled, approximsbely 200
mg. of wabtar would be condensed in the respiratory treck. The
heat eneygy liberated, ingident to the condsnsation of this zmount
of water, would be approximately 175 caiories. Ir additipn bo
thi=s,; appyoximabely 12 cpalories would be libsrated incident o the
conling of the gasss and Z8 calories incident o the cooiiag of
the condens=4 water, bringing the bHotal transfzr of h=at Lo the
respiratory traot in expess of 200 c=alories.

Moritz 2% 31. (1944) ponpluded that: 1) &% any given
temperature mpoist alr has more heat to give up than foes an egual
volume of dxy aiy and is= zccordingly moxe likely o cauzse thermsel
injury of the respiratory brach; 2} Inhalastion of dry or mpist
hot 2ir may destroy the uppzy trechesl mucosz without causing
primary bthermal injury of the lungs; 3) The mosh valnsrable pard
of the lung do bthermal injury is the gentral parenchymz where the
respivabory bronchioclies and aivepli have the shorbest znd most
dirent pconnection with the primsxyy brounchiy 2nd £4) In instznoes
of mild bhermzal injury of the lungs the cenbtrally locebsd slvepli
were the seat of hemorvhagic edsma even though there had besn
insuffigient heat to cause recognigable injury of the broachial
mucosa or of the more peripherzlly located aixy sacs,
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The purpose of this invesbtigabion was bo examine the =ffeghs
of im=pivaticon of air with high wet bulb temperziturss on tiszus
temperabures of the tongue z2nd of the hard pzlete. Thisz ssotion
dezls with subjects, methpods of measuremsnt,; expsrimental
procedures, egulpment used in the btests, experimental design,
probocol, a2nd shtabistigal breatment of the daba.

Subiechs

The subjepts wers € men betwesn the ages of Z1 znd Z8 vezys
of age with a me=n age of Z5.7 yvears. A1l subjects were paid
volunteers and were physically active. All subject=s reocsived 2
physicael examination prior o any testing, =2nd =z graded exzsrciss
tolerance besh was uhilized to determins the subjechHz maximunm
workrate. Otheyr than ones subjeot who had 2n oocasional wandsring
pacemakery, 211 subjectes had normzl resting a2nd exergise ECG8s. The
subjects V{(dob)DEm=x valuses yanged from 83.86 o 7Z2.0 miikg-ldmin-]
with & mean of 08.6 mli#%kg-l#min-1. Individuzl chazrzcteristios of
the subjzobts 2re reporbed Tabie Di-1. Esbimsbad V{dob)E valuss
for the exercisze workleoazd undertakesn by the subjeot= arz include=d
ir this table using 2 predictive eguation developsd by Beyxnawrd,
Kamon & Stein {1373},



Table D1-1 Individual subject characteristics

| Qozmax _ Estimatgd bE
Subject Age ' ?g;?ht ?E;?ht (m]-kq_]-min—]) at(??ﬁix?zmax
TC 28 171.5 66.6 61.4 38.9
SG 27 182.5 74.8 54.9 39,0
GH | 21 171.5 77.8 43.6 32.0
w» 23 187.0 73.2 64.9 45,8
DS 22 184.4 72,6 72.0 50.8
PS 21 181.0 68.1 60.5 ' 39.2
Mean 23.67 179.65 72.18 59.55 40.95

SD 3.8 6.62 4.18 ' 9.63 6.51
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FEouipment

Air was deliversed st approximately 120 liters%mizn.-1 into =
vapory genevator. HWithin the vapor genserator, humidifigation
ocouryed by passing watey ab 2 known temperabture inte ths
generator. This water was disper=z=sd thryough 2 largs numbsr of
glass besds gausing = great deal of water o be libsrabed into the
air, virbuslily saburating the aixy z% that point.  The sazturatbed
g2ir thesn travelied from the vapor gensxrator thyrough insulsitsd
tubing %o =2 kest gun which heated the air o the dezired
temperabure znd relabive humididy conditions. The finzsl
temperabure and relative humidity ponditions wers determiznzd by
meang oI dry bulb snd wet bulb yeadings baken in bthe linsg sbout
=iz inches proximal to the subject’s mouth. Ezpired air was
dumpad into the room. &ll tempsrabture data was recordsd by 2
Dprig Dataloggery &t five minute intervalis. Figure Di-1 shows a
schematic of the experimsntal equipmendt used in this exzpesriment.
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Figure D1-1 Schematic diagram of apnaratus used in hot humid
air inhalation experiment

Note: 1 = High velocity positive pressure air pump; 2 = Input
water temperature requlator; 3 = Input air hose; 4 =
Drain pipe; 6 = Input water hose; 6 = Vapor generator;
7 = Insulated tubing to heat gun; 8 = Heat gun; 9 =
Insulated tubing to mouthpiece; 10 = Dry bulb and wet
bulb thermocoupless; 11 = Expired air hose; and 12 =
Doric datalogger.
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To insure that =2 propsr wet bulb tempsrature wazs obtsinsd 2% the
airfiow used in thiz study, wet buld Lemperatures were measured 2%
increasing airflows (controllied by 2 vaeriac) to show that the aixr
flow was gresat enough to canse the propsy amocunt of evaporation bo
take place from the wick of the wet buldb. Tissus Lemperaturss on
the tongue and hard palete were tz2ken by mesns of thermocouplses
held in plagce by 2 foobball-sivie moubth provector which was
form—-fitbed o ezsch subject’s moubh., This allowed bempsrature
sampling a8t fixed logations. A reobal bthermishor was use=d o
record the subiecht’=s core temperature, Hzert rabe was displayed
on a digital monitor {Respironics Exersentyy BX) in beab=s pexr
minute or a3 Hewleht-Fackard Elecbrpozrdiograph and was ryecordsd in
beats per minube.

Design

Mouth temperstuyes were messured on the hard palshs and on
the top of the tonguse. The hot inspired zir tenperaturez wers 41,
45, a2nd 31 d=2g C. At the threse hot =2iy conditions, thyres relztive
humidities were sbudisd: 65%, BO%, znd 95%. Subjegts ran on =2
treadpill for €0 miputess at 40% of their V{(dot)DImax under sazch of
the west conditionzs. The first four subjechts were bested in =
step-wise fashicn, i.e&. =ubjsct=d %o the £1 d=g C zir with
inorzessing velative humidity {i.e. 63%, 80%, and B85%), thea wsrs
bested at 45 deg € with incressing relstvive humidities levels,
gto. For the final dtwo subjects test conditionzs were randomized
and subjects were not aware of the dry buld or relstive humidity
conditions they were experiencing. This waz= dome in ordey 0
conbrol for possiblie isarxning effects from the stepwiss testing
propefdure and for any psychological effects from the subjeots
awareness of the test conditions. A control test was done for =211
subjests at room aiy conditions {(approximately Z5 ). The
relative humidity for the contzol t=st was 50%.

Fxrotoool

The desired input water temperaturs for thHe vapor geasrsior
and the bvempsrature of the heat gun for the spegific inspired zir
confitions was o=2leoulabted using 2 program developed in the
Ergonomics Unit of the Laborabory for Human Ferforxmance RBessarch.
The btemperatures o0f the inpud waber and hezad gun were =2t a2t lsza=t
4% minunbe=s prior teo the start of the test in order to achisve =2
reasonably sbable air gondition. & constant check waz mz=de of the
gir condition=s beforye the experiment by the u=s of 2 compuber
program which caloulated relative humidity when given drxy bulk znd
wet buldb temparzdures.
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Upon entering the laboyxatory the subjepbs weEre fitted with
chest elspbrodes, aangd bhen the subieot inssrited the raobhal
thermicstor. Resting tongus and paliste demperyrabuzres,;, resting gors
temperaturs, zand 2 resting heayd rats were obizizned Just priocr D
the sitaxrt of the best. The Preadmill was then set 2t Lhe
conditvions reguired to exercise the subject at 40% of his
V{dot)0Zmaz and bthe subject started bhe test. Meassursmesni=s of the
input water tsmperature, hz2at gun temperazturs, dry buib znd wat
bullt temperatures; core bempersbure; palate bemperzture, Longus
temperature; zad heart ratse were taken every five minube=s guring
the B0 minubes of the Lbest using 2 Dorig Dabaloggey. These dabs
were then entered into computer files for labesr =mmalysis,

Statistical Txestment pf the Dats

In 2 univariabte anzlvsis of variancs of repested measurss
{ANOVR}Y design, data from the te=n wet buldb bemperzbture=s werse
enzivzed by a statistical packzage deveiopsd by FPaul Games {(Gamss,
138i; Gamess, Bray, Heryon, and Pitz, 18BL). A two-fachor 3 1 B
{bemperature x humidiby)} ANOVRE was employed o examine the effsobs
of iporezsing dry bBulb temperatures and relzative humidities on
Ltissus tempervatures of the toangue and hard palate for the slsvabsd
wet bulb conditions. Linesr regressions wsre caieculatsd Lo
describs the btongus and hard pzilate btempeyaturss and inspirsed wsh
bullb rsiastionship. Ths sscondayy measures, heart rates and cors
temperabture, were also amalyzed in & univariabte aznd muldivariate
ANOVR. Criticzal =igha levels were .03 in 211 oases=.

Ao=plidts angd Discussion

The purposes of bhis investigation was to determins the
effects of slsveted wet buld tempersturss of inspired 2ir on
tissue itemperysturss measuyef on the tongue ang harxd palste. This
section presents the datz gplliected during the lavestigabvion a2nd
an interpretatiocn of the resuids is offered in the following
sacbions: (1) tongue tempersture, (Z) palabe temperaiturs, (3}
core bemperaturs, and {£) heard rate.

Tongue Temperzburs

‘Table D1-Z shows the mean bongus and palaite bemperziurss fox
the control and sxperimental gonditions and aiso gives the mean
wat bulb temperabure for e2ch of the best conditions. The
conditions are arranged in ascending wet bulb order.



Table DI1-2 Mean tongue and palate temperatures during the various experimental conditions
(in order of increasing inspired wet bulb temperature).

T (°C) 18.9 347 37.8 39.0 40.1  42.3  43.6 44,9  46.9  49.3
s.d. 2,83 0.48 0,52 0,50 0.43 0.28 0.39 0.55 0.29 0.49
Tgp (°C) 24.8  41.3  41.1  45.9 4.3 46,2 51.1  45.8 51,0  50.7
s.d. 2.2 0.12 0.17 0.30 0.23 0.18 ~ 0.45 0.31 0.36 0.15
%RH 57.56  64.5 8.1 65.6 93.3. 79.2 65.0 944 79.7  92.6
5.d. 6.12  1.93  2.10 1.8 2.20 1.04 1,70 2.72  2.04  2.43

Tiongue (7€) 30.7 3.8 37.2 37.4 384 39.0 39.2 40.4 4.4 2.2
5.d. 1.50 0.36 0.36 0.42 0.26 0.57 0.47 0.83 0.67 0.9
Thatate (°C) 31,1 36.0 37.6 37.7 384 39.1 39.3 40,3 4.4 42.4

s.d. 1.26 0.37 0.56  0.35 0.48 0.43 0.33 0.74 0.38 0.42




The mean bongue tamperabure of dthe control condition (i. 2., 25
deg C znd 50% RH; Twb = 18.9 deg C) was 30.7 degreps and was
signifisantly lower than all of the experimesntzal conditions
[F{1,5) = 120.180; » ¢ .001]. Throughout the eiperimental
conditions, =5 the wet bulb temperaturse increassd,; the biszsus
temperabure of the btongue also increased.

There were plep significant differsnce=s found among the
experimental ponditions. & Duncan underline procedure summarizses
these giffsrences in Table D1-3,



Téb]a D1-3 Duncan underline procedure summarizing significant differences in tongue-
temperature among the various test conditions (WSD = 1.43).

T (°C) 18.9  34.7  37.8  39.0 40.1  42.3  43.6 44.9  46.9  49.3
T+ ongue (°c) 30.7  35.8  37.2  37.4  38.4 39.0  39.2  40.4  41.4  42.2
Note: = = not statistically different (p < .05).
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Figures Dl1-Z shows the mezan btongue bvemperatures &= 2 functiocn of
the inspirsd wet bulb itemperabure, The correlation of tongus
tepparabure b0 inspirad wet bulld tempervabure was 388,



MO ED -

[ Nanl—J

[ ]

Hﬂ:ﬂ’mm’ﬁ‘xh_‘

42-
40
38

36—

-

|

L"i‘rli|1ll.l|il|||r|1|

WFigure pD1-2 Mean to

TOMGUE = 10.7 + 0:46 Ti8

r = .97 '.0
v ¢
+
*
'
+
L X
"
+ +
. '
*n.
'
r"
t
N
A
\J

B -4 15

HEY DL TEWPERATWRE (DEG C)

ngué-temperature versus
inspired wet bulb temperature

7
1
0 -
N
G -]
Y 42
£
|
£
1 44
[
.g .
A
| | 36
1
n -
£
[i] 6]
3
6
¢ b

Lo

Figure D1-3

ORY BULB TEMPERATURE (DEG C)

Mean tongue temperaturgs_a?
different relative humidities
versus increasing dry bulb
temperatures



F&G

]
et
s
41}

& leash sgusyes regression sguation for this data is:

Ttongue {deg C} = 18.7 {(deg C) + 0.46 Twb (deg C}

(Standard error of ectimats = ,53)

This eguation had an R-sguared valus of ,937 adjusted for ths
degress pf fresdom. '

Infivence of Drv Bulb Temperabure a2nd REelstive Humidity

The bwo-faptoy AHOVH showed significant main incressss in
tongus temperadture due o d¥y bulb btsmperature [F(1,5) = 1Z4.008;
¢ 0013 and relative humididvy [F{1,5) = 185.111; o ¢ .00311-
The inberaction of dry bulb btempsrzture angd rsiebive humidity was
not signifipant (p = .254), Figure Di-3 shows mzen bongus
temperatures a8t @ifferent relztive humidities varsus incresssing
gy buld temepratures. Note that the linss desocribing relative
humidities are basically parallel, If thers hzad besn a2
significendt intevzobion bebwsen the dry buld temperabture z=znd
relative humidity the=zz lines wponid converge.

Pelats temperatuyes reachted in very much bhe same fashion ez 4id
the tongus Lempsraturs=. .

Cora Tempsrabure

Since the experimental conditiomns should cause & resplratory
heat gain it was of intersst to s=2 if inspired wsb bulb
tenperatuyres might affect core temperatures asz measured with a2
reobal probe. This was ot the ecase, howsver, singe cors
temperaburss were not affectsd by the heat g2in incurred by the
respirabory Ltract dus to the breathing of azir at elevated wet It
temperatures {p » .05). Figure D1-2 shows & bypical Lime cours
for poore temperature during inhalistion of kot humid air,
Differences in core bemperabure due Lo ingreacsiang dry bulb
temperatures and relabive humidities were not significant {p >
.05},
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Hezxt EBzte

It was aiso of interest to determine whether hesrt rate was
affected by inspirastion of z2ir with elsvatsd wet bulb
tampersbures. There were no significance increases found when
gomparing heart xabe to increasing webt bulb tempersbures of
inspired a2ir (p *» 05}, There were e2lss no significant lnocyrszseEs
in hesrt rate dus to incyeasing dry bulb temperadures (p ¥ .05 oy
dug o incressing levels of reladive humidity (p ¥ 05). '

Generel Di=spu=sign

The most imporbt=nt finding of this investigation is that wet
bulb temperature of the inspirved =iy ssenms to ba 2z bedber
descripbor of heat stress to the Hissue=s of the moubth than either
dry buld temperaziurszs, raistive humidity, or both of thess
gombinsd. The process of hest transfer in the mputh s=zems to be
vary much like the heat exchange which ocours with 2 wst bulb

thermomeber.  This finding is in agresment with the resulis of 2
similar study by MoCutochan and Taylior {1551}, whp were sbtudyving
the effsots of the inspired 2ir btemperabture and relative humididy
on the btemparabure and velaitive humidity of the expired sir. They
found that thelr xesulbs were eztremsely well described soisly in

terms of wet buld bemperabure. They further suggested that the
heat drznsfsr that takes place in the mouth is fully aznaiogous to
the procass bhat bakes place with 3 wed bulkb,

E=timations of respiratory heat gain were made by o=z
the differencs between enthalpy contzinegd in the insplred z
enthalpy of expirved 2i¥. The assumption was made that sxpirsd =2
was in eguilibrium with the tissues tempeyatures of the mputh and
was fully szturzted with water vapor. The resuliz of thess
galoulstions 2¥ys preszenited in Tz2ble Di-4.



Table D1-4 Estimates of respiratory heat exchange in test conditions assuming expired air
is in equilibrium with tissue temperatures in the mouth and is fully
saturated with water vapor.

Estimated : Estimated
Twh of Kcals/Liter Expired Air Estimated Respiratory
Inspired Air of Inspired Temperature Kcal/Liter Heat Gain
(°c) : Air (°c) Expired Ajr (Kecals/Liter)
18.9 0.0191 30.7 0.0328 - 0.0137
34.7 0.0394 35.8 0.0397 - 0.0003
37.8 | 0;0422 37.2 0.0415 + 0.0007
39.0 0.0450 37.4 0.0418 + 0.0032
40.1 0.0467 38.3 0.0433 + 0.0034
42.3 0.0510 39.0 0.0041 + 0.0069
43.6 0.0534 39.2 0.0449 + 0.0085
44.9 0.0570 40.4 0.0469 +.0.0101
46.9 0.0607 ~41.4 0.0491 + 0.0116
49.3 0.0672 42,2 0.0510 + 0.0162
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2c you can s=e fyom Table Di-4 the two lowsst wed bulb gonditions

i, 8., Twh of 34.3 deg C or lowsr) would result in & respiratory
hezt lo=s. Insplred airy wet buldk sonditions of 37.5 deg T oz
highey result in a yvespiratory heat g=2in. AY the most seversely
glavated wet buldb congditvion the resziraztorxy heat gain incurred by
the subject over the hour-long test a2t an average V{(doi)}E of 21
L/min would be 3%.85 kegals. These ocslipuletions are in agresment
with Tthe findings of MoCutchan 2nd Taylor {(1951) who found in
their sbtudy that respirstory hest gein sharted when bthe inspirsd
wat bulb temperature expesded 35.2 deg C.

(W

The subjestive feelings= elicited from the subjectzs alspo besy
reporiing., Thers were two conditions which tbendsd o be peroisved
as very @ifficult for the subjeots Lo eadure. Thess were the two
conditions with the highest wet bulld temparaturez; 51 d=2g C and
BO% EH =nd 51 gdeg € and 85% BH {(TWB = 44,5 ds=g C and 48.8 deg €
respeotively). During and after thezs tests there were fraguent
gorpplaints that the subjest’s gums, tongus oy back of the mouth
hurt, though nobt ssverely. Redneszz pf the subjectzs gums and
tongue were also noted feliowing thess test=s. Intereztingiy, the
gums ware often the fiyst aryex which became a coneceyn with regaxd
to bissue ssnsibividy inside the mouth., This 1s perhsps bapau=ss
they are the first tiszuess o some into contzoct with the hezt lo=z28
being presented to the mouth, before safficient conditioning of
the inspired z2ir is pos=sible.

Though the guems were usually the first bissues affscted by the
inhalabion of hot humid air, the Longus, hard palate and posteri
wall of the pharynxy were often a bit soxre after tests a2t the most
sxtrems hot 2iy levels. Radness of the tissues wersz alsp nobed in
these regions. Ons subject slected not o finish the test at ths
21 g=g € 2nd 85% RH level after Z5 minutez of the iznhslation of
this =zir.

It was noht2d that often during the two most exbremely stressful
test gonditions that ventilation by the subjecits was rapid and
very shallow. Thi=s is perhaps 2 protective mechani=zm medizted by
neural respiratory conbrol cenbters as 2 final defen=s mechanism
designed bto probtest the sensitive tissues of the respirstory tract
during iznhalsbion of 2ir with elevated wet buldb temperzturss.
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AUTOMATIC BREATHING AND METABOLIC SIMULATOR:THE RESFIRING ROBOT
N. Scott Deno
The Pennsylvania State University
Nol1 Laboratory
University Park, FA 16802
ABSTRACT

Automatic breathing and metabolic simulator {ABMS) sysiems were first
developed in the early 1940s and wark continues today on a simulator of the
human at work as a replacement for the human subject during respirator
"man-testing." The systems' responsiveness to dynamically changing gas
compositions and changes in simulated work rates have constituted the most
compiex design problems. The vesponsiveness requirement dictated the
incorparation of a minicomputer. Our ABMS system is a "pendulum” ventilated
lung with continuous gas-exchange metaholism simulation {no cyclic injection
or withdrawal pumps and no combustion furnace) monitored by a complete
breath-by-breath, on-1ine metabolism measurement system. Any desired
protocol can be proqrammgd by specifying, for each period of the protocol,
the oxygen consumption (Vp,), carbon dioxide elimination (0502), respiratory
frequency (fr)’ ventilation rate (VE), and the breathing waveform'shape.
A metahc]ju states from rest to suPermaxima] can be simulated: V02 from
0-6 1/min, Vgo, from 0-7 1/win, and Vg from 0-130 1/min.  The time constant
far réquested changes in metabolic state s nominally 1 minute. Cerrections
for changes in inspired gas composition are made immediately after every
respiratory cycle. - Results are monitored continuously, Our ABMS system
‘meets all of the requivcments as a candidate. for complete "man-test” simula-
tion for testing self-contained hreathing apparatus using testing guidelines
such as 30 CFR 17.

B TNTRODUCT TN

Simulation of human respiration has proven over the years to he a greater
challenge thap many researchers' original expectations. This research effort
has spanned nearly Tifty years, since the early work using crankshaft-driven
diaphragms with variahle fulcrums to vary the stroke of the diaphragms.
One Targe diaphragm produced the venti1nt19n (QE). one smaller diaphragm
injected COZ to simulate COE elimination (VCOg)' and one smalley diaphragm

withdrew gas to simulate oxygen cansumption (Vo?). These early systems were "q
very durable hut produced peoor simulations in many situations. For axample, b]
1
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ng with the early systems was diregt]y propoﬁtiona1 to inspived oxygen con~
centration (Flp.), when a constant v02 was desired. Changes in simulated
exercise protocol were all parformed manually. Alsp, no monitoring of gas
concentrations, . pressure or temperature were integrated into the system.
Improving the performance of automated breathing and metabalic simulator
(ABMS) systems bheyond these early systems has revealed a Targe number of
significant technical problems. Several of these problems could not be
solved until recent gas analyzer and computer technology became available.

Historically, the major prablem in ABMS develcpment has been incor-
porating ABMS-system respensiveness and computer intelligence. This
responsiveness characteristics applies to monitoring subsystems, control
subsystems, and the feedback from the ABMS brain (the computer). The human
body's reaction’ to suparimposed changes in exercise intensity and inspired
gas concentrations is too dyhamic to simulate without responsive monitoring,
decision-making and centrol. For example, an adequate ABMS system, 1ike
the human body, must exhibit a 002 which is indepdendent of Flp,. But, the
ABMS ‘system must do this without the benefit of numerous hiochemical regula-
tion mechanisms of the human, such as the hiood's oxygen dissociation
characteristics. Since practical considerations have forced ABMS designers
to simulate 002 and 0002 by withdrawa1 and injection of gases, a fast
response contrel loap must exist from the monitoring of gas concentrations
at the mouth, to verifying desired simulation conditions, and finally, to
controling adjustements of gas injection and withdrawal. Clearly, a
respansive ABMS system must be defined as a system which will make the correct
control adjustments within several breaths after a change in the environment
of the ABMS system. Also, these contro] changes initiated by the ABMS
system should be reflected as a correction observed at the mouth within
several breaths, This implfes, amony other constraints, breath-hy-hreath
monitoring of gas exchange.

Praviously constructed ABMS systems have contributed significantly to
the knowledge about ABMS system techniques. The early diaphvagm systems
described previously demonstrated the need for better monitoring and control,
and alsc the necessity for injection of nitrogen during conditions of less
than 100% oxygen and/or exchange vatios Tess than 1.0, ABMS systems which
burned comhustible gases to partly simulate metabolism revealed the hazards,
significant maintenance requirements and near impracticality of such systems.

an
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ABMS sycstems with separate Tnspired and expirved ventilation flow pathways
have shown undesirably leng response times to changes in inhaled gas con-
centrations when the internal dead space of the ABMS system is several times
larger than a human's lung volume. ABMS systems which use compliant elements
for injection and withdrawal of gases have shown sensitivities to pressures
developed at the mouth resuTting in metabolism errors., The practicality of
most former ABMS systems was minimal without automatic and dynamic protocol
control. Typically, in the past, a single metabolic condition was time-
consuming to set, verify, and maintain. Former systems lacked a set of mea-
surements to completely profile the performances of a self-contained
breathing apparatus (SCBA).
' In summary, upon embarking on the concepts and design of the ABMS system
described, past research clearly indicated a need for a radical change in
design. Using the old design concepts, which wera produced at considerable
cost per system, undesirable shortcomings in the system were inevitahle,
Our system is radically different and solves all the classical ABMS system
prablems., It is respansive with respect to all necessary parameters; system
dead space, measurement, intelligence, and contrel. The system does not
burn combustible gases to simulate metabolism. Nitrogen injection is used to
provide proper simulation under all conditions of 0y concentration and
desired exchanga ratio. A1l variables which are currently required to estab-
1ish a pass or fail decision after testing a SCBA are measured using true
breath-by-breath monitoring techniques. A1l the injection and withdrawal
techniques display no compliant characteristics. The design of the ABMS
system js very similar to the human anatomy and dead-space comparimentis
have volumes which are equal to a human. A1] dynamic protocols which are
humanly possible are easily programmed/executed.

. SYSTEM DESCRIPTTON )

This vevolutionary concept in automated breathing and metaholic simulators
has been constructed for a totally automated exercise protecol, such as the
required "man-test" for respiratory protection device certification by the
National Institute for Occupational Safety and Health. The flexibility and
capability of this system can be appreciated when one understands the inmense
power of current mini-computers, the heart of the measurement and control
functions, A1l of the simulator's intelligence, enahling it to perform as a
human subject, the desired exercise protocol, and the recorded history of
perforinance (resulting data) are stored on disk files in the computer. Almost
0
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no constraints on behavior are built into the physical sub-assemblies of
the simulater {(such as crankshaft breathing drive which can produce only
sinewave patterns). This simulator can actually record, summarize, and
write reports on the results of a test as the test is conducted. This
includes high speed processes such as the instantaneous control of the Jung
waveform and the breath-by-breath, on-1ine calculations.
Computer Controls

The computer directly and completely controls three sub-systems which
are shown in Figure 1. The lung, which is a stepper-motor-driven piston
design, is controlled to simulate any breathing waveform which is humanly
possible. The second sub-system is a group of three valves which determine
metabolism through adjustment of flow rates of N2 and C02 into the Tung
and Tnhaled gas mixture of Nz, coz, and 02 out of the lung. The third
sub-system (Valve D) is an on-off isolation valve at the mouth of the
simulator.
Breathing Simulation

The breathing is simulated by a large piston driven by a high-torque
stepper motor. A1l breathing waveforms with ventilations ranging from 0 to
130 1/min STPD are programmable where the waveform can change nearly avery
hreath. Sinewave, trapezoidal wave, triangle wave, and any other non-
symmetrical waveforms are possible. Also, the inspired and expired times
can be unequal. The piston design is gas-tight, if fitted properly, and
has na undesirable complaint characteristics.
Metabolism Simulator

Carbon dioxide elimination (VCUZ) is simulated by €0, injection where
VCO; is equal to the €O, injection rate minus the C0y Tost through the exhaust
flow. The oxygen consumption (Vﬂg) is simulated by 02 withdrawal whare VD2
is equal to the 0, Jost through the exhaust flow. The N, injection is then
used to balance the net flow rate into or from the lung which is not produced
directly by piston movement. These flow rates are constant and enable
simulation of all metabolic conditions (Qcog, 002, and/or exchange vatio)}.
The continuous-flow concept also performs a better inter-breath simulation of
the progressive increase in expired CO and progressive decrease in 02
expired as with actual human subjects. Other ABMS systems display constant
expired gas concentrations, which is a poor simulation and may affect results
obtained when testing respirators.

11
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This continuous flow concept is simple in concept; however, it requires
a dynamic and intelligent monitor (the computer) to vapidly readjust the
valve settings if inspired concentrations are changing. A1l ABMS systems
are prone to errors if the system cannot respond to changes in inspired gas
composition, A breath-by-breath analysis of mixed inspired gas composition
is really required for any ABMS system because inspired gas composition can
change dramatically in only seconds when testing respirators with pure 0,
supplies. The respiring robot system uses breath-by-breath analysis.

The final redundant check on the metabolism is an actual breath-by-
breath analysis, which is independent of the actual control functions., The
respiring robot system uses the information to "fine tune" the actual valve
settings to achieve exact values of desired metabelism.

Measurements

A1l the measurements are effectively instantaneous and contipuous; no
slow speed multiplexing of electronics or mechanical valves limits the
respiring robot system fram continuous monitoring of all measured variables.
A1l measurements are made with fast response sensors and most measurements
are made at the mouth: 0, and CO, concentration, Tlow rate {ventilation),
pressure and temperature, These signals are processed digitally, primarily
through numerous jntegration operations throughout inspiratory and expiratory
cycles to calculate the desived parameters. Even though any conceijvable para-
meter can be calculated, the following are currently calcuylated breath-by-
breath and are also available as an average over any desired 1nterva1 {typically
ane minute}: oxygen consuvpt1on (VO ), carhon dioxide elimination (JCUE),
expired ventilation (V , inspired aent11ataon (VI) frequency of breathing
(f‘P , expired Lidal volume (VET), inspired tidal volume (VIT), inspired 02
fraction {Flg,), inspired €O, fraction (FTg,), expired 0, fraction (FEpy)s
expired €O, fraction (FECOZ), neak inspired pressure (PP]), peak expired
pressure (Ppc), end tidal CO, (PETCOZ)- mininum inspired €O, (PMN£02), minimum
mouth temperature (TEMN), maximum mouth temperature (TIMX)‘ expirad time (tE),
and inspired time (tI). A1T results ave stored in standard units.

This breath-by-breath data {s averaged and stored on disks for Tater
reference and/or report writing and/or statistical analysis with other tests.
Temperature and Hunidity

Temperature and humidity simulation with the respiring robot system is
simplified by the similapity between the physical layout of the system and the
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human anatomy. Two thermal reservoirs, the Tung and the upper airway heat
exchanger, are maintained at 37 degrees centigrade. Since the respiring
robot system has a bidirectional airway flow in an fdentical manner as a
human subject, the dynamics of expired and inspired air temperature changes
will be closely simulated by maintaining only two thermal reservoirs at a
constant temperature. The initial humidification is provided by pre-heating
and pre-humidifying the injected air in the mixing chamber. Final humidifi-
cation takes place in the Jung. The water wets the entire mixing chamber
and Tung. Pump A in Figure 1 circulates the water to maintain a water film
in the mixing chamber and lung. The respiring robot and human anatomy differ
only in that the alveolay and branchi volume in the human are simulated
as a single Tumped volume above the piston,
Protocol

The protocol of a particular test is defined by a data file on the com-
puter's disk. Any number of praotocols can be written into any number of data
files. New protocols can be written in minutes and old protocol data files
are always retained for future selection. The 30CFR1] "Man-Tests" are a
subset of the tibrary of protocol data files. Pratocols have mo 1imits as
to test time duration or the frequency at which requested metabolisms or
breathing waveforms are changed. A practical maximum frequency of protocol
change is 4 times/minute or every 156 seconds.
Maintenance

Daily maintenance involves very few items; checking the humidity water
reservair, dump the water accumulated in water traps and calibration of the
gas analyzers. The lung piston should be greased bimonthly and the lung
motor greased annually.

RESULTS

Performance during the last year of routine use has been very encouraging.
A sophisticated system 11ke the respiring robot requires many hours of testing
under numerous conditions to verify {its accuracy, proper operating procedures,
and long-term reliability. The respiring robot operation has included constant
metabolism tests, 30CFR1T “"Man-Tests," and special transient exercise simula-
tions at both voom air and high oxygen environments. Tests have been parfarmed
with chemical and bottled SCRAs. Single SCBA test durations have been up to
120 minutes and actual testing of up to six hours in an eight-hecur day.
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Respiring robot metabolism and ventilation were measured using total
collection of the expired gases in a 200 Jiter collection bag during a steady-
state metabalism (Consolazio et al., 1963). Accuracy of the respiring robot
depends primarily on the calibration of the gas analysis system and the
maintenance of the response characteristics of the gas analyzers, Comparisons
between the respiring robot and the collections for Vg,s fram rest to
3.0 1/min have been with 5%. The upper ng range of the respiring robot
extends to 6 1/min, but has not been validated. Duriqg an es?ab]ished steady-
state work rate, variations in 30 second averages of Vo, and Veo, are less
than 10%, and overall averages differ less than 5% from the desirved condition.
Sudden changes in environmental conditions, such as when the SCBA is first
connected to the respiring robot and the oxygen Jevels rise from 21 to 70%
in a minute, produce temporary pertubations in Vg, and &CUZ are typically
20% over 90 seconds; however, the overall average over the same period deviates
less than 5%. Perturbations of 002 are typically 100% which seem high; however,
this is predominantly due o the washout of the Jungs of the vrespiring robot
in a manner identical to that of a human subject. ‘

" Transient metabolism control characteristies are dependent on the magnitude
of the change requested. The time constant for changes in metabolism of
0.1 1/min is 10 to 20 seconds. The time constant for changes in metabolism of
1.0 1/min is one minute. These are the maximum rates of change; slower rates
of change are implemented by computer software. These maximum rates of
change for the respiring robot are only slightly faster than the human (Whipp
and Wasserman, 1972), Typically transient characteristics are shown in
Figure 2, Final programmed respiring robot transient characteristics are
based on previously published and unpublished human subject testing by our
laborataory {Bernard et al,, 1977), Transient performance of an ABMS system
ultimately has a very significant effect on the total average metabolism during
an exercise protocol, because many brotnch activities, such as most 30CFR11
Man-Tests," are too short to achieve steady-state. This means that the subject
or ABMS is a transfent state the majority of the time. For example, Taddermill
activities during 30CFR1) "Man-Tests" achieve only 60% of the metabolic rate
which would he achieved if the activity were continued.

Simulator performance compared to that of a human subject is shown in
Figures 3 and 4. Plotted data are of 0.6 minute averages for a 30CFRIT 30-
minute "Map-Test" No, 2, Roth an and OCOZ for the human show move varia-
hility than those of the ADNS which is expected due to the varfability in

human subject breathing. These comparisons show good agreement with the
a1
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exception of a slight phase shift between the human and the respiring robot.

This phase shift can be removed; however,its effect is very sma11 in terms

of overall SCBA performance testing. Data in Figures 3 and 4 were collected
under room air conditions. Tests using the respiring robot with SCBAs show
similar results as shown in Figures & and 6 for a 30CFR]1.70-minute "Man-

Test" No. 2. Major differences in results between room air and SCBA conditiens
occur when donning and vemoving the SCBA. The sudden changes 1n oxygen
concentration cause perturbations of the metabolism (primarily 902) for both

the human subject and the respiring robot. This can be observed in Figure 5

at the beginning of the test using the simulator. Human data shown in

Figures § and 6 were measured at room air conditions for practical considera-
tions. Respiring robot results in Figuras 5 and 6 were measured using a chemical
oxygen SCBA. The differences in transitions between the human and the simulator
are caused primarily by human variahility between tests and slightly inappropriate
proteco] requests to the simulator with regard to a specific subject's response.

Repeatability has been a major performance goal. Two methods have heen
used to evaluate yepeatability; comparisons with human test durations using
SCBAs, and comparisons between total gas exchange throughout a test protocol.

A ane-hour protocol was used where the work rate cycled from rest to

1.0 1/min oxygen consumption. The mean SCBA duration of more than 20 tests
using human subjects was 68 minutes. Based on the same failure criteria, the
mean duration of 27 tests using the respiring robot was 83.6 minutes with a
standard deviation of 12.2 minutes. For thesa 27 tests, the measured total

mean volume of 602 detivered to the respirator was 45.8 liters with a standard
deviation of 2.1 1iters. Total mean volume of 0, consumed was 52.0 Titers, with
a standard deviation of 4.8 liters.

Instantaneous recordings of expired gases show simi]ar_wavefnrms when
comparing human subjects and the simulator. At 1.0 1/min, Vg, and conditions
of normal breathing and hyperventilation, Figure 7 shows the instantaneous
€0, during an expiration for the simulator and the human subject.

Nearly daily operation for two years has produced a maintenance recard
including a total of two days of down time. This service record incTudes all
sub-systems, such as cemputer, Tung, control, and measurement.

DISCUSSTON

The respiring rabat is an ARMS system which overcomes all the traditional

limitations which former ABMS systems have had with respect to the ultimate
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goal of accurate simulation of dynamic exercise protocols Tike 3¢ CFR 1
certification "Man-Tests." No limitations have been observed in one year of
operation involving SCBAs which would preclude the vespiring robot from
becoming a total replacement for evaluating human subjects' metabolism and
breathing effects on SCBAs. 0Of course, the biomechanical aspects of SCBAs
will always require human subjects for a thorough evaluation.

Routine maintenance is minimal.. Calibration of the gas analyzers, check-
ing levels of the water reservoivrs, and checking CO2 and N2 gas supplies are
the extent of preoperational procedures. No mandatory overhaul or replacement
is required of any component. Periodic inspections have revealed no notice-
able wear on moving parts after hundreds of hours of operation.

Operational precautions which have been abserved are minimal, Checks for
Teaks caused by defective tubing and fittings must be done periodically. Even
seemingly minor leakage at certain locations within the system can cause
significant errars, To identify these problems immediately, the respiring
robot has an automatic means to do a total system leak check using a mouth
isolation valve. In practice only several tests have heen disrupted due to
Teaks. A more potentially sericus problem comes from prolonged conditions of
inspired gas at high temperature and humidity. Condensation of water vapor
must be prevented when possible, or trapped where condensation does occur.
Bottled oxygen SCBAs can produce inspired gases which have high water vapor
saturations at temperatures of as high as 50 degrees centigrade. Proper loca-
tions of heating and water traps will control the problem; however, frequent
checking of water traps and heaters is judicious during high humidity environ-
ments.

The heart of the respiring robot is the computer software, which is
beyond the scope of this paper. The size and complexity of the software
required can be appreciated when considering that one computer performs all
protocol control, metaholism control, breathing contral, and measurement

" functions simultaneously. These functions include everything from the simple

operatar-computer intéraction to the most complex mass balance calculations.
The software dependence enables the system performance, simplicity of
mechanical design, and flexibility.

The total scftware dependence of the respiring robot allows a complete
change in the operational objective by simply changing the current rimning
program in the respiring robot computer. This is a powerful feature when
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future requirements change and new knowledge mandates changes in the respiring
'r'obqt's operating characteristics. This also enables certain "bench tests"
to be performed on the respiring robot without changing the mechanical con-
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APPENDIX Fl:

A MATHEMATICAL COMPUTER SIMULATION OF BOTTLED OXVYEEN-TYPE
RESPIRATORE AND HUMAN SUBJECTE

This phapter gives 2 compleites descripbion of the modsl
simulating & human breathing with a2 botbtled oxvgen bype
respirator. The desoription is divided into dwo distinct paris.
The first part is 2 general overview of the eatire model zlong
with a description of the man tesbt= that will be uzsd 2= the human
input paresmeters. The second half is =2 desoripiion of the COZ
soyubbing unit. The results of bthe validation study for this
portion of the mpdel will s2ispo be prassnted.

This first seovion is 2 general ovexview of the REspirator
MODel (REMOD) system writben in the forxrm of 2 fliow chart of ths
‘aptusl program. The model is =2t up so that the simulation cazn
begin when the resplratory is fonnsd eithery 2% the beginning of azn
inspiration or an expiration. Howsver, most manufacturers
regommend that 2n inspirabion should ocour firsh., Therefozrse this
gispouzssion of the program is writien in that meode. An imporiant
faochb Yo kesp in mind is that the model idterates onm =2
breath—-bhy-breath bas=is as opposed Yo the more conventionzl mebhod
of times iteration iz which esasch bre=th is dividef up into many
small tims incremsndts (Dickinson, 1877). This alillows bthe model o
ryun much faster than rezl Lime sven on a sma2ll compuber,

The dizgram of a2 human sad respirsbtor simulation {Figurs
Fl-1) shows the relationships bsiween the various paris of the
model. &l11 of the items drawn are easily changed within the model
o aocompdate diffsrent tvpes of respirystors, as well zs bhe wids
varieby of humans possible. The thres bHriangles surrounding ths
two largs bores {(lzbeled HUMAN LUNG VOLUME =nd REQDFIRATOR BAG
VOLUMEY represzent summers which kesp trazpk of the ingdiviguszl gas
volume as=zigzed, A=z the diagram shows, the gas volumes =2re
composed of the gas inhaled oy exhaled plus or minus any gazs bhab
eithey the resplrator o¥ the human producsEs 4 consumss.  AD
imporbant difference bebwesn the two halves of the model is ths
dismond sheped blogk below the vespirator bag volume bhiock. This
bloock shows the bag volumes being test=d condipucusly with ga=
being vented if bthe veolume is oo large o oxvgen being injscted
by the demand valve if the volume is too small,

The model iz writbten &= & shorb main pragranr which palls
various subroutines; iz turyrn, o perform the aobtusl galoulations.
This szt—up was chosesn o 21low the usey o guickly and esssily
change bth= respirator’s charvagteristics o zcocommodste differant
menufacturer’s spegcifications {(Deno, 1882). Theres azre ssveral
=zsubroutine=s 2% the begianing of the program that arye czlisd only
onge in orxdsy o s2t up the initizl conditions of the humsn
subject and the respirstox.



DIAGRAM OF A RESPIRATOR AND HUMAN SIMULATION

Expired N2

Human
COo

Flimination

Initial CO2
Lung Volume

Bi-directional Flow|

Initial CO2 Volume (=~ == 2 102 Ml
Bag Volume cOoz ) Expired CO2

Scrubhbed
T
Initial N2 1
]
Bag Volume ™o I D7
l E 1 inspired CO2 E !
RESPIRATOR | A 4 - Al HUMAN
| D ) D
Inspired N2 s
BAG ' 5 LUNG
k X
| Expired O
VOLUME | A plrec 2 A1 voLumE
C \ i
: E Inspired 02 E | Initial N2

Lung Volume

Total High Test
Volume (e Volume
Vented Bag Initial 02 Initial O2
Y Bag Voluma Lung Volume

L
02 Constant Human
Demand 02 02
Valve Flow Consumption|
i
Figure F1.1. Block diagram of the respirator and human subject computer simulation ,'m‘

1
[As]



FAGE 130

After the respirator and the human have besn s2% up, the
model calls the PROTOCOL subroubine which establishss the humsn
work rate. The work rabtes were chosen fxom achusl tesiks of people
working undey the MSHA/NIOEH, 230 CFR Paxt 11, work protooocls. Ths
veluez bhat the simulation obbtains fxom bhis subroubinse sonsisth
ef: {a) ViZ, a messure of the razte % which the body i= consumin
oxvgen {DZ); (b)) VCOZ, & meazure of the rate at which the body 1
producing caxybon éioxide (COZY; (o} FB, the freguenocy 2% whioch
the wearery is breathingy (4} VE, the toial volumese of alr movaed
past the mouth in one minube; and (e) TIME, the length of tims
this level of work must be continued. Different work rabes sre
speoifisd in an atbempt to simulzabte the asctual rescus oY 2s0apE
gyperiense in ths mine.

~
E
=

The first subroutine bthe main progrzm o2lles is responsikle
for proaucing the desired charachkeristics of sny byand of
respirator., Basic variables include (2) mazimum bag volumes, (b}
volume of 0Z available, {c) dead space within the brezthing hoses,
znd (4) type of COZ scrubbsr, The scrubber cgan bs shanged fronm =2
uni-directionzal fliow dype canister o a bi-directional fipw model.
OUnse the overall scrubbesr’s characheristic= have been determined
{including diameber, length =2nd weight of LiOH pressnt iz the bed
of the canister} the charaecbteristicse of the shrinking pore model
zre s2b, bas=4 on the size of the granule=s. A more debailsd
descripbion of the workings of this shrinking pore modsl folliows,
inzivding its valiidation bassd pn experimenitzsl dzbz2 presented by
Bernzxyd (1879}, Borviz and Mazs (1S5B8Z), and Kyriazi {138%).

Humen charecteristics that nesd o be established izngiude:
{a) functional residual capagity of the lung, which is 2 measurs
of the volums of the lung foliowing a2 noyma2l expirationy (b)) desd
space made up of the tracheza,; bronchiz, mouth and nposs:; aznd (o)
alveolar 0Z and COZ concentrations; which are messured within the
iung. Values for the averzge slveplar 0Z and CDZ concentyations
wer2 baken from an srdicie by Murphy (198%). He obieinzd his data
from achuzl measuvements on humans. Values for the other tweo
charagteristics were sst 2% averzge values for noxmal, healthy
humsns {(Bannisier, Cunningham, & Douglza=, 1354},

Everything is now s2% for the firsdy inspivation pf the Lesh
simulation %o begin. & minor eryror is made here in sssuming Hhat
the desd space of bobh the respirsbor and the humen are £fillied
with gas of the sams concentration as that of *normz2l" room =2izx.
If the yvespirator wexres acbusily being donned during =2z escaps
sttexmpt In 2 ming, chances are the ambieant conditions would nobt be
"pormal® xoom air.

The first c=zloulasticn the modsl makes iz an estim=tion of the
fractional congentration of the gass= passing by the mouth.  Nexd
it d=bermines new lung volumes bzsesd on the air in the lung. It
iz assumes bhroughout the model that the lung; z2s well a2z th
respirator, contain complebely mized gas, This z=sumphisozn
based on the papey by Murphy, describing 2 model of lung g

u
Mo
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exchangs In it he caloulates “that the ol rygeEn pardizsl prassurs
fluctuat = approximately Z mnHg on either side of the meazn vaius®
in the lung duxing both inspiration and expiratipa. Thics
ooryrespondes o & fluctuation in OZ fyx=ctionsl concenbration of
0.27 peroent. Considering the scouracy of this model, wa
congluded that our assumpbion of 8 lung’s containing perfsohly
mixed gas was not a significant errpor. Alsp, since the medsl
iterates on 2 breath-by-byxeath basies and pnly resporids valuss on
the the half minube, we ignored bthe fluchbusbion in frachtional
conoentrations at the mouth dus Yo mixing within the lung a2nd the
espirator’s bresthing bag.

Two csepavate measursments {caloulsations) of inspirsd COZ
conpentration are made and reporded duying the inspiratory phass
of the breszthing cycle. The first measzuremsndt iz the average C02
concentration taken over an endiyrz breath. The sspond mezsuysment
is the conpentyation of COZ at the distzl snd of the respirator
breathing hose This measurement is Lthe ona that best
approximates tha measuyement MOHA/NIOEBH would mske during 2n
zztuzl humzn best of 2 respirator. The averages CDZ poncesatration,
mezsured at the mouth over an enbires bresth, howaver, will bs
significantly higher than that in the bz #athlng bag due to the
volums of COZ in the resplrator’s dezd space that deoss nody xzach
the SurLbbzng unit.

A major as=sumption of the model is that 21l of 2 perzon’s
metabolisn ocourzs during the inzpirztory phase of the brezthing
cycls (Deno, 1383}, This is a major simplification =inge thsa
cells are conbinupusly consuming and producing 0Z azng COZ. This

sipplifipcation wa2s necessayy 1If the bresth-by-brsath time
incremerntal syster is o be implemented,.

Moo=t bottied oxyvgen respirvators z2re sguipped with 2 gemand
valve which is activated when the preszsure in the bresthing bag
dxops below 2 seb point. This drxop in pressurs corresponds bo =n
empby breathing bag. Our model woxks on the basis of volumes,
henc= the demangd valve is aptivatzd when the inspirsd volums
exoesds the volume of gas withizn the breathing bag. Respirabors
that zye not eguipped with 2 demand valve of this Lype must have a
greatly increassd ponstant fiow rat=. The MBHRA/NIOSH standard foxr
sonstant fiow rate In 2 respirator with 2 demand valve is =set ab
1,5 livers/minube and without a demand valve at 2.0 liters/minuts
(30 CPR P=xrt 11.,85D).

When bthe in=piratoryy phazes is complete; the model beginz ths
caloulabions for the expiratory pha=ss. An important parzmater
Tthat must be caloulzted is the change in the expired $idzl volums
due to the respirabory exchange rabio of the human subjech.
During sub-maximael work bthe volume of COZ produced iz lesz than
bha volume of 0Z consumsd. This meanz= $he volume of the humazn
lung would conbinually depyeass if both the inspivrsd and sxpirsd
tidal volumss were esgual. On the obther hand, at maxzimal work
lpads in an anaerxobip condition, the lung volume would increzse



FPAGE 13Z

due to the respiratory ezchanges ratic. Both of thess sonditions
must be zocpounted for if the medel’s Loidzl ga= volumse i= o siay
gonstant throughout the changing work loads. Thie is doze by
modifiying the expired bidsl. volums by the respiratory exchangs
ratio.

The model slways assumes that the volume of nitrogsn (NZ) in
the lung is consiant., Obis,; REzhn, and Feznn {1948) show that the
change in ¥Z conceanbration during breath holding (S0 sesconds) is
le== than 1 percent. Since we avre not prolonging the residencs
time of the gasss in the lung, the agtuzl chaage iz NE veolums, dus
Lo absorphion by bthe bedy, should be fay less than 1 pergent.

Afvey the modification of expirsd t$id2l volume hss bssnr t=ken
into consideration, the model debteymines the frastion of gases
passing by the mouth., &fter the gas passses the mouith it enters
the C0Z scrubbing uniit, which is repressented by a shrinking porse
model described in more debail laber. This model gives the
conpentration of COZ coming out of the LiCOH bed. Then it
caloulates and vesords the scrubbling efficiency and (obal moles
scrubbed. Fipally it figures the new volums of gas in the
brezzthing bag, which is due bo bhe influx {exzpirvration) of gas frem
the human, :

Mozt respirator byeathing hags are eguippsd with 2 relisf
valve to prevenbt the bag fzxrom over fiilipng. This model is o
gxception. It compares the new bag volume to the mazisum bag
volume, which iz 23 inpub variable of the respirzbor
characberistics subroubine,; and bthen finds the volume that nesds
to be vented. This value,; along with the toba2l volumse of QZ
prodncsd and C0Z sorubbed, is yecordsd and printed along with the
rest of the test data. :

The model incyements on & brezth-by-bre=th bzzis. It s=nis
datz to an aversging routine after every brezth, from which hzif
minute averages arye gcazliculzted znd wridtien $o zn oudpet fiis, z2s
well as baing pressnted on the CRT scxeen. This oubputb fils
pontains the work rate; 211 of the human bresathing
characterishics; b%he inspixed and expired ga=s fracbionms of 02,
COZ, and NZ; and bthe previously menticned values of 02 producs=d
arngd C0Z pounsumed. The modsl also inpcludes iz ivs ha2lf miputbs
reporbs the amounbt of 0F received vis the demzand va2ive, the ampumnt
of ga= venited and the socrubbing efficiency of the canister (Figure
Fi-Z}.
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The model has now compleded one eabire breabh. The probocol
must be ghesckesd a2t this point Lo determine whether 2 new work xats
ig reguired. IL it is,; the model rezds in a2 new ==t of datz angd
- conkinues Lo bresthe. If 2 new work load is not reguired, the
model goes to the next phase of 2 breath =nd continusz until the
total time of the test iz excesded or uantil it iz determinsd that
the respirator has failed the test for sny resson st forth in the
MEHA/HIOEH rules znd regulations,

Chvicu=sly the REMDD =vystem cannot run or glimbh 2 ladder,
Therefore the exevocisse ie performsd by humzan subjscts and the
intensity levels ere recordsd. Kamon, Bernzyd znd Shein {1875)
measured the stazdy stabs responze to each of the activivies
reguired in the MSHA/NICGEH 30 C#FR Parxt 11 regulabions for humsns.
In another paper Bernard, Kamon, and Siein {(1875) give sguations
de=cribing the raiationship bebwesn VOZ azrd VE with bthe rabte of
C0Z production (VC0OZY a2nd the freguenocy of breathing (FB). Ths
eguastions are based on an average (S50%h peyoentils) minsxr’s body
weight and fitmess ilevel. & 85%th perosantile man gan be
approximated by adding 1.65 to the m=sn value pf VDRE or VE and
multiplying by the standard desviaticon. The other values =1 then
be recaloulsted based upon the higher VOZ and VE values. Thase
valuez for the stezdy state responses to the activitiss reguired
in the m=n tests are calcoulatbed and inpub a= varisbles inbo the
human sids of the simulation.

The respirabory and ciroulsabtory systems’ a2bility o provide
DZ during these bests lag=s behind the stext of exsrciss,; caussziog
the human subject to acorue an (02 defigit a3 the muscles razoxt to
anerobic progoesses Lo produce the necess=yy energy during ths
transient period betwssn the beginning of sxercises =nd the steady
=tate value. This 0Z defigit must be repzid a= zoom as thse
exercise gesses. Duriang this transient “"repavmenit®™ period the
body’s a=ypbkic actividty remains elevated,

Estimation of the hum=n’s zeroblc zobivity, i.82., oxvgen
consumpbion and carbon dionide production, during this transisnt
pexriod is more difficult o predict than the stezdy s=t=ats
responsses. wWe calculated the valuss for the dransition periods
from regression egquations pressnted by Linnaryeson {(1574). He
meszsured the response of s2ight subjeohbs o step ghanges in work
loz2 and it first and szcond prder exponentizls o the oubouds
waveforms. He presends eguations for bobh the shep up to szszroiss
gnf the sitep down frxom exercise for VDZ, VODZ, VE, tidzel volume
{TVy, and functional residual capacity (FRLO).

The C0Z Socrubbing Unit Model:

The seppnd ha2lf of this chapbter conoesryns the shrinking pore
model used in conjunction with the REspiration MODel {(REMOD)
progrem. This pors model simunlates the scrubbing z2ction of the
lithium hydroxide (LiDH) in the respirator’s absorbing canisisr.
Tha bzeic idsz for ihe madel‘was taken from Ywo papers,; ons by
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Ramachandyan and Smith (18577) and the other by Chrostowski azngd
Georgzkis {(1578}.

Boryta ang Mzazs (15BZ) states in their paper that "Thse
sbeoyphbion of COZ by LiDH is apparently =2 diffusion contrplled
processT. HWith this in mind we decided 4o impliemsnt 2 kinsebic
rezvbion model bessd entirely on diffusicn. The sforemsnticned
papers Gescribed models of bthis bype. WHe decided b0 us2 2
modification of these models for several ressons:

1. Y...bthe effest of chemical kinebics on the zbsorpiiom
proocsEss is not &8s imporbant a= the dynamicos (dimesnsions) of bed
configuratiopn® (Boxrybtz & Mazs, 188Z).

Z. The physical propsrilss regulyred of the rsaoptast =nd ths
product are not 211 known. This problem was facsed by the other
suthors when brving o velidabe btheir modelis, -

3. The methods for soliving the diffsrentizl eguations
invoplved are gomplex and time consuming. One of the mein gosls of
the model was o have it yun faster bthan rezi-time oo 2 sm=il
computey. The models describsd in tha pubklished pspers oould nod
be splved within this time oconstraint.

&4, ERepreszenting the funotional charactsristics of the COZ
sorubhay wazs more impordant Lo dhe overall study than reguiriag
that the scrubbey characteristioss be deterymineid fxrom the most
rigorous absorphion models.

Aftey ponsidering %this information, we deoided Lo crez=ts =
simplified version of 2 shxinking pore mofsel a= the COE scxrubbex
porbion of thes ovexzll mpdsl, The eguations describing ths
inidial pors dimensions were bzken from the papey by Ramaghandran
and Smith {1877}, The=se eguations deberymine the initizl pors
radius, initizl wsll thickness and the overall ds=pith of the poxs,
bazed oo macroscopip properidies of the LIQOH grazules. The toial
chemical bed is dividsd into ten eguzl yegions, by volume,
representing the azotuzl socrubbing bed within the respirator. Ths
regions are divided along the zxzis of fipw bhrough the bes. Ezch
region’s pores are indspendent of the obher nize regions of the
bed. Each region contazins = largs numbery of “smail® pores asszumed
t0 be hompgenecusly distributed {(Figure Fi-Z), This zilows
rPiotting of the pore radius s & function of bed length. &lso,
the ponesntration of the ocutliet gas from sach layer, or region, of
the bed can be plovied, debailing exactly the concentrahion
rrofile within the scrubber.

The egusticn goveralng the absorpbicn rates oy yeaohbion yate
of the CDZ is divided into Z distinct terms. The firxrst berm:

Ki % {(rad)#®%Z % pi & conc / pore depth {1}
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where: rad = the radius of pore mouth
pi = 3.141%588
ponc = the conc=nbrabhion of CO0OZ entering
voxre depth = depth of poxe
Kl = diffusion coefficient {ocm#é%Z/min}

The first tsym modsls the diffusion of the gas intoc the porse,
taking into zcepount the cross—-zeption2l arxsea of the pore, Ttha
conoentration of the gas, and the depth of the pore. & =ingle
giffusivity constant (Ki: oco%%Z/min) from this btexrm (1) is varied
to improve the it of the model debta bo smpivigal dabz, a3
Ramaghandran snd Smith did in thelr study. This gonsitant is
relathed to the diffuvsion gosefficiend of the ges within bhe pore
andfor the reaobion rate constant. We azszsums that the rzaohion
opours S0 rapidliy that for practiocal purposss the constaznt oa2n be
reduced to a2 basie diffusion yabe constant. It is assumed thatb
the abzorption rate i= proportionsl to the concentration of gzs 2%
the pores opening.

The seoond term of the sguation apocounts for the descrezcss in
diffusion rate through the reaction producht a5 the preduch laver
thickness inoreazes. The second beym:

K& % {frachbion=2l change in pore radius) {2}

wherey K2 = gdiffusion constant {(om*%Z % Vol%)/nizn

The deoreacse in diffusion is proportionzl $o the fractionzl change
in Yhe porve rvadius., Chrostowskil and Georgskis (1578) make 2
similar adjustment in the diffusion goanstant in theiy model,

.The oversll egusation, combining the first and sscond terms,
predicts bthe number of moles of COZ absorbed in sach region:

{lst - Znd) % {(Num porezfMel vol) % Res $ime {3}

wherye: 1lst = the fixst term (1)
Znd = the second term {(2)
Num pores = numbery of pores in eagh ryegion
Mol vol = moleculayr volume of an idezl gas
Hes time = residence time of gas in eszgh laver

m {1} of the

In term= of an =legbtronic aneslog, bthe first tex
uohbanoe {(A) z2nd

overall eguation can be bthought of s= 2 conds
resistanoe (B) in ssriss {Deno, 1383).
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This texm; the rate of molar absorpbtion, c=n be thought of azs ths
currenb (i) in bhe cizcui%. Width this girculd, the concernbraition
is analogous to the voitzge Now, the equatiﬂa de=gribing ths
rate of absorpihion (i) wnuld be writtern a2z i= Lonp 2{AxB/A+B). Hs
have 2pproximated this sguaticon by i= Cong z2{A — 1/B), and assuze
"%hat B is never egusl to se¥o.

The simulabion begins with B a2t positive infinity and procesds
towayd the lowery 1limit of zero. EBaszsd uppz the mpolary volumes of
both the product z2nd the reastant and the stolichiomedric
limit=tions of the chemicals, the reszoiant (Li0H) will bs
exhaust=d long before the pore closs=. Pore slosure is sguivalent
to the ‘BE-egusls—-zero’ concition. If ones considsrs the two
eguations near the initial limit of B egual o infiznity, the ra

of zabsoxpiion is neawly identical for both eguations.

To be pexrfectly correct, the concenbration of the gas should bs
g2llpwed to vary over both the z2xial znd longitudinal dimensions of
the pore. This condition would reguire z pariial differsntizl
eguztion in dhrsse variables. Othsr suthors (Hzassl &

StevenslSsl; Chrowshtowskl & Georgskis, 1273; Ramachaandyan & Bmith,
1877; Bzskely & Evans, 1870} have assumed the longitufinsl
concenbration o be 2 gomstant, and written differentizl sguations
in twp variablez. We assume that both the axiszi and longitundizsl
concentrations within the pore =2xe constant, This zssumpiion is
most pravalent in the sscong berm of the ocveralil abz=orphicon
eguation. This assumption allows us Lo pombine the conoentrseiiozn
and the diffusion corstant of the second bexrm (Zod) into one new
constbant K& :{emp®d%E x Vol %)/min.

The ssgond egustion describing the ba=zic model cziculates thse
changs in volume of the pors.

Vol = Mol abs # (Vol pro — Z#4Vol xeac) / Num porses

where! Vol = ghange in volume of the pore
Mol gbs = number of molez COZ ab=cybed
Vol pyo = molepulay volume of the produch
Yol reas = molepulary volume of the reachant
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Num pprez = numbsr of pores in s=ch reglion

Tnis change ip volume of the pore is used to find the new
{smeller} pore xadius. The pore closss down a= LHhe reaghbion
progresses due o the change in molzar volume of the rs=achkant as it
progce=2ds o bhe pyoducht stage. 1t is assumsd thst this changs
{£.2 mi/mole COEZ =bsorybsd Markowitz, 18£85) inm volum= of ths pore
is =sprz=d4 gut evenly over the entire pore. 1% iz known how many
moles of COZ eniter the ryeglon and the number exiting and therefors
the number of moles of COZ zbsorbed. The mumber of moles of
LiZ2C03 formed gan be calpoulated bassd on the overzll chemipoal
reaction:

2 LiCH + C0Z2 == LizZ{03 + H2O

The numbzr of molez of COZ abscrbed for each mpole of Li0H pressnt
iz 8%t a2t the theoreticsl value of 1:Z fyom the agbove sgustion, &
weakness in our model is that the guantity of the interymzdizis
product, LIiOH-HZO, is not predicted. The egquaiion 2bove is the
overall sum of t%wo eguations:

LiOH + HEZO

Il
i

LiQH-HEZD

Z LiOH-H20 + €02

LizZC03 + 3 HzO

Borytz a2nd Mssz (183Z) pexrfoymed 2 chemical analysis of ths Li0H
bed a2t the end of easch test z2nd found thaet the intermediabe
rroduct LIOH-HEID pould account for over ben peycant of the volumse
of the chemiegal. In their expsrimend, Borydes a2nd Mass changsed the
reaotant-product ratio from 1:1 to the Lheorsetical valus of 1:2 by
controliling the production of the intermedizate product. They
zaooorpiished this by varying the humidity a2nd btemperzturs of thse
iniet ga=. Since our modsel iz oot a2ble o predict this
intermediste preduot, a2z avrbitrarily chosen intermedizte value is
used exslusively.

Rezulds of the Validstion of the Fore Mpdel:

To validate thizs model,;, we ussed datz frxom bwo independent papers
by Boryits and Msas (18BZ} and Beyanard, Kyriazzi, znd Stein (1373}
whicgh describe a seb of conbinucus flow experimenis. Borybz used
& balanced, two-lsvel factorizl ds=sign with Ifraoctiomal replipstion
gompossedf of 38 tesits inciunding gentey points. The indspsnisad
varizbles in %this experimsnt were {3} bed length,; (L) linezl gza=s
velooity, (g} input COZ oconoentration; (4} gLCZ/gLilH -absoxption
capacity, (e} tempsraburse, and (f) relstive humidity. Eince guzr
model doss not take 21l of these varizbie= into zooount, we gould
only use & portion of hi= datz in cur validation.
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Table Fil-1 shows the resulbs comparing our model, iz 2

1A

conbinuous flow mode, Lo Borybta's d=ta. The tests shown below =il

had =similar (2} bed length; (b} temparzturs, and (g} relative
humidéity characteristics. Test number 4 kad an inlet gas
goncanbration of 1.1 p=roent COZ, while 211 the other te=zits had
£.4 perzent as the ianlet COZ conceantration.

Table Fl-1

=)

]
[d3)
g
£
:b'
-yl
B

0
b
d

Test VEL  DbT1 =Tl bTZ mTEZ bT3

3 £37 13.1 Z25.& 1.7 €5.8 73.06 71.7 O.,83 (.71
& Z3801 2.3 0.0 2.5 6,0 46.8 48.6 0,27  0.2%&
18 ZE035 4.3 0.0 .1 .0 E£7.0 87.0 (.42 G€.38
27 463 3123.9 £Z4.5 55.0 &H.8 v2.0 73.1 Q.8 G(.£5
2 ZB8g 4,5 0.0 5.0 0.0 47.0 4%, 0.27 ©0.Z%&
38 851 2.9 G,.0 21.5 33.8 34.8 44.8 D.5Z O0.&8
Where
TEST: Individuzl tezts {Borytz & Maz=, 1982}
VYEL: Inlet 1ligeal gas velooity (cn/mind
prefiz b: EBoryba’'s btest resulibs
prefiyx m: Mpdsis predicted valus
suffiz Ti: Time foxr ocutblet fraschbion 0.5 % {(minubes)
suffix TZ: Outliet fraction 1/2 the inlet concentyation
suffix T3: Finzl time of the test (minutes}
suffix CAP: OGrams of CDZ absorbedfgrams Li0OH pressnt.
Figures Fi-4, ¥Fi-5, and Fl-£ show the effespt=s of varing izie

ga=s velosiby upcn C0Z fraction at the cublst of the scrubbsr
versuz bime. Inlet gz= velopities axe:r Figure Fil-£) £57 cm/m
Figure Fi-5) 551 cm/min. Figure Fi-fH) 2801 cm/min. The pizci
on Figures Fl-4, Fl1-5, zné Fl-€ reprssent the value of the ouibl
ges ccnc#ntrut;ﬁn at the thres discrete dimss reporbed by Bory
and Mazs (128BZ). The continuons line shows the valus the modsl
predictes over btime, given the sams Inleset ges velogity a= in
Boxyha’=s experiment,
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Fig e Fl1-7 shows the resulis of an entirely separate seb of
xperiments performed by Bernard, Kyrizzi, and Biein {1373). They
=Eﬁ an acbual, Li0OH, COZ sorubbing unid from 2 pradumuzgn modsl

respirator in the eaperlm91t5, They connecbed bthis csnister "to =2
br&athing machine dezigned o simulate the human bryeathing pabiezrn
at = meoderate work rate®. This machine pumpzd comprasssed gas of
2.5 perosnt COZ iz air through the canistey. The exit 2ir was
szxppled =2nd the COZ concenbtyaticn recordsd., Thyres differsnt work
rates were chossn which produced thres different gas flow rates.
Three bests were run at each flow rate and the resulis averzgsd (o
obtzin 2 mesn response. "Mazimum deviations sbout the mesrn were
plue por minus twenty percent?, Table Fl-Z shows 2 pcomparison of
break through times (0.5 pesxoent CUEZ) behwesn the mogel and
Bernzrd's dat=.

Table Fi-Z

Filow rate Bernard’e tine Mofel’s prsdéiption

(i/min} {minutes} {minutes}
£3 Zig £218.7
37 =18 3Z8.4
28 4585 561.4

Total Absorpticon Capaciby 0.5 percent:gCOoZ/gLiOH

Bernard: (.45 Models $.S51

The next section is devob2g to showing the internal workings of
the pors model, Verious investigatorz (Chrowstowski & Geprgekis,
1878; Ramaghandran & Smith, 1977) have showa similar graphs 25 2
vzlidation foxr theiyr models. Thesz figures show the ghanges in
pore radiuvs and COZ concentration at diffsrent levels within the
nodsel. The valuss 2rs shown at s=veral different tlmE’ o
charachterize the dynamic action of thes pors modsl,

Ezch lipe in Figures Fl-B, ¥F1-8, zad Fl-10 shows bhe inlseid
CRZ fraotion at ezch region of ths bed. The botzl time of the
test was evenly divided into six ssgmenis in prder to show the
variation in COZ profiles with time. At the lower iniet gas
velppities (Figure Fil-4} the COZ is absprbed nszy the beginning of
the sorubbing ocaEnistesy. As the ga= velpooity is incrsased (Figurss
¥i-3, F1-10}, the conosnbtration profile bscomes abre lioesry owing
¢ the fecreassd residenoe time of the gas at ezch sbage (lavexr)
of the model (Wang, 1881},

E=ch line in Figures Fl-11, Fl-12Z, and ¥1l-13 show= th= pors
rafius at esach laver within the modei. The totzl test time was
again evenly divided iato i segmsnis in order o show the changs
in pore yadius with respest do time throughout ths tesh. The
uppermost line in each of the graphs represents the initial pors
radius at time zero. These graphs depicht the closing down action
within bthe pore due to the incresasesd molay volums of the produch.
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Figure F1~9,i02 fraction as a function of distance into the 002 scrubber at several test times
(Inlet lineal gas velocity = 453 cm/minute)
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Poré radius as a function of distance into the COZ scrubber at several test times
(Inlet Tineal gas velocity = 2995 cm/minute)
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Dispussion of these REesnlis:

Testz 4, 16, Z8, and 38 from Borybz and Msas (18E8Z), shown in
Figurez Fl-2 gnd F1-5, could nobt be sdegustely predichsd =t tha
first two dime=. Thiszs could bs dus to thelr setb—up. The firshd
timz may have besen affsoied by the lag tim2 of thelr experimental
szt—up rather than by the absorption of the COZ. The erzoy in the
seoond time could also be explain=d time of bhe syshem. This
explanation sesms likely =2ftey compariang the third timzs zné ths
botal absorpbion capagitvies. When plobtding the concentrsiticn at
the putlet of the canister verszus Lims,; the aryez under bhis curvs
would be proporbtiomal to the amount of COZ absorbed during the
tezt {(constant flow). Considering the possibis izg in Boeryiz’s
data, our model is producing = gond replication of Borxyia's
experimental dat=.

Figures Fi-8B, F1-9, gnd Fi-10, giving the COZ fxachion a3 =&
function of depth in the bed mezsured in terms of perocent of ths
otal bed length, show the same characheristie in a8 diffsrent
manner. Figures Fl-8 and ¥Fl-9 show an initiszl steep drop in the
COZ fraction 2= the gas proce=ds into the bed., As the bobal LHast
time incresses, bhe slope of this line dsoresses drasticalily
until, near the end of the vest, the conceatration profils
thoughout the bed iz neariy conshand. This conztand signifies
that the bed ie no longsy absorbing CO0Z. A papasr publishzd by
E.E. Peterson {1837 on "Heaptions of Porous Boiids" has graphs
showing the same bype of concentration profiles within the
abzorbent bed. The graph of test 32 (Figunye ¥Fi-10) shows the
ponoentyration profile throughout the bed duriag = test with & nigh
inisb gas velocity., This graph shows that the CDE is literalily
being blown ithrough the czanister, significantly deocrezsing ths
giffusion bime 2nd thersfoye seversly limiting the absorpiion rabe
of the C0Z {Adrizni & Rovenstine,;, 1841; HWang, 1981).

Figuxes Fi-11i, Fi-12Z, and Fi-12 showing pore rzdins az &
function of depth into the zbsoybent bed explicitliy revesl ths
pores’ closing down as 2 funchion of Lime. MNe=y the beginning of
the best, when the majoxrity of the C0Z is being abscrbed 2t the
beginning of the canister (Figure F1-B) the graph shows that the
pores in the firsht thres regions ars gleosing down much mors
rapidiv than those in the latey regions. Figure Fl-13 shows 211
the pores plosing down at virtuslily the same rate. This i= due 1o
the slevated levels of COZ thoughout the bed (Figure Fl-g) duving
the test,; sinoe diffusion and reaotion yvate are both proporidionzl
to C0OZ concenbtration.

An imporiant charaoberistic of the pore radius versus 4dspih
into the bed is best exsmplified In Figure Fi-13. The 1lzst 2
sample dimes iz this graph show the changs in pore ¥adius wss much
. smalisy than the previous changss. This suggestzs that the pors
will rezch some limit a2fiey which it will csase to closs down.
Hamachandran end Smith (1877) give an sgustion for pradicbting the
maximum conversion of the rezocitant. When dhe veliuss for LigH
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granules ares subsititubsd into bthis eguaticn it predictsE that ths
poxres will not closs entirely. The sppeErent limit on the pozrs
rafiiusg in Figure Fil-13 shows this cherapcteristic of the Li0H
grasnles.

Figure Fl-7 comparing Bernavrd’s data bo the predicbed valuss
of the model shows & slightly diffsrent slops bebwesn the two data
sehs. One possibkle sxplanation of this discyspengy liss within
the zssumpbtion of our model that ghanneling withiz the scrubbex
bed doez= not ooour. Thi=s channeling withizn the scrubber wonld
aooount foxr the slevated COZ levels during thes ezrxly porition of
the test. At the longesr test bimes, the model’s preficghbiocns of
publed COZ concenbyabtion =xre on the high sigde. This can 2lso be
accounted for by channeling. The mofel has usef up 2 greasber
majority of it=s ghewmigel duying the e=yly poxrbion of the besh,
henos the 2bility of the bed to absord COZ is= greatly reduocsd.

The shrinking pore model that haz besn developed adeguate :
predist=s the oubpub conoentration ané bodal absoypiion capasity of
the LIi0OH sgrubbing cannister. The most imporitant model pubpud
term=s of actual respirator design is the lenghth of bHimz the Li
in the canishter keseps the oubpnt CGZ concentration below ths 0.
peroent limit esziablished by MEHA/NIOBH, Ezss==d on Boxybs’s and
Bernard’‘s data, pur modzl predicts this times well, This
simplifisd model alsc shows imporiant characteristics of the pozs
nodels desoribed by Razmachandyasn and SBmith {1877y , and
Chroshowskl and Geocrgszkis {1878},



INSTRUCTIONS FOR RUNNING THE MDDEL
1} Put proitoool wanted into PROTO.DES
2) The forxrm of the file is:

SIMULATION OF MAN TEST 4

Y02 RE VOE VE TIME
63335 19-790 . -5-350 7:2930 Z.Q
NOTE:

2) VCOZ, VOZ, a2nd VE z2ye in liters/min
b}y RE is inm brxeaths per minute

¢y TIME is the ending time for each parbicular work lpad

2y Put respirator charscberisbics intos REEFIR.DFE

2) The foxrm of the file is:

i06.90 RESFPIEATOR DEAD ZPACE mi
S000.0 MAXIMUM BAG VOLUME ml
15856.0 CONSTANT OZ FLOW HATE INTO BAG mifmin
130000.0 MaXIMUM aM°'T 0Z PRODUCED ml
200.0 GRaME LIOH IN SCRUBBER
1.2 LENGTH OF SCRUBREER cm
4.8 RADIUS OF BCRUBEER om
0.3 RADIUE OF PELLETE om
3500.0 INITIAL REEPIRATOR BaG VOLUME ml
731.0 AVERAGE ATMOSFHERIC PHESSURE mm Hg
1 1 FOR BiI—- O FOH UNI-DIRECTIONAL FLOW
1 1 FOR INCPIRATION O FOR EXFIRATION

NOTE: If the scrubbsr is not round
2) find the cross-sscbional ARE2Z of the cani#ter
by t=ks the sguarse oot of: (AREA/3.14158)
o) this is the radiuvus of socrubber

3) B2t up a command file with the following iine

=
ES

U

COMFILE REMOD.DDD,COZARS,DDD,AVERG.DDD
COMPILE HUMCSE.DDD,EHFPIRE.DDD,INSPIR.DDD
LIVK REMGD,CDZABS,AVEHG,EXPIRE,IESFIR,HUMCEE

RU¥ REMOD
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APPEYNDIX Gi:

EFFECT OF EXERCISE AND EXTERNAL BREATHING RESISTANCE ON
FLOW EATE AND PREZSSURE WAVEFORM

The effects of trezdmill exergise ang addsd respirstory
rezsisbance on breathing air flow waveforms were studied in five
healthy male voluntesrs. For sagh testing session, datz was
collectbed while subjects stood at resh (EED) or exercised atb
intensities of Z0% (EXZ0}, &0% (EXE0), 60% (EXED), BO% (EX20), 50%
{EXEBD)} of thely individusl maximal VDZ’s. For eagh of Hhe four
testing sessicn=; one of four respiratory reszistances was zdded o
both the inspiratory and expiratory =ides of the breathing
apparabus., The vesisbanpes used were 1.2 {combrol), 11, 18, and
25 omHEC &t a2 flow rate of 120 i/min. Minubz volumss and pazk
Tlows were obizined from the computer-gensrated mean waveforms for
each subisect 2zt each exercise intensity and resisbances.

The resulis sesemed to indicgate that with the a2ddition of
respirvabory resishance and with the onset of exersiss, the
breathing waveforms showsd a2 significant change in shaps as theay
progressed from = more briaangunlary oxr pezked wavefoxrm Yo 2 more
rechangulay wavefiora.

The effects of added respiratory resisbtence are of inters
in medicine as they conceryrn sufferers of obstructive lung dise
2nd in industrxy 2= they concern individuals bresthing ga=es of
increas=d density (2= ococurs in spuba diving) angd users of
probtective brezthing deviges (Fiook and Kelman, 1973).
Physiplogigal wariables that have typicszlly bsen messured during
res=isbance breathing include minute volums, peak flows, and oxygen
consumption (VOZ). Feopxr 2 given exergiss intencsity as respiratory
resistance inoreassd, minuts volumes decressss (Cerxretelll st 21,
1888; Flook =a2nd Kelman, 1873; Hermanssn b al., 187Z; Bilveyrmzn &b
al., 1943; Silverman et s1., 1S%85a3; Bilverman et 21., 1943b}), =znd
veak respiratory flows decrezsed {Silverman &t z21.,
i843; Bilverman et a21., 184532; Silvermsoe et =21., 1545h) =zs VOE
showed no change {Cexyehelli et 21., 159£9; Dresssndoxfsy et 21.,
1877:; Fipok znd Kelman, 1973; Heymansen gt 21.,187Z). Thess
response were shown bo be compledsd within bwo minutes {(Flook and
Kelmzn, 1573).

=
==2

ES

A lezs commonly obseryved ryespons® was the change in shape
faghor {the rvavio of p=zk flow to minube volums) 25 resisianocs was
24428, Extenszive work in determpination of brezthing wasveform
shape factors was begunr in 1543 by Silvermazn eb a2l., A major
‘intent of his resezrch was Lo debermine the rate of zirfiow and
the minute veolume in humarn subjeotz during variou= tyvpes of work
2nd 2t ssverzl exercice inteasities znd resisbances. From The
coplliechbed daba,;, breathing waveform shape factors could bhen ba
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gzloulsted and used to descoribe man’s response to respiratory
resistznos and 4o =2id in the design of human lung simunlators.

In Silveyrman’s fiyxsh study (1543}, inspirstory shape fazobors
{IEF) were determined for bigycle znd arm exercise. Rezults:
indicabted that the shape of the inspiratory breathing waveform was
gonverting from the normzl ¥yesting sipuspidsl gpabthern Lo 2 mors
yeotangulay patbeyn as 2 vesult of increassed exercise inbensidy
aund/or inspiratory resistsnpe. Silverman b =zl. {1843) mnobsd
that for a given exsrciss iantensity, with the addition of
inspiratory resistance, the waveforms became smoother and lowsr in
zmplibude {i.e., inspiretory pesk flpws gdecreassd). Eilvazman %
21, ooncluded that the bype of work pexriormed 4id affeoct
brezathing waveform. They further sxplainsd that the accsssory
muscles of rvespiration were byrought intd 2 different 2cotion when
the arm were ussd, and that pos=zibly the diaphrage hed moxs
freedeon of movemsant inm the standing position of z2xm sxeroiss
versus the sitbiag po=ition of cyoling (BEilverman &% =1., 15851%.
Silvermsn eb al. {1944} {xepoxrted in Silverman =% al., 1581) zi=so
conclingded that in conbtrast to oyoling, treadmilil work bended Lo
produpe inspiratory purves with highsr peak flows, and thersfore;
lzrger shape fachors. .

Method
Subdsects

Five yvoung mezn parbigipated in this study. The subisct’s
zges, physizal end pulmenary function test result=s are pressnihsd
in Tablez Gi-1 and G1-Z. All subjstiz wers dﬂunrmlned o be fxr=e
from respiratory and cardipvacpoulsy illness.

Bxseroisse

For each itsst; the subjeots exsroissd through 2 progxession
of exerpize intensitvies on & treadmill., During exexyoiss intensity
E¥XD, the subject stood a2t rest on the treadmill., Exerxpiss
intensibies EHZL, EX40, EXE0, EXEBED, and EXS0 ware performed 21 2
corresponding 24, 40, B0, 80, a2nd 890 pesrxoent of his
trezfmill-deterninzd VOZmax. Prior to bezbing, the trezismi
grades and spesds necessar¥ry to elicit thes avpropriate V0OZ's
czleoulated for each subject and were uzsd throughout the e
Epzads yanged fyrom Z Lo 7 mph and grades vanged from O to 2
percent,



‘Table @1.7. Physical Characteristics of the Subjects

‘ | Age | Height Weight OO max
Subject (yrs) {cm) (ka) (m%-kg-min—])
A 23 176.0 01 45.9
B 17 - 181.5 70.5 575
C 23 182.5 85.0 45.8
D 20 182.5  74.1 55.5
E iéi_, 179.6 80.5 60.0
X 21.2 180.4 76.0 53.1
S.D. + 2.6 + 2.7 + 6.5 +.6.4
X = mean.

$.0. = Standard Deviation.




- Table G1.2. Individual Pulmcnary Function Test Results (BTPS}

‘ Ve FVC FEV, FEV, FEV,  MEFR _ MMFR MYV
Subject (1) (1) @] - -min-!)
A 7.1 6.8 79 92 97 651 298 169
8 6.6 6.3 8 98 100 492 319 215
C 6.1 59 85 92 100 656 355 197
D 6.1 6.0 70 90 9 460 189 169
3 6.3 6.3 8 97 100 573 325 235
X 6.4 63 8 93 98 566 297 197.
s.D. +0.4 +0.3 +6.4 +35 +1.9 +89.6 + 28.9

X = Mean.

S.D. = Standard Deviation.

VC = Vital Capacity.

FVC = Forced Vital Capacity.
FEVq 2.3 Forced expiratory volume at 1, 2, and 3 seconds.

MEFR = Maximum expiratory flow rate.

MMFR = Maximum mid-expiratory flow rate.

- WYY = Maximum voluntary ventilation.

+ 63.8




Re=zis=stance

Pulmpnary resistance was providsd by resitricting inspiration
and expixatrion with a J—om-long aluminum tubs. This tubs was
placed 140 om down—lins from the breathing valve. Four pulmonsyy
resistanoes were ussed in vhe bvesting. Ri1.2 om HZD, $the contzrol
gondition,;, inpluded The resistance offersed by the bresthing valve,
Collin’s bubing 2nd no. £ ¥Fleisck pnesumotashogzraph. RE1i, E1E6,
and R2Z5 om HZO were provided by additicon of the sluminum tubs LD
the syetem. Conditionz R1.Z, Rll, E1&, and RIS provided ths
respective pulmonary reszistances of 1.2, 11.0, 16.0, =and 25.0
onHZD 2% & fiow ¥rates of 120 1l/min. Egusl resistznoss were sdded
to both inspiration snd expirabtion at the same dims.

FProoedure

Subjentz initislly underwent 2 complets physigal eveluation
at the Noll Leboratory for Human Perforymance REesesayoh which
inpludsd 2 medical hisbtory 2 physicizn—zdministered physical
erxamination, a 1Z-lezd zresting ECE, a2 grzded ezesrcise besh and =
puimpnary funotion test.

Subjentz perform=d four ensrci=s intenzitiese=z psr day.
Scvhicpot=s remained =% each exercise intensity for thresz minutes o
ensure stezdy-=tate conditions. Duxing the fourth minuibe,
gollection of expired aiy &nd bresthing waveform dabe was begun.
Collecticn of waveform datz continued for 30 s=sconds, while
expiyed 2lr collection conbinues for ssaven minubes a2t exerciss
intensity O (EHEQ), fouxy minutes a2t EXZ0, thrse minutes =t EXi0,
two minutes at EXE0, =2nd one minubte a2t EHBD and EX5D. With the
combination of enercise snd high resishance,;, nobt 211 of the
zubisots wexe 2ble to complete the threze minutezs o shtezdy-s=tate
prioy to data gollection. The pulmonary yesistanoes for the
remzining bests were randomly assigned and unknown to bhe
subjeohs,

Mezsureaments

& schematic diagram of the data collieotipn s=y=stem i= shown in
Figure Gl-1, The inspiratory anfd expirsbory flow rabtes wers
mezszured by btwo Fleisch pnesumctachographs {no. 2} which wsrs
connected to = Etatham pressure transduscer {(Model PM15). After
the flow signals weve directed through single pole low pass
filter=s with 50 Hextz cutoff freguenoy a2nd buffer emplifisrs, they
were electrigally cummsd to yield one ocubput signal. This
composite signal was then collected and sborsd on a FDP-11
computer and on a Gould Z-phannel chart regorder.  The computsr
program was designed to collest 1BOD dabta pointks for =ach
230-second sample. The computer deba were ussd for the final
derivation of thes shape factors. The chart rscorder was primarily
used %o provide =2 visuzal check on the intvegridby of the dasibs
gollection system duxing the 3D-s=cond sample peripd. Both the
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chart recorder and bhe compuber were calibrated for flow prioxr to
each tesb.

The oomputer—polileocted datas wesre prooeszeg by 2 computer program
designed to gensrate the inspirvatory a2nd expiratory tidal volumes,
“bhe inspirabtory and expiratory peak flows and the respirstion rats
for eaph respiratory oyole. Mean and standard deviation datz fox
gach I0-csecond sample were then storved foy later znalysis. The
shaepe fachtors were derived from the mean waveform data.
Inspiratory and explratory minute volumes werse oaloulzabed by
mulbiplying the corvesponding inspiratory and expiratory tids=l
volumez by the respirvetion retes. The ratic of pesk fiow %o
minute volume then provided a2 value for the shape factor.



&=—Subject

Mouthpiece b

cege! Valve

e R 22i21ANTE —mmmd

Preasure Prgssure
Tranaducar Transducar
Low Pass Filter Low Pass me'
Bufter Amplifier Euifer Amplifier

Summang Device

FPOP=11
Computer

Chart Reccrder

Figure G1.1. Diagram of the Breathinqg Apparatus and the Data
Acquisition System where Inspiratary and Expiratory
Pressure Signals were Transmitted to the Pressure
Transducers, Low Pass Filters and Buffer Amplifiers
after which they were Electrically Summed and
Stored on a Chart Recorder and PDP-11 Computer



Trezstment of Dsis

The inspiratory and expiratory shape fapbtors (dzpsndent
variables) were analyzed ssparately using a two-way =2n2lysis of
vayizance foy repsated measures with exercise intensity and
resistange {indepesndent variables) azs fixed fachtors. & depsndent
t—test was peyrformed on the paired varistes, inspirxztory z2nd
expivatory shape fasbor. Minubte volume, oxygen consumphbion and
peak inspiratory a2nd expliratory fiowzs {depesndent varizbles}) were
anslyzed individualliy by exersisse intensiby a2cross 211 resistanoes
{indepeandent variable) using =2 ons-way an2lysis of variznos., An
alpha level of less tham 0.5 was chosan %0 provids & 95 perosnt
confidence 1imidb,

Re=unlis
Cxzvgen Consumption

The vesulds of the anzlysis of variznoe a2t each exerci
intensity agroze 211 rezishances showsed no significant 4iff
between VDZ’= (z ¢ .05) &= shown in Table 3. HNons of the
subjeots, howvever were z2ble Lo complete esxerciss ab intens
while bresthing sgainst pulmonary rezistance RZ5.

e
ch
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. Table G1.3, GroupiMééﬁéwééd Sééﬁaéﬁéwﬁé§%éf{cﬁsM%QFWHQQQQH
© Consumption (VOZ) at each Exercise Intensity
(EXx) and Resistance (Rx, cmHZO)

% Vg max R1.2 R11 R16 R25
EXO 0.34 0.37 0.34 0.32
+0.02 +0.03 +0.02 +0.02
EX20 0.83 0.84 0.79 0.82
+0.09 +0.09 +0.08 +0.09
EX40 1.2 1.85  1.51 1.50
+0.15 +0.21 +0.20 +0.22
EX60 2.33 2.26 2.30 2.39
+0.20 +0,28 +0.29 +0.39
EX80 3.12 2.97 - 2.95 2.85
+0.26 +0.28 +0.38 +0.23

EXS0 3.62 3.38 3.31 ————F
+0.30 +0.34 +0.33 ———-

*The three minutes to reach steady-state conditions was

not achieved.




Minunte Volums

Table Gl1-4 show= the group mezn angd standaryd deviation gdz=i=
for mianube gcolumns &t 21l exercise intensities znd pulmonary
resistanoes., The yesulis show that 2% the individusl szsrciss
intensities EXD, EXZ0, EX40, znd EXED there werse no significant
differences in minutes vplumes betwesn =211 resistence cponditions,
At grercise inhensity EX30, rezistangesz R11, Eis, and RIS showed
sigrnificantly lower minubte veolumss than resistance E1.Z. &%
gxeregise intensity EXS50, minute volumes for resistances R1l azd
R1E were significantly lower than the mizute volume for the
conbrpl resishtance condition R1.2 {(p { .05).



Table G1.4. ‘Group Means and Standard Deviat%bngi%or Pulmonary
Minute Volume at each Exercise Intensity (EXx)

different (p < .05).

and Resistance (Rx, cmHZO)
% Vg, max R, ’11 R16 R25
EXO 8.7 9.6 9.1 8.9
(2.6 H.T . 2.3 .3,
EX20 - 19.7 18.9 16.0 16.6
| 2.0 _____ 2.5 ____#3.0 _____z2.4
EX40 32.9 29.8 27.0 27.9
7.4 . 2.8 _____. 6.5 $5.8_
EX60 49.7 42:3 38.8 37.9
8.3 8.0 ______ 8.6 ______ 8.3,
EX80 68.7 5.0 50.2 45.2
9.5 < 8.6 _____. 5.4,
EXS0 93.1 €62.6 56.1 ————F
+13.8 8.5 . i8.6_ --=-
 *Steady-state conditions not achieved.
-----A bar includes values that were not significantly

FAGE 1g2
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Fezlt Fiow

The group m=zn and standard deviabion da%a for pesk inspired
znd expiryed fiow= for each exesryrciss intensity and pulmonary
resictanoe are pressnted in Tablses Gi-5 and Gi-6. The data show
that for exercise intensiby EXD therese were no statistieaily
zignificant changes in inspivatory and explratory peak flows as
resisbtance incressed. {& £ .05). For the remzining sxsrciss
intensities, pesk expirabory flows showed the following resulis:
i} 2% koth exersiss intensities EXZ0 and E¥XE0, yesistances RIS an
RZ5 wers significantly less then R1.Z;, and Rll wa= not '

1

signifigantly giffexent fxrom R1.Z, R1IE, opr ERE3:; Z) at exsrgiss
intenzitiez EHE0 and E¥ED, xesistzngses R1ll, Rle, a2nd RZD wsrese not
sigaificently different but were significantly iess than Ri.Z;

zgnd 3) 2% sxergise intensity leyel EXSD, vesistancezs Ell z2nd R1E
were significantly diffszrent but were signifigantily iess than
Bi.Z. For the remaining exergics intensities,; pealk inspiratory
flows showed bhe following resulds: 1) 2t exeroizse inbensity
EXZ0, resistznoe=z R1& and R25 were sigpificantly iless that R1.Z;
at exergiss inten=sitiesz EX40, EXE0, and E¥BD, xesistanoes BRI, RIE,
2nd RZZ ware not significantly different but werse =sigrificanitly
less than El.Z; andé a2t srerpiss intensity EXB0, resistanoes Ril
and RiE were nob significsnbly different but were significzanitly
les=s than Rl.2. Comparisonz betwesn Tables Gl-5 and Gi-5 show
that for szch sxerciss intensity and resistsnce condition,; ps=k
inspiratory flows wexrse greatey than pesk esxpirzbory fiows,



Table €1.5. Group Means and Standard Deviations for Peak

. . Expired Flow for each Exercise Intensity
(EXx) and Resistance (Rx, cmHZO)

% Vo max R1.2 R11 R16 R2S
EX0 3.1 31.1 26.9 22.6
+8.6 +8.1 +5.8 +3.6
EX20 58.8 48.1 43.1 39.6
+10.9 +7.8 +6.6 +6.1
EX40 96.2 72.2 65.6 64.7
+23.3 +12.2 +14.0 +15.3
EX60 146.7 102.4 95.9 90.7
+22.3 +18.9 +18.4 ¥23.2
EX80 215.3 132.2 121.4 108.6
+49.0 +16.7 +21.0 +18.2
EX90 275.1 153.8 135.4 S
+56.9 +32.0 +27.1 —

*The three minutes to reach steady-state conditions was not

achieved.

----A bar includes values that were not significantly

different (p < .05).




(EXx) and Resistance (Rx, cmHZO)

Table G1.6. Group Means and Standard Deviationé for”bééﬁ
Inspired Flow for each Exercise Intensity

% Vgomax R1.2 R11 R16 R25
EX0 39.8 39.1 38.7 31.9
8.1 +12.5 1.0 5.1
£X20 74.0 63.5 52,1 49.8
+8.3 +5.2 9.5 +1.6
EX40 114.0 89.6 81.0 79.0
+21.7 +6.9 +16.2 +10.7
EX60 159.1 123.3 109.8 109.8
+27.5 +15.2 +23.5 +22.1
EX80 236.9 150.6 135.6 124.3
+33.2 +12.6 +22.6 +11.2
£X90 284.6 176.1 150.0 ek
115.8 +13.5 +22.4 —

*The three minutes to reach steady state conditions was not

achieved.

----A bar includes values that were not significantly

different (p < .05).



Shape Feotors

The post hoo anslysis indicated that the mean ISF'=
{Inz=piratory Shape Forms) for resisitances R1l, R1E; and REZS wars
not eignificantiy differxent,; but were signifipantly less than ths
mean I8F for resisvance condition Rl.Z. The mezan ISF for prerpoiss
inten=ity E¥0 differed =ignificanitly from the mean ISF'=s for
exercise inbensitiss EXZO through EXE50. The mean IBF for EHZO was
‘significantly different from the mezn I8F’'s for ezeroise
intensities EXD, E¥B0, and EX9D; and the differences in the m==sn
intensities EX40, EXED, EXBO, zng EXS0 weye npt significant.

The post hoc analysis showad that the mean ESP’'s {Expirstory
Shzpe Factor}) for resistances R1l, RiIE, and HZS were not v
significantly different, bubt were significanbly less $han the mesn
ESF for the control resistanpe condition RiILE., The mesn ESF for
gexgrrice intensity EXQ was significantly gresater than the msan
ES¥'s for exercise EXZ0 thyough EX30, while the mean ESF’s fox
exerolise intensitiss BXZD, EX4L0, FESG EXH0, azng EXS0 were not
significantly dlf;arenf

2 dependent t-test was performsed on the pairxsd variables,
in=pirestory and expiratory shape fechbers, to detesrmine if there
was & significant difference batween the twp. Imspiratory shaos
factors wexre found $p be significantly greabtsr than the expizxatory
fzoctors.

Dicscussion

The primsyy objective of this study was 1o obz=syxve the
effeot=s of brzedmill exerxcise and added vespiratory resistkancs
nepiratory angd expiratory sixfiow patiterns.

[
»]

Dyvgen Consumopbion

Eezults of this study showsd that thers were no significznt
differences between VJE's acrossz 211 resistances abt any exserciss
intensity. Non= of the subjepts wers 2bls bto complete the Thres
minunte minimum to reash steady-—sitate 2% exsrpice intensity EXS0

with resistanose RZS5. At the highest exerciss intsnsidty, bhe
inzbility of the subjecis to complete the sxercise a2t resisbance
R23 indicated a decreass in the maximal work capacziby {(V0OZmax) ==
rasistange lngreased.

Results of this study confirm past ressasxych. Cerxyebelli st
al. {15£8), using sgual inspirstory and expiretory resisitaanscss of
§.25; 15 and 3B ocmHZ0 at =2 flow ¥ate of 120 1l/mizn, found that the

relabionship bebtwesn VDZ and exsroise intesnsity remained
unchanged. The maximzl exeygoiss intensity atitainable; howsvaer,
g4id gzpressse as resistance inpresssed, The inakiliity bo pexrform



mazimal exergise uvnder inoveased resplrabory resistanoes wazs
thought to bz relabed bo 2 volunb2ry point of fatigus and thse
subject’s inability bo generabe an inspiratory and expirabory
pressure difference of grester than 100 crHE0 (Cerredelli =3 =21,
1285883 Dxessendorfexr et al.,; 1877).

Mizuts Volums

The =ffects of increased respirvatoyy resishance on
reepiratory mipnutse volumese have been demonstreied by ssvereal
researchers. The typicz2l r¥eesponss ryeporited from past siundiss
showed & depryease in minube volums with increased exerciss a2t
resisthanges used.

- all

The resulds of this resezyrch showed similzay drends as othex
research {Hermansen et 21., 19727 Flook and Kelms=n,
1973; Cerrstelli, 1889; Silverm=zn, 1945). At the lower exsroise
inbensities, EXZ0 thyough EEED, bthers was s decyessz in minubse
volumes a= resistance was addsd; howevesr, bthe dsocrsase=s when
present were nob significant. Only av the highest sxerciss
intensity wazs the decyxease signifigant {(p { .05 }. At exerciss
intensity EXBD, the minute vplum=s for rzsistances Ril,;, Rig =nd
RZ3 were not slgnlflcantly less than the minute volume at the
oonbrol rezistaznoe cpndition RLILE., Bimilarly, at exerciszs
intensity EXEL, the minute volumes for resistanoes= R1l asnd RiS
were nob significanily differxent, but were signifipanitly ies=s than
the minute volume for the control resistances condition 1.2

The resulds of this study agreed with past sbtudiss. The
general trends showed a deorezsz izn peak fliow with addsd
resietanes. The depresse in peak flow was inversely proporitiocnszl
%o the amoundt of resistance so that 25 resistance increased, the

pealk fiow showed 2 grester perosntage deoryez=ss. Similayr
peroentage decoyeEases werye ssgen furing both the inszpizatory and
exzpiratory phas=sz; however, comparison of pezk fiows consisbenily
shpwed bthat in=zpiratory peak filows were consistently gresber than
gexpiratory pezk fiows foy 2 given worklozd ang yesistance.

Shzpe Fagiox

The primary obisctive of this ressaych was to obsexve ths
efferts of ezercises and pulmonary resisbance on breathing waveform
=hape., The shape factor is a guanbitative mezasure of shaps, whay
shzpe factor iz the ratio of peak flow divided by minnte
ventilation., Examples of the progressive changes in inspliy
angd expiratory breasthing waveforms from exerciss inbtensitie
through EX80 for twpo =zubjsots bresthing agzinst puimonary
resistance R1.Z and RES zre pressnted iz Figures (Gi-Z, (Gi1-3, Gi-4
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and Bi-3. These plots represent typical data from which ths shaps
factors were gdebtermined., The plods also help to demonstrats the
variation in breathing patterns that coocurs besbwesn subliscis.
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Figure G1.2. Waveforms Calculated for Several Respiratory Cycles
: Obtained during Exercise of Subject A at Various

Relative Exercise Intensities (EXx as a Percentage

of Vgomax). Subject was Breathing Against Resistan

R1.2 cmHZO
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Waveforms Calculated for Several Respiratory

Cycles Obtained during Exercise of Subject D
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(EXx as a Percentage of Vg,max). Subject was
Breathing Against Resistan@e R1.2 cmH20
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Figure 61.4. Waveforms Calculated for Several Respiratory
Cycles Obtained during Exercise of Subject D
at Various Relative Exercise Intensities
(EXx as a Percentage of Voémax). Subject was

Breathing Against Resistance R25 cmH20
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(EXx as a Percentage of V max). Subject was
Breathing Against Res1stan@e R25 cmH20
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Upon examination of Figures Gi-£ and G1-7, the shape faocbtors of
the regishbance conditvion Rl E€ are gulite differsnt from the shape
fzobtprs of the resistange condibions Ril, R16, and RED.
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Figure G1.6. The Relationship Between the Expiratory Shape Factor
(ESF) and the Expiratory Minute Volume (V.) while
Exnaling through each of the Four Pulmonary
Resistances, R1.2, R11, R16 and R25 (Subiect A)
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The Relationship Between the Inspiratory Shape Factor
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Inhaling through each of the Four Pulmonary

Resistances, R1.2, R11, R16 and R25 (Subject A)



iiariy, the greztest difference in shape fachor dus to exeroiss
nrrzd beitween the rast EXO {representsd by & VE of

pprozimetely 10 1/min} angd the vemsining exsrcise inhensities
{ through EXBD (represzsented by VE’'s greater than 13 1l/mind.

&n 2xplanstion for the results of this shudy must besgin with
zn undershanding of the term work of bresthing. Work of breathing
iz defined as the area undey a pressure volumese curve {(Oti=s, 13£84),
oxr the integratsd product of the pressure gensrabed znd ths volum=
of =2ir moved throughout 2 breathing oyocle (Comropz, 1874). Changes
in the shapes factors of breathing waveforms reflect man's atiexmtd
a2t minimizing the rate of work of breathing. The work of
brezthing a2t rest represznts 2 negligible amount of the bobal
energy expenditure, approximatsly 0.5 o 1 ml of 0Z per litsr of
2ir moved {Asbrand & Rodahi, 18773.

A% high inbensity exercise, bthe oxygen cost of bhresthing mavy
be a5 high as 10 psrcent of the tobtal oxygen consumpbion {(Astrand
& Rpgfahl,; 1877). As thg oxvgen cost of bresthing bepomez &2 lsygexy
peroentage of the btotz2l ocxvgen consumpiion, bthe breathing wavefors
patiern beoomes regulaited, and therefore more yechangular
resulting in a2 decreass in the work of breathing (Yamashiro &
Grodips, 1871}, Thies more rectsngulzy breasthing waveform
zpproaphes a shape factor of two. The resulte of this study show
that onee a2n individusl had besgun exercising oy, as respirstory
resistanoe was added, opbim=l bresthing patberns were developed.

The imppzrtance of these findings lies in 2 bebber
vnderstanding of how man’‘s resplratory systexn meghaniczlily adapd=s
to incressed airway yesisbanpe. Az the compubsy age progyEss2s
computer dyiven lung simulsboys s=re being deveiocpsd with ths
intention that simulator besting will replacs some of the human
szubject besting currenitly in progress. Of sigoificant imporiancs
iz the nesd to ensure that the mechaniczl lung doss indessd
simulate the patiterns of human respiratien. Information gatharsd
in this yeseszyoh toncerning changes in breathing waveforms dus to
exercise andfoy airway resistange will 2id in ths design of
gompubey progyams that zye being developed o opsrate lung
simulabors.





