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***************

Unders~anding ~he responses of miners ~o emergencies is
essen~ial in order ~o maximize ~he probabili~y of survival
following mine disas~ers. Based on ~he Federal Coal Mine Heal~h

and Safe~y Ac~ of 1969, a sec~ion of ~he Code of Federal
Regula~ions (30CFR, par~ 1l) was es~ablished in 1972 ~o insure
adequa~e pro~ec~ion of miners and rescue teams in emergency
situa~ions. These regula~ions are curren~ly ~he s~andards by
which ~he Na~ional Ins~itu~e for Occupa~ional'Heal~h and Safe~y

{MSHA/NIOSH} cer~ifies all self-con~ained brea~hing appara~us

{SCBA}. The 30CFR11 was written wi~h ~he in~ent to be revised a~

approxima~ely ten-year in~ervals in order to accommodate changes
in technology and the expanding types of applica~ionsfor SCBAs.
Long overdue, ~he purpose of U.S~ Bureau of Mines contrac~ No. JO
100092 was to establish a more quan~i~a~ive basis for recommending
revisions ~o ~he current 30CFRll regula~ions. This repor~

summarizes comple~ed research pertaining to ~he reac~ion of human
subjec~s exposed ~o SCBA s~ressors during escape conditions {viz.,
resistance breathing, C02 bre~thincr, hot air br~athincr, and sta~ic

facepiece posi~ive pre=sure brea~hing} and the developmen~ of an
autom~ted bre~thing & metabolic simulator (ABMS). To facili~a~e

the implementation of ~he ABMS, a br~athincr waveform study was
undertaken to characterize flow rate waveforms of human subjects
under multiple exercise and resistance breathing conditions. A
mathematical model of human and oxygen bottle type SCBA
performance was also developed in this contract. This model
enables predictions of SCBA performance under specific conditions
without ac~ually expending an SCBA. Moreover, this model, which
will operate on most scientific computers, is useful in
investigating effects of SCBA design changes and can be used as an
instructional tool for industrial hygienists and individuals
requiring in-depth knowledge of SCBA functions.

This report is divided into two volumes. Volume I contains
summaries of the studies performed under this contract. These
studies are presented in seven sections: {1} resistance
breathing, (Z) carbon dioxide breathing, {3} positive pressure
breathing, {4} hot air breathing, {5} automated breathing &
metabolic simulator, {6} mathematical model of SCBA and human
subjects, and {7} breathing waveforms. Volume II is an appendix
which contains more detailed descriptions of these studies.
Information is also available in theses, manuscripts, and
publications written under this contract {see report references}.

This is VOLUME II

***************************************************
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FOREWORD

This repor~ was prepared by ~he Labora~ory for Human
Performance Research a~ The Pennsylvania S~a~e Universi~y under
U.S. Bureau of Mines con~rac~ No. JO 100092. The ~echnical

projec~ officer was John Kovac from the Pi~~sburgh Research Cen~er

and the contrac~ administra~or was Janice Johnson. Research was
conducted 1 July 1981 ~o 31 December 1983. This repor~ was
submitted 15 June 1984.

Research repor~ed herein was under ~he direc~ion of Eliezer
Kamon and Sco~~ Deno, co-principal inves~iga~ors, and Max
Vercruyssen, co-investiga~or. Other s~aff and s~udents assis~ed

in collecting da~a, analyzing resul~s, and writing por~ions of
this repor~. Charles Ryan1s cons~an~ managemen~ of our labora~ory

and assistance in da~a collec~ion and data analysis was
invaluable. S~uden~s who had a major role in ~he research
presen~ed in this repor~ include Jon Benson, Cole~~e Bizal, Tom
Brennan, Philip Crosby, Sean Gallagher, David Kiser, Pe~er

LaChance, Donna Mah, James Pawelczyk, James Sheehy, Dean Sit~ig,

and Claudia Turner. S~uden~s which assisted in the wri~ing of
por~ions of ~his report were Cole~~e Bizal, Philip Crosby, Sean
Gallagher, and Dean Sittig. We also mus~ ~hank Tina Mihaly for
her excellen~ edi~orial assis~ance in refining and assembling
por~ions of this report. We thank these supporting people for
~heir dedica~ion.
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APPENDIX A1:

EFFECTS OF BREATHING RESISTANCE

In'broduc"t.ion

Respira'bors and self-con'bained brea'bhing appara'bus (SCBA)
offer resis'bance 'be brea'bhing. If 'bhe resis'bance is large enough,
'bhe user's work performance capabili'by can be reduced. Other
inves'biga'bors have studied 'bhe responses to resis'bance with regard
'bo "comfor'b ts and no'b ac'bual physiological limi'bs (Silverman,
1961; Gamberale, 1978; Dressendorfer, 1976; Johnson, 1976; Craig,
1970; Hermansen, 197Z). Fewer investiga'bors have sys'bematically
st.udied 'bhe effec'bs of resist.ance on work performance, and these
st.udies are for short. dura'bion exposure (Cerret.elli,1969; Demedts,
1978).

In 'bhe described s'budy, the reduc'bion in work ra'be capabili'by
of healthy young men was studied. Exposures to resis'bance were of
long dura'bion (one hour). Also, associat.ed respira'bory
measur,ementis were made 'bo evalua:te 'bhe user's changes in
physiological s'ba'be due tio the resis'bance imposed. A wide range
of balanced resistances and imbalanced resis'bances were
investiga'bed where balanced resis'bance is defined as equal
resis'bance on 'bhe expired and inspired brea'bhing pa'bhways.

The inspira'bery and expira'bory phases of tihe brea'bhing cycle
were known 'bo have differen'b 'bolerances 'bo resis'bance, 'bherefore
'bhe results from 'bhe imbalanced exposures are impor'bant in
es'bablishing an optimum ratio of expired and inspired resistance
when designing an SCBA. All the combina'bions of resistance
exposure condi'bions are significan'b in es'bablishing resistance
levels, both inspired and expired and 'bhe in'berela'bionship be'bween
'bhe 'b~?o.

Me'bhoMs

Brea'bhing resis'b~nce

Inhala'bion and exhala'bion were res'bric'bed using small
diame'ber, 5-em-long 'bubing segmen'bs. These segmen'bs were loca'bed
180cm from 'bhe subjec'b breathing valve. The no-resis'bance con'brol
condi'bion used only 'bhe brea'bhing valve and a *8 Fleisch
pneumo'bachograph. The brea'bhing resistance segments were defined
by 'bhe pressure developed across 'bhe segmen'b a'b a flow of 60
li'bers per minu'be (L/min). The resis'bances tes'bed en bo'bh expired
and inspired ranged from 0 (con'brol) 'bo 65 em H20. For simplici'by
'bhese resis'bances were placed in ranges; con'brol {(2 cm H20), low
resis'bance {2(=lH10cm H20}, medium {10{=R{Z5}, high (25{=R{40cm
H20), and very high (}40cm H20).
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Exercise

For all ~es~s ~he subjec~s were ~old ~o perform ~heir maximum
effor~. If ~es~s were comple~ed wi~hou~ requiring a maximum
effor~ ~he da~a from ~ha~ ~es~ were discarded and ~he ~es~

repea~ed a~ a higher work ra~e. Tes~s where ~he subject could not
comple~e ~he ~e5~ were also repea~ed a~ a lower work rate un~il

~he ~rue maximum effor~ was found. Only da~a from maximum effor~

~es~s are included in ~he described s~udy. The subjec~s were
highly mo~iva~ed and were considered ~o be comparable ~o an SCBA
user would be in a life ~hrea~ening si~ua~ion.

Measureme~~s

Hear~ ra~e (HR), minu~e ven~ila~ion (VE), oxygen consump~ion

(VOZ), respira~ory frequency (fB), respira~ory exchange ra~io

(RQ), end ~idal C02 par~ial pressure (PC02), ~idal volume (VT),
~ime of expira~ion (TE), ~ime of inspira~ion (TI), peak pressure
expired (PE), peak inspired pressure (PI).

The inspired and expired flow rates, pressure a~ ~he mou~hT

and mou~h concen~ra~ions are measured ins~antaneouslYl digi~ized,

and analyzed using a PDP 11 mini-compu~er. All the above
variables are calcula~ed from these ins~antaneous signals by ~he

computer.

All ~he repor~ed variables are averages be~ween ~he 30-~o-45

minu~e times during each i-hour ~es~. This ~ime in~erval is ~he

bes~ represen~a~ion of ~he s~eady-sta~e of ~he subject.

Subjec~s

Two subjec~ populations were ~ested. The firs~ group was
composed of healthy, young college students of average or above
average fitness. The second group was composed of' miners from
Associated Drilling Co. of Philipsburg, Pa. Each condition
tes~ed involved a~ least five subjects and no subject da~a are
included for repeated trials at the same condi~ion. Subject data
are in Table Ai-i.
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Table Al-l: Subjec~ Charac~eris~ics

Condi~ion

group
Age

(yrs)
Heigh~

(cm)
Weight.

(kg)
VOZmax

(L/min-STPD)

YOUNG MALES

balanced
resis~ance

umbalanced
resis~ance

MUJERS

26 178 75 3.77
-4 SD 7 SD 10 SD 0.56SD

25 173 7-4 -4.01
6 SD 2 SD -4 ED 0.20 SD

balanced
resis~ance

Proc::odl1res

3-4
1 SD

173
3 SD

94
33 SD

3.05
0.22 SD

The subjec~'s V02max was de~ermined using a graded ~readmill

exercise ~esi;j ~o exhaus~ion, as par't of his ini~ial medical
examina~ion. The maximum work ra~e which each subjec~ could
achieve ai;j a given resis~ance condi~ion was measured on ~he

~readmill where ~he i;jarge~ dura~ion ~o exhausi;jion was one hour.
Subjects were highlymo~iva~ed and ins~ruc~ed ~o perform a maximum
effor~. Tests where the subjec~ could no~ las~ ~he hour were
repea~ed ai;j a lower speed or grade. Tests which were performed
for ~he hour wi~hou~ a maximum effor~ were repea~ed a~ a higher
work ra~e on ano~her day. Resis~ance condi~ions were exposed ~o

subjec~s in a random order. Only maximal effor~ resul~s are
repor~ed.

The miner popula~ion was ~ested only with ~he balanced
resistance conditions.

Results

The resis~ance conditions were grouped in~o 5 ranges of
in~ensi~y . These ~7ere ca~egorize'd from I! NONE" to "VERY HIGH"
where "NONE" is no resis~ance ~o brea~hing or the control
condition. The "LOW" condition is all resistance condi~ions

tes~ed bei;jween 2 and 9.9 cmH20 @60L/min flow, the "MODERATE"
conditions were resis~ance oondi~ions between 10 and 2-4.9 cmHZO @
SOL/min floy7, uHIGH" conai~ions \o'7ere betr,.7een 25 and 39.9 cmHZO
@60L/min flo~17,and ~he "VERY HIGH" condi 'bions .,.;ere be~"'7een -40 and
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65 cmHZO @60L/min flow. All ~he resul~s are presen~ed in ~his

grouping.

The decremen~ in work ra~e capabili~y, which is of primary
impor~ance, is shown in Table Al-Z. The work ra~e ef~ec~ from ~he

dura~ion {one hour} alone is consis~an~ wi~h resul~s from o~her

inves~iga~ors {Bonjer, 196Z}. Bonjer predic~s 64% of maximum for
one hour of work and our s~udy measured 57% for no resis~ance and
sligh~ly higher value of 64% for ~he low resis~ance condi~ion.

This sligh~ increase in work ~olerance wi~h increasing resis~ance

should no~ be considered significan~ and is no~ main~ained as
resis~ance is increased.

Clearly, ~he decremen~ in performance is significan~ wi~h

increasing resis~ance imposed, however ~he decremen~ is no~ as
grea~ as one migh~ expec~ considering ~he in~ensi~y of ~he

resis~ances imposed. The expired effec~s are very similar ~o ~he

inspired effec~s when ~he resis~ance is imbalanced. The larges~

drop in work ra~e, wi~h ~he very high resis~ance only c,n one side 1

limi~s work ra~e ~o 48% and 47% VOZmax for ~he inspired and
expired sides, respec~ively. Balanced resis~ance effec~s are
larger, as expec~ed, ~han ~he imbalanced resis~ance condi~ions

because ~he overall respira~ory s~ressis increased. The larges~

effec~ of ~he very high balanced resis~ance condi~ionis a limi~

of ~he work ra~e capabili~y ~o 35% VOZmax.

The absolu~e work ra~e resul~s are shown in Table Ai-3.



Table Al-2: Resis~ance Effec~s on %V02MAX
Young Male Group

Inspired

NOr-IE Lmi MODERATE HIGH VERY HIGH

NONE 57.4 65.0 64.0 58.8 48.0

LOL-I 64.0 54.9 53:10
"0
QJ
So.. MODERATE 64.0 42.7 46.0'r-
0..
X

W HIGH 55.8

VERY HIGH 47.0 85.0

Table Al-8: Resis~ance Effec~s on V02 {L/min}
Young Male Group

Inspired

NONE LOItJ MODERATE HIGH VERY HIGH

NONE 2.28 2.04 2.02 1.95 1.85

LOv.j 2.06 2.16 2.12
"0
QJ

MODERATE 1.71So.. 2.01 1. 73
'r-
0..
X

HIGH 2.06w

VERY HIGH 1.87 1. 80
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Hear~ Ra~e (Young Male Group)

Hear~ ra~e follows ~he work ra~e capabili~y wi~h changes in
resis~ance condi~ions. Even ~hough ~his s~udy was no~ designed ~o

separa~e resis~ance effec~s and exercise effec~s on hear~ ra~e,

there is no indica~ion ~ha~ hear~ ra~e is eleva~ed by ~he s~ress

of ~he imposed resistance to brea~hing. The heart ra~e is
elevated due to exercise only. The results are shown in Table
A1-4.

Table Al-4: Resis~ance Effec~s on Hear~ Rate (bpm)
Young Male Group

Inspired

NONE LOW MODERATE HIGH VERY HIGH

NONE 144 155 149 145 131

LOW 151 151 146
~

m
MODERATE 150 136 131~

.~

CL
x HIGH 147LU

VERY HIGH 133 119

Ven~ilation (Young Male Group)

The ven~ilation is the variable mos~ direc~ly affec~ed by the
brea~hing resis~ance. The ven~ilation is decreased by resis~ance

~o a much larger degree ~han any o~her variable. The ven~ila~ion

is reduced to 38% at ~he mos~ severe condition, as compared ~o the
VOZmax which is reduced to only 61% from the control condi~ion.

Generally bo~h inspira~ory and expiratory s~ress reduce overall
ven~ila~ion with a sligh~ly larger effec~ on the expira~ory side.
The ven~ila~ion resul~s are shown in table Al-5. The ven~ila~ory

equivalen~ (VE/VOZ) indica~es dramatically the effec~s on ~he

ventila~ion in rela~ion ~o ~he VOZ as shown in Table AI-E. This
means ~hatgas exchange is occurring with increasing resis~ance in
spi~e of reduc~ions in ventila~ion.
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Table Al-5: Resis~ance Effec~s on Ven~ila~ion (L/min)
Young Male Group

Inspired

NONE LOH .MODERATE HIGH VERY HIGH

NONE "'l6.5 "'l0.4 35.5 30.9 27.1

LO~1 37.6 37.2 34.0
"0
Cl.l
s... MODERATE 34.5 28.1 25.4'r-
0-
X

W HIGH 33.6

VERY HIGH 29.0 17.6

Table Al-6: Resistance Effec~s on Ven~ila~ory Equivalent {VE/V02}
Young Male Group

Inspired

NONE LOy.j MODERATE HIGH VERY HIGH

NmJE 20.8 19.7 17.6 15.9 14.6

LOIrJ 18.3 17.2 16.0
"0

Cl.l
s... MODERATE 17.2 16.4 14.7
'r-
0-
X

W HIGH 16.3

VERY HIGH 15.5 13.5

ResDira~ory Frequency (Young Male GrouD}

Reduc~ions in respiratory frequency {fBI are similar to
reductions in ven~ilation. The fB is consistan~ly reduced by
resis~ence breathing in any combina~ion of exposure. The -detailed
results for fB are shown in Table Al-7.
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Table Al-7: Resis~ance Effec~s on Brea~hing Frequency (Brea~h/min)

Young Male Group

Inspired

NONE LOW MODERATE HIGH VERY HIGH

NONE 36.3 26.5 24.0 23.8 20.0

LOW 27.5 26.3 24.0
'"0
Q)
~ MODERATE 26.0 24.0 18.0'r-
0..
X

W HIGH 25.2

VERY HIGH 23.0 13.0

R~snira~ory Exchange Ra~io (Younq Male Group}

The respira~ory exchange ra~io iRQ) has no clear ~rend wi~h

increasing resis~ance on ei~her ~he expired or inspired cycles.
This is expec~ed since ~he RQ is an indica~or of ~he fuel for
me~abolism. The fuel or energy source for me~abolism is no~

expec~ed ~o change due ~o resis~ance brea~hing. Results are shown
in Table AI-8.

Table Al-S~ Resis~ance Effec~s on Respira~ory Exchange Ratio {C02/02}
Young Male Group

Inspi red

NONE LOW MODERATE HIGH VERY HIGH

NONE 0.93 0.76 0.78 0.83 0.91

LOv~ 0.83 0.98 0.92
'"0
Q)
~ MODERATE 0.85 0.90

'r-
0..
X

W HIGH 0.85

VERY HIGH 0.95
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End Tidal C02 Partial Pressure (Young Male Group)

End tidal C02 partial pressure (PETC02) was consistantly

increased with increased resistance to breathing. Again, the

expired and inspired effects are.similar. The PETC02 plays a

significant role as the indicator of blood C02 levels, which are

the limiting factor when ventilation is restricted. The PETC02

rises quickly with increasing resistance and levels off at a

PETC02 of 53.9 mmHg. Results are shown in Table Al-9.

Table Al-9: Resistance Effects on PC02 (mmHg)
Young Male Group

Inspired

NONE LOH MODERATE HIGH VERY HIGH

NONE 42.1 45.5 46.7 47.2

"'0 LOif-i 42.7 49.3
<lJ
~

0. MODERATE 45.1 52.2
x

L.t.l

HIGH· 47.2

VERY HIGH 53.9

Tidal Volume (Young Male GrouD)

Tidal volume does not change significantly with resistance.
This is in contrast to the large changes in VE and fB. The
respiratory control center is reacting to the resistance stress by
maintaining VT. Results are shown in Table Al-l0.
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Table Al-10: Resistance Effects on Tidal Volume (L/breath)
Young Male Group

Inspired

NONE LOrI MODERATE HIGH VERY HIGH

NONE 1. 37 1.20 1.35 1.60 1. 49

Lm'1 1.10 1.82 1.35u
ClJ
!>-
.~ MODERATE 1.15 1. 30
CL.
x
w

HIGH 1.39

VERY HIGH 1.41

Mouth Pressures

Both the peak expiratory mouth pressure (PE) and peak
inspiratory mouth pressure (PI) are shown in Table Al-l1 and
A1-1Z. Of course, dramatic increases in pressure are observed on
any portion of the breathing cycle which has the resistance
imposed. Some'r"hat surprisingly, the peak pressure for the
expiratory side for the totally imbalanced resistance case is
higher (49.0 cmH20) than the inspiratory side for the totally
imbalanced resistance case (34.0 cmHZO). This is in contrast to
the balanced resistance conditions where the expiratory side
consistently produced lower peak pressures. The expiratory
respiratory muscles are generally considered ~"eaker than the
inspiratory muscles by traditional respiratory mechanics studies.
Clearly, the respiratory muscles involved in expiration have
nearly equal strength to the inspiratory muscles when the stress
is applied.



PAGE 24

Table Al-l1: Resis~ance Effec~s on Peak Expired Pressure {cm H20}
Young Male Group

Ins.pir:ed

NONE LOvJ MODERATE HIGH VERY HIGH

NONE 4,13 17.8 23.0 33.7 34.0

Lm1J 4.26 19.1 17.3
-0
Q.l
~

30.0 25.4or- MODERATE 3.70
0..
x
w

HIGH 5.00

VERY HIGH 7.50 -30.2

Table Al-12: Resis~ance Effec~s on Peak Inspired Pressure (cm H20}
Young Male Group

Inspired

NONE LOH MODERATE HIGH VERY HIGH

NONE 3.7 5.6 3.3 3.2 4.0

LOIi'J 16.5 26.2 41.8
-0

C!.J
~

MODERATE 31.3 17.8 31.8Or-

o..
x
w

HIGH 44.0

VERY HIGH 49.0 44.2

Expired-Inspired Dura~ion Ra~io

The expired-inspired dura~ion ra~io (TE/TI) is an indica~ion

of which por~ion of ~he ~o~al brea~hing cycle is using ~helarges~

por~ion of ~he available ~ime ~o ~ransfer gas ~hrough ~he mou~h.

The balanced resis~ance condi~ions all produced ra~ios sligh~ly

grea~er ~han one, indica~ing ~ha~ ~he expira~ory por~ion is using
sligh~lymore of ~he available ~ime. This ra~io did no~ change
significan~ly as ~he resis~ances increased for ~he balance
resis~ance condi~ions (Table Al-13 diagonal values}. The ra~io is
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al~ered drama~ically for imbalanced resis~ance condi~ions, where
as expec~ed ~he por~ion of ~he brea~hing cycle wi~h resis~ance

. ~akes more of ~he available ~ime ~o move ~he gases ~hrough ~he

mou~h.

Table Al-18: Resis~ance Effee~s on Expired/Inspired Time Ra~io

(em H20/em H20) Young Male Group

Inspired

NONE LO~J MODERATE HIGH VERY HIGH

NONE 1.18 1.72 2.25 2.86 2 .• 21

LOI.-J 0.78 1.07 0.88
"'0

Q.J
s-o,.... MODERATE 0.61 1.51
0-
x
w

HIGH 0.48

VERY HIGH 0.44

Predic~ion Egua~ions for ~he Youna Male GrouD

Regression predic~ion equa~ions were developed for ~he

measured variables for ~he young male group. Independen~

variables are ~he expired resis~ance (RE) and inspired resis~ances

(RI) and ~he in~erac~ion ~erm (RE*RI), which is ~he produc~ of RE
and RI. All independen~ variable resis~ance ~erms are in uni~s of
cmH20 pressure a~ a flow ra~e of 60 L/min. The predic~ions

equa~ions are as follows:

%V02max = 59.7 - 0.208RE - 0.189RI - O.002RE*RI

VE = 40.8

fB = 29.1

0.289RE

0.188RE

O.272RI + O.OOlRE*RI

O.187R!

VT = 1.05 + O.OlR!

PE = 12.8 0.114RE + 0.528R!

PI = 15.8 +0.788RE - 0.i04RI

TE/T! = 1.21 - O.OiRE + 0.02R!
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Resul~s of Miner Popula~ion

Resul~s for ~he miner popula~ion ~es~ed are shown in Table
Al-14 ~o Table Al-25. They show in~eres~ing differences from ~he

young male group. The absolu~e V02 for ~he miners is
significan~ly less ~han ~he young male popula~ion (28% less on ~he

average). However, based on V02max, ~he miners V02max were no~

significan~ly less than ~he young male group. The peak pressures
developed by ~he miners were only sligh~ly less ~han ~he young
male group for ~he same condi~ions, as was ~he effec~ on
ven~ila~ion.

The PETCOZ values for ~he miners were all lower ~han ~he

young male group. This indica~es ~ha~ the miners, in general,
were no~ a~ ~heir respira~ory limi~ during ~hese ~es~s. This also
may indica~e a sligh~ly reduced mo~iva~ion by ~he miners ~o ~heir

u~rue" work ra~e limi~. The fac~ ~ha~ ~he PETCOZ were lower for
miners even at ~he con~rol condi~ion ("NONE aJ

) indica~es ~ha~ ~he

miners were hyperven~ila~ing due ~o anxie~y abou~ ~he labora~ory

environmen~.

The miners responses ~o o~her variables of HR, RQ, VT, and
TE/TI were similar ~o ~he young male popula~ion.

Table Al-14: Resis~ance Effec~s on %VOZmax
Miner Group

Inspired

NONE LOH MODERATE

NONE 53.8
"'0
ClJ LOv.J 39.4l"-

or-
o.;
X MODERATE 47.8w
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Table Al-15: Resis~ance Effec~s on V02 (L/min)
Miner Group

Inspired

NONE LOlAJ MODERATE

NONE 1.65
"'0

ClJ
s- LOW 1.20

or-
o-
x
w MODERATE 1.46

Table Al-16: Resis~ance Effec~ on Hear~ Ra~e (bpm)
Miner Group

Inspired

or-
0­
X

W

NONE

NONE 172

LOr"j

MODERATE

MODERATE

114

117

Table Al-17: Resis~ance Effec~ on Ven~ila~ion Response (L/min)
Miner Group

Inspired

or-
0­
X

W

NONE

LOv-]

MODERATE

NONE

37.7

21.4

MODERATE

30.1
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Table A1-18: Resis~anoe Effeo~ cn Ven~ila~ory Equivalen~ (L/min)
t.1iner Group

Inspired

NONE LOI.-J MODERATE

NONE 23.4
"'0
aJ LOv.I 17.8s-

o .....

0..
x MODERATE 20.5w

Table Al-19: Resis~anoe Effeo~ cn Brea~hing Frequenoy (Brea~h/min}

Miner Group

Inspired

NONE LOW MODERATE

NONE 30.5
"'0
aJ
s- LO~J 17.2Or-

o..
x
w MODERATE 23.7

Table Al-20: Resis~anoe Effeo~ cn Exohange Ra~io (R)
Miner Group

Inspi red

NONE LOW MODERATE

NONE 0.83
"'0
aJ
s- LOt;J 0.81

or-

o..
x
w MODERATE 0.80
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Table Al-21: Resis~ance Effec~ on End Tidal PC02 (mmHg)
Miner Group

Inspired

NONE
-0
QJ
s.... LO~J

.r-
0..

~ MODERATE

NONE

29.9

LOrI

29.7

MODERATE

31.6

Table Al-22: Resis~ance Effec~ on Tidal Volume (L/min)
Miner Group

Inspi red

NONE
-0

~ LO~J
.r-
0..

~ MODERATE

NONE

0.73

LO~J

0.89

MODERATE

0.84

Table Al-23: Resistance Effect on Peak Expired Pressure (mmHg)
Miner Group

Inspired

NONE Lm'1 MODERATE

NONE 2.9
-0
QJ
s.... LOH 23.1.r-
0..
X

W MODERATE 15.0
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Table Al-24: Resis~ance Effec~ on Inspired Pressure {cmBZO}
Miner Group

Inspired

NONE LO~I MODERATE

NONE 3.1
-0
aJ
~ LO~J 25.5or-
o...
x
w MODERATE 13.9

Table Al-25: Resis~ance Effec~ on Expired-Inspired Time Ratio (sec/sec
Miner Group

Inspired

NONE

0...
X
w MODER.ATE

NONE

1.26

LOv,I

1.19

MODERATE

1.26

Discuc,sion

The resul~s se~ a clear profile of ~he responses of ~wo

popula~ions ~o ~he s~ressor of brea~hing resis~ance. The mos~

significan~ variable is ~he percen~age of maximum aerobic capaci~y

(% VOZmax). The % VOZmax is ~he most predictable variable and is
a direct predic~or of the subjec~'s work performance in ~he

respira~ory use situa~ion. In a par~icular si~ua~ion, ~o es~ima~e

a user's ac~ual escape ~ime in a mine acciden~, ~he user's maximum
aerobic capaci~y (VOZmax) and body weigh~ are necessary. The
VOZmax can be predic~ed from age and body weigh~, if no~ direc~ly

measurable. The ac~ual speed of exi~ can be predic~ed, if given
~he grade of exi~ pa~h. This means ~ha~ ~he percen~age reduc~ion

in % VOZmax is propor~ional ~o ~he percen~age reduc~ion in escape
~ime from ~he si~e of an acciden~. As shown in Table A1-2, no
clearly significan~ reduc~ion in % VOZmax occurs un~il ~he expired
resis~ance reaches ~he modera~e resis~ance level.



PAGE 81

The miner population tested had a lower absolute V02 {see
Table A1-i5} as compared to the young male population (see Table
A1-8). This difference should not be overlooked when estimating
escape times in an acoident situation. The miners also had a
lower V02max as measured on the exercise tolerance stress test.
This difference is partially due to the age differences in the two
groups (see Table Ai-i), even ~hough our miner population had no
miners over age 40. Older miners should be evaluated in the
future; however, one would expect a high correlation between %
V02max and resistance stress condition to be maintained for an
older miner population. One would also expect the older miner
popula~ion ~o have lower V02max values.

The respira~ory s~atus of ~he subjects is well profiled by
the VT, fB, PC02, PE, PI, and TE/TI results. The expired and
inspired por~ions of the brea~hing cycle responded only slightly
differently to the stress of resistance. Traditional
physiological studies would have predicted that the expired
portion of the breathing cycle would have more difficulty than the
inspiratory portion. This is based on the idea that expiration is
"mostly passive." Indeed, this is not the case. The expiratory
musoles are very capable of maintaining necessary flows with
resistance to brea~hing 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% CO2
in air and in gas mixtures containing 50% O2, 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 CO2 during the entire exercise and recovery
period there was no difference in performance between the CO2 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 (C02) 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 CO2 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 CO2 as measured by
psychological tests. Carbon monoxide (CO),
not carbon dioxide (C02), adversely affected
dual-task performance (Putz, 1979), whereas

1 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 CO2 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 CO2

inhalation were an increase in pulmonary
ventilation (Dripps and Comroe, 1947), con-
striction or dilation of blood vessels (Lam-
bert sen, 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
CO2 concentrations of 2 to 3% during seden-
tary activities, subjects exhibited lassitude,
irritability, and unconsciousness. Within 3
min of exposure to CO2 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 CO2 inhalation. The body's retention of
CO2 normally increases with exposure time;
however, exercise increases metabolic CO2

production, and this results in an even higher
CO2 retention. This excess CO2 could in turn
reduce the worker's endurance for strenuous
physical work (Craig, Blevins, and Cum-
mings, 1970). Inhalation of CO2 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 CO2 produced by
the body. Most SCRs, however, are limited in
their capacity to absorb CO2; therefore, dur-
ing prolonged usage the level of unabsorbed
CO2 will increase with time.

Although physiological responses to inhala-
tion of up to 10% CO2 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 CO2 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% CO2, Subjects inhaled CO2

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 to-min exercise

period. The speed and grade of the treadmill
were adjusted to yield O2 uptake at 80% of the
maximal aerobic capacity (80% V02max) 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 CO2 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 em 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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TABLE 1

October, 1982-583

Means and Standard Deviations for Age, Physical Characteristics, Maximal Heart Rate (HRm • .), and
Maximal Aerobic Capacity (V02m•X in mI, kg-I. min) of the Subjects

Experiment N Height (em) Weight (kg) Age (yrs) HRmax \i02max

Psychomotor 6 182.9 ± 5.8 78.98 ± 9.1 22.4 ± 7.6 186.0 ± 11.0 47.44 ± 4.3
Short-Term Memory 5 179.5 ± 7.2 78.86 ± 8.9 23.8 ± 3.5 185.6 ± 11.2 48.36 ± 4.7
Reasoning 4 182.0 ± 8.7 76.98 ± 13.8 27.5 ± 3.9 184.2 ± 13.3 46.96 ± 4.3

Tests

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

between initiation of the tone and the sub-
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

ROTARY PURSUIT (RP)

AUDITORY REACTION TIME (ART)

CHOICE RESPONSE TIME (CRT)

RP ART ART ART RP ARTU •__I·• •
SIT

CRT CRT

~ .L-J _
SIT

STM1 STM2• •
SHORT TERM MEMORY TEST (STM) C=:=J _

STAND
REASONING TEST•

REA SON IN GTE S T D _
STAND

TIME IN MINUTES L I
o

t

EXERCISE I RECOVERY I

10 16

t
CO2 ON S ET CO2 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 I s, followed by a 2SD-mspause.
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 followsC.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% V02max

(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% CO2,

21% O2; 5% CO2, 21% O2; 4% CO2, 50% O2; 5%
CO2, 50% O2, 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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TABLE2

October, 1982--585

Mean Values of Psychomotor Responses during Exercise at 80% \lo2m.x while Inhaling 5% CO. in 50%
A. (CO.)

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 CO. 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% CO2 and 5% CO2 in
50% O2 conditions. The sequence is shown in
Figure 1. Subjects received one block of 24

TABLE3

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 (5) and the Number of Errors (E) per
Test for co.-a. Inhalation

Control 4% CO2 21% O2 5% CO2 21% O2 4% CO2 50% O2 5% CO2 50% O2

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
SO 0.89 1.00 0.84 1.10 1.14 0.45 0.71 0.55 1.14 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
SO 1.30 0.56 1.14 1.00 0.84 0.84 1.14 0.84 1.30 1.14

Combined X 7.4 0.8 7.6 1.1 7.7 1.3 7.3 1.1 7.3 1.5
1 and 2 SO 1.07 0.79 0.97 0.99 0.95 0.82 0.95 0.74 1.16 0.97
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TABLE5

October, 1982-587

Means and Standard Deviationsfor the Number of Statements Completed,Errors per Session,and the
AverageResponseTime per Question(in Seconds)

Control 4% CO2 21% O2 5% CO2 21% O2 4% CO2 50% O2 5% CO2 50% O2

Statements
Completed 51.50 ± 9.50 42.00 ± 14.7 41.00 ± 11.60 51.50 ± 14.0 43.75 ± 13.30

Number of Errors
per Session 1.25 ± 0.96 1.50 ± 0.58 2.00 ± 1.40 2.00 ± 0.82 2.75 ± 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% CO2- 50% O2 conditions
had the same average number of statements
completed, whereas in the other three condi-
tions (4% and 5% CO2, 21% O2; 5% CO2, 50%
O2), 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% CO2 has im-
portant positive implications.

Unlike CO, which is an external toxic gas,
CO2 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 CO2 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 CO2 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 CO2 inhalation. If CO2 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% CO2 levels in this study was
based on some pilot observations in our labo-
ratory, in which higher CO2 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% CO2, 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
CO2 is possible. The lack of deterioration in
psychomotor and short-term memory per-
formance for inhalation of up to 5% CO2 could
mean an improvement in the life-support ca-
pacity of the self-contained respirator, if
higher inhaled CO2 concentrations are al-
lowed. Increasing the permissible CO2 levels
would enable longer usage of the CO2 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 CO2 in inhaled
air. Inhalation of subclinical concentrations
of CO2 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 CO2 did not cause a decrement in
performance.
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BEHAVIORAL EFFECTS OF ONE-HOUR BREATHING OF HIGH
CONCENTRATIONS OF CO2 AND O2 WHILE DOING PHYSICAL WORK
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ABSTRACT

Attention is drawn to the lack of scientific information pertaining to
the effects of breathinq elevated (but subclinical) levels of carbon
dioxide (C02) on cognitive and psychomotor performance. Furthermore. an
appeal is made to reevaluate existing standards for the maximum allowable
'concentration of CO2 for self-contained 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% CO2 (with 50% O2)
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% CO2 (in a high O2 concentration similar to that of SCBAs) while running
(as in a mine escape). The results showed no effects of these gases on
short-term memory. reasoning. choice response time. pursuit tracking. and
balance on a stabilometer. Combined with previous studies (Sheehy. Kamon,
and Kiser. 1982), the authors have not yet found evidence of impaired per­
formance due to acute (16 min) exposures of up to 5% CO2 or chronic (60 min)
exposures to 2% CO2, when inhalation is accompanied by moderate to strenuous
exercise.

This article is divided into two sections: (1) carbon dioxide: an
environmental stressor, and (2) CO2 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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Table 1

Su"",ary of the Severlty of Clinlcal Symptoms
From Acute CO2 Exposure « 15 min)

Physiological Effects
Carbon dioxide serves a major role in respiration and cerebral circula­

tion. At high concentrations, it acts as a respiratory and central nervous
system (CNS) stimulant, producing increases of up to 75% in cerebral blood flow
(Kety and Schmidt, 1984), an increase in pulmonary ventilation (Dripps and
Comroe, 1947), decreases in specific airway resistance (Taskin and Simmons,
1972), and local vasodilation. At excessive concentrations, it is a CNS
depressant, capable of producing unconsciousness, narcosis, respiratory
arrest, and death (Dripps and Comroe, 1947; Friedlander and Hill, 1954).
Moreover, because the solubility of CO2 is approximately 20 times greater
than that for O2, diffusion is rapid and the respiratory and CNS effects are
experienced almost instantaneouslY.

Exercise (physical work) may compound the effects of CO2 inhalation
due to the increased metabolic CO2 production which results in an even
higher CO2 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 10% CO2 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
(less than 15 min) of varying concentrations of CO2 are summarized in Table 1.
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Mild, if present

Pronounced

Unconsclousness

Death

DEGREE OF SYMPTOMS'UQz

0-7

7-10.5

~ 10.5

~ 30
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I. CARBON DIOXIDE: AN ENVIRONMENTAL STRESSOR

Carbon dioxide (C02) exposure is a very common environmental stressor.
An estimated two million industrial workers are potentially 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 submarines and space vehicles (where the CO2 concentration is
1~2%) or in oil tanks, grain silos, and breweries (where CO2 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 rebreathes his/her own expired air (e.g., the closed system in SCBAs).
To prevent this build~up and the concomitant decrease in oxygen, SCBAs are
designed to scrub CO2 and supplement O2, The longevity and utility of each
system is sometimes determined by its ability to remove CO2, And, since
most SCBAs are limited in their CO2 scrubbing capacity, prolonged usage
results in an increase of the unabsorbed CO2 over time. This means that as
the CO2 scrubber fails, the inspired concentration of CO2 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 limiting factors in the design of these respirators
is the ability of the scrubber to prevent CO2 from exceeding the maximum
allowable concentration (MAC).

Amore definitive basis for establishing the MAC of CO2 is needed. A
very low limit for the inspired air 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
SCBAs, making it more difficult for the wearer to use them. The MACs must,
therefore, be established with attention given to minimizing the overall
difficulties encountered in using the SCBAs.

elevated levels of carbon dioxide. The second section is an experiment
to ascertain the effects of breathing a high concentration of carbon
dioxide and oxygen.
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Taple 2

Note: 1 Friedlander & Hill. 1954; 2 ~ Schaefer. 1963;
3 ~ Dripps & Comroe. 1947; 4 ~ Glatte. Motsay. & Welch, 1967.

Usually, ttw duration of exposl!t"l} dntl'l"Il1il1l's ttw extont of the c1 inical
symptoms observed. ror instance, ttH'ee comhinations of concentration and
time are sUllimarized in Table 2 alon~ with the clinical symptoms they pro­
duced.

Clinical [ffeet", of CO2 Inhalation

.Journal 01' I hI' ISH!'

T'ble 3

MaxllTlJffi Allowable Concentrations af CO2

--
HAR AGENcy U!q ~ONDIUON) SOURCE

1943 USPHS 0.5

1947 US Navy 3.0 ~\Jbl'n.arines wi th
17-il t. 0,

196B ACGIH 0.5 Up to 8 hOI,rs

1972 NASA 4.0 up to 10 minutes
3.0 Up to 1 haul'
1.0 Up to 6 ""nth'

1973 NASA 1.9 Up to 3 hours
1.0 Mi~51on

1974 ACGIH 1.5 Heal thy sutjects

1975 US Navy 2.5 Up to 1 haul'
1.0 up to 24 hours
0.5 Up to 90 days

Current NIOSH 0.5 n 50% 0.,. after
crubber: d:Jring

Han Test

2,3

SOURCE

Dyspnea. head'lche.
restlessness, dil~lne5s,

sweating, visual
distortions, irritability
(n~42 )

Mild frontal headaches in
4 of 7 subjects dLlflng
first 2 days

SYI1PTOMl

Unconsciousness (n=J7)
(re'1ained afterl1() sec)

l!~

5 days

J.B min
7.4 min

24-28 sec

3.0

10.4
7.6

U!l2
30.0

Headache is one of the most recurrent symptoms of CO2 inhalation and may
be partially attributed to the increase in cerebral blood flow and in
cerebrospinal fluid pressure (Small, Weitzner, and Nahas, 1960).

Note: 1. Gahfer. 1943j 2. Consolazio, Fisher, Pace, Pecora, Pitts, &
Behnke, 1947; 3. NIOSH, 1976; 4. Calvin & Gdlenko. 1975;
5. NASA, 1973; 6. ACGIH, 1974; 7. C.lvin & Gazenko, 1975.

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

allowable concentrations (MACs) for different agencies.
At present the MAC for CO2 is ~Iell below the levels known to impair

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 CO2 that can be breathed for a given period of time without
mental dysfunction?" The literature is devoid of Vlork in this area and it
appears that somewhat arbitrary standards have been implemented. If, for
instance, it can be established that breathing up to 3% CO2 for an hour

does not impair performance, then raising the MAC to as high as 2% could
dramatically affect the design of respirators (e.g., decreasing the size,
weight, and cost while increasing longevity) without compromising the
safety of the worker. On the other hand, even if high levels of CO2 do
not impair physiological functions, great care must be taken to ensure that
essential cognitive and motor skills are not affected.

Psychomotor Effects
Even though there are no disabling physiological effects or clinical

symptoms associated with breathing up to 5~ CO2, there still may be
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psychological reactions, such as impaired motor control, slowed reactions,
disorientation, or diminished mental capacities, which may jeopardize a
worker's health and safety. Regardless of the CO2 source, impaired cogni­
tive and/or motor performance may make the worker susceptible to accidents
and may decrease the probability of survival' in emergency situations.

Very little attention has been given to the behavioral effects of CO2,
In the NIOSH publication, Occupational Exposure to Carbon Dioxide (1976),
only seven studies were mentioned. Two of these studies reported detrimental
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% CO2, there was a significant decrease in critical flicker fusion for
CO2 concentrations in 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 CO2, 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 function" except for diminished
color sensitivity from exposures up to 3% CO2, As for the null results,
Weybrew (1970) found that over a six-day period, 15-hour exposures to CO2
at concentrations between °and 3% resulted in no impairment of one-digit
addition and letter cancellation. However, Weybrew's stUdy, like that of
Weitzman et al., used only one subject and was not validated for confinement
effects. Storm and Giannetta (1974) exposed six subjects to 4% (30 torr)
CO2 for 14 days and found no effects on complex tracking, eye-hand coordina­
tion, and problem solving. Glatte, Motsay, and Welch (1967) found no effects
of breathing 3% CO2 for 5 days on arithmetic, vigilance, hand steadiness,
memory, problem solving, and auditory monitoring.

Not only is there a shortage of research on the behavioral effects of
CO2, but, as can be seen in this brief review, many of the previous studies
have had methodological shortcomings (e.g., small sample size, inadequate
controls) which severely limit their interpretation. Therefore, further
behavioral research is required to make prudent decisions relative to CO2
standards.
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In recent years, two studies have used improved methodologies to
investi~ate the behavioral effects of CO2, but each has failed to find
performance impairment. Sheehy et al. (1982) exposed their subjects to
4 and 5~': CO2 (with 21 and 50% 02) for 16 mi n and found no deteri orati on
in the pel'formance' of psychomotor (simple reaction time, pursuit tracking,
and choice t'esponse time) or mental (short-term memory and reasoning) tasks.
Concerned with the risks due to CO2 retention in diving, Henning, Sauter,
Reddan, and Lanphier (1983) found no effects of breathing 6% CO

2
for

10-14 min on simple and choice reaction time, hand steadiness, and postural
sway.

II. CO2 EXPERIMENT

Previous CO2 research at The Pennsylvania State University (SheehY
et al., 1982) examined the effects of an acute exposure (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 backward), and
grammatical reasoning. While some of these tests were sensitive to the
effects of exercise, acute exposure of CO2 of up to 5% did not impair per­
formance. The next step in the systematic search for the effects of CO

2
might be to increase exposure duration. Furthermore, since the SCBA user
typically breathes in excess of 50% 02 and hyperoxia has been shown to
produce deterioration in short-term memory (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 CO2 and 02' during and following
exercise. on cognitive and motor performance.

Method

Subjects_

Five right-handed, beardless, male university graduate students volun­
teered to sel've as paid subjects in this studY. Prior to participating in
the experiment, all subjects received a medical examination, including
exercise tolerance and pulmonary function tests. All were non-smokers and
in good general health. Their demographic characteristics are shown in
Table 4.
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Table 4

Demographic Characteristics of Participants in CO2 Inhalation Study

~ AGE (VRS) .!:!LJfml ru£!!1l % FAT HRmax*l v02~ax
(b'min- ) (ml'kg .min-l )

27 176.0 65.B 13.B5 IB6 47.14

2 26 IB2.6 80.0 9.01 17B 55.33

3 26 IBO.7 77.0 16.34 193 49.51

4 24 IB7.5 7B.7 10.37 IBB 49.39

5 29 170.2 76.0 15.00 191 50.00

MEAN 26.4 179.5 75.5 12.91 IB7.2 50.27

50* 1.B 6.6 5.64 3.11 5.B 3.03

*) Maximal heart rate (HRmax); Maximal O2 uptake (v02max); standard
deviation (SO).
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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 perfonnance measures. Per­
formance tests were administered prior to. between. and following two
exercise bouts. For each session, each subject breathed one of three
different gas mixtures during a one-hour inhalation period from the onset
of the first exercise bout to the end of the post-test following the
second bout. The three gas concentration conditions can be thought of
os: (a) control (room air). (b) high O2 (50% O2 with 0.03% CO2), and
(c) high CO2 (2% CO2 with 50% O2), As illustrated in Figure 1. the
three test conditions were described as pre-, mid-, and post-tests referring
to their relative position to the exercise bouts.

I ~nON I

PREP

---70- 80-00

Figure 1. Testing protocol for each testing session. During the
60-min inhalation period subjects breathed either room
air (control), high oxygen (50% 02). or high carbon
dioxide (2% C02, 50% 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 randomly assigned to gas conditions which
were counterbalanced random combinations. The order of tests within each
performance battery was also counterbalanced.

Exercise
Each subject underwent a treadmill progressive exercise tolerance test

as part of a health assessment procedure to determine his maximal aerobic
capacity (Vo max). During the exercise periods, each subject ran for 20
minutes on a2treadmil~ with the speed and grade adjusted to yield an O2
uptake of 75% of his Vo max. Each experimental session consisted of two

2
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such work bouts spaced with pre-, mid-, and post-tests, each lastinq 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 order to record actual exercise intensity. The average intensity
for the group was 7S :I:. 3% (SO) of Vo max. YJhile on the treadmill, the
subjects were cooled with an elastic2fan placed directly in front of them.
Chest electrodes were connected to a Respironics Digital Exersentry (SN) for
rnonitoring average heart rate.

~ Inhalation

A ISO-liter Douglas bag served as a mlxlng reservoir into which room
air, CO2, and O2 were mixed before humidification by passage through warm
water enroute to the subject in an open-circuit system. The inspired gas
mixture was controlled by continuous monitoring of an Applied Electrochemistry
S-3A Oxygen Analyzer and an LB-2 Beckman Medical Gas CO2 Analyzer. Expired
air was released into a well ventilated testing room. Three gas mixtures
were used in this study: (a) room air (0.03~ CO2 and 21% O2) as a control;
(b) high oxygen (0.03% CO2 and SO% O2), to test for hyperoxia effects; and
(c) high carbon dioxide, (2.00% CO2 \/ith sm: O2), to test for hypercapnia
effects (the elevated O2 was to ensure that there was no hypoxia and to more
closely approximate SCBA conditions). The prescribed gas mixture (:I:. 0.1%
SO) was inhaled for a period of 60 minutes (:!:. 2 min SO) 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 performance tasks
were administered, each in a pre-, mid-, and post-test format. Five counter­
balanced orders of tests within each battery were developed with each subject
being randomly assigned to one of the orders.

Cognitive Performance Tests

Three different cognitive tests were used: a grammatical reasoning
test and two short-term memory (STM) tests (forward and backward serial
letter recall).
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G.!:.ami11<l.tic_aLJlflil_s_OIl.i.n.l!.. Reasoning, based on grammatical transforma­
tions (Baddeley, 1968), has been sh0\1n to be a stable (Carter, Kennedy,
and Bittner, 1981) metric of "higher mental processes" that is sensitive
to nitrogen narcosis (Baddeley, de Figuerido, Hawkswell Curtis, and
YJilliams, 1968) and hypocapnia (Gibson, 1978). This test consisted of
a four-minute task adapted from Baddeley's (1968) grammatical transforma­
tion task. Seated in front of a cathode ray terminal (Digital VT52-AE),
the subjects read a statement followed by a pair of letters, 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 randomly drawn from 64 possible combinations 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 or 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 collection were completely on-line using
a Digital Equipment Corporation (DEC) PDP-II computer. 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 YJechsler (1958) Adult
Intelligence Scale (YJAIS), letter recall was used to assess functional memory
span, a fundamental component of all human performance. A DEC PDP-II 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 order of directional recall was counterbalanced between
subjects (i.e., forward-backward, backward-forward). The letters were pre­
sented singularly for one second followed by a 2S0-msec pause. All letters
were consonants in upper case, 1.5 em 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, 0, 0, K) or sequential progressions (e.g., P, Q,
R, S, T). Beginning with a sequence of four letters, each correct recall of
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a series of letters I'lould increment tile number of letters presented on sub­
sequent trials, until either two incorrect responses were recorded at the
same difficulty level. or a maximum of 12 letters were reached. If the
subject failed to correctly recall the sequence of letters on a particular
trial. he was given a second trial at the same difficulty level (with
different letters). If the subject answered the second trial correctly, he
progressed to the next higher difficultY level (i .1'" the number of letters
presented was incremented by one); if the subject failed to answer the
second trial correctly, the test was terminated.

Psychomotor Performance Tests

Three different psychomotor tasks were used: (a) Choice Response Time
(CRT). (b) Rotary Pursuit (RP), and (c) Stabilol~eter,

Choice Response Time. A Marietta Choice Response Time (Model 14-210-M)
apparatus, with eight telegraph keys mounted on a baseboard equidistance from
a starting button, was used to measure choice response time (i.e., the time
interval from the presentation of a visual stimulus to the completion of a
correct key depression response). The stimulus appeared in a lighted
display mounted approximately 30.5 cm above the baseboard and centered
behind the keys (60 cm from the subject's eyes). The keys were not numbered,
but were arranged in sequential order (1-8) 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 D,S sec foreperiod (during which a red warning light positioned atop
the stimulus box was illuminated), the stimulus number appeared and the
response time clock began. 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. Considered a valid test of psychomotor per­
formance (Fleishman, 1960), this measure was selected because of its use in
previous stressor studies; particularly, those involving hypocapnia (Gibson,
1978), hypercapnia (Storm and Gi annetta, 1974), and hyperventil ati on

.Journal of the IS RP

(Labuc and Withey, 1978; Withey, Spreight, Labuc, and Legg, 1979). A
Lafayette Photoelectric Rotary Pursuit apparatus was used to assess the
subject's ability to track a moving object 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 to a Hunter Decade Interval Timer, to limit the
\'ecording 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 warm-up, practice,
equipment start-up, and limb inertia effects. Three 20-sec trials, with
approximately 3D-sec inter-trial rest Intervals, were given to each subject
during each test. Ambient light 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 recording on-target performance)'.

Stabilometer. Since dizziness and loss of balance are characteristic
clinical symptoms associated with CO2 inhalation, the ability of the subject
to maintain his balance, as measured by a horizontal pivoting platform
stabilometer, was included as a psychomotor test. This measure was also
selected because of the information available on its susceptibility to
practice (Ryan, 1965) and fatigue (Nunney, 1963) effects as well as its
retention (Ryan, 1962b) and stress reaction (Ryan, 1962a) characteristics.
The apparatus consisted of a 37.5 cm x 95 cm x 2.1 cm wooden 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 limit the recording period to
20-seconds. A Hunter Model 220C Klockounter was used to record the total time
the subject was off balance per 20-sec trial. Three trials, with approxi­
mately 3D-sec inter-trial rest intervals, were given to each subject during

each test.

Procedure
Each subject participated in eight sessions as presented in Figure 2.
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Following an exercise tolerance test, the subjects participated in seven
90-minute sessi ons, one per day vii th at least 48 hours rest between the
sessions involving exercise. The introductory session was used to explain
the experiment, complete the informed consent documents, introduce the
dependent measures and experimental protocol, and provide considerable practice
on each of the performance measures. Following this introductory session, the
same protocol was used each day (see Figure 1).

Upon arrival to the laboratory, 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 approximately 10 minutes. The
gas inhalation period began with the subject running on a treadmill for
two 20-min work bouts at an intensity equivalent to 75% of his aerobic capa­
city. Between and following these work bouts were the mid- and post-tests,
respectively (each also lasting approximately 10 minutes). The face mask
was removed after the post-test (making the total inhalation period approxi­
mately one hour) and the subject was required to walk on the treadmill at
3 mph for at least 6 min as a "cool-down" before departing the lab. During
and following the cool-down, the subject was asked to provide subjective
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information on his perceived exertion, clinical symptoms (discomforts),
performance quality, etc. All eight testing sessions per subject were com­
pleted within three weeks.

Laboratory Envi ronment
The experiment was conducted in an air-conditioned laboratory where

the room temperature ranged from 23 to 25° C. Also, measures were taken
to control ambient light 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 \;ere done
using the Tukey Wholly Siqnificant Difference (WSD) technique. In all
cases, the level of significance was £ = 0.05. An additional univariate
analysis of the repeated measures was performed 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 those 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 estimated according 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 estimated by using the
average of the remaining pre-test values per subject.

Results and Discussion

Cognitive Performance Measures
The group mean and standard deviations for each of the cognitive tests

for each experimental condition are shown in Table 5. None of the cognitive
performance tests revealed a significant effect of hyoeroxia or hypercapnia,
but one non-gas test contrast was significant. As seen in Figure 3, the rate
at which subjects performed the post-exercise test portion of the grammatical
reasoning task (~= 14.33 lines/minute) was significantlY [£(2,8) = 5.72, R=
.029] faster than that for the pre-exercise test (~= 13.23 lines/minute)
or mid-exercise test (~= 13.31 lines/minute).
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In a closer look, however, a univariate analysis of these data revealed a
significant [[(1,8) = 5.96, ~ = .011J 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 session
regardless of the manipulations of the independent variables. Since the
accuracy of respondinq did not differ significantly across conditions,
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 also account
for some of the elevated reasoning rate, but this cannot be determined by
the present design.

The most meaningful finding here is that the gas concentrations inspired
did not impair cognitive performance. If anything, as unusual as it seems,
the trends shown in Figure 3 hint that CO2 and exercise may even improve
reasoning rate. None of the other main or interacti,oh effects tests for
reasoning or short-term memory were significant (£ > .05).
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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 CO2 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% CO2, tracking may not be affected by (or sensitive to)
chronic hypercapnia.

Hyperoxia and hypercapnia did not affect balancing on a platform
stabilometer; however, it appears exercise may cause a decline in per­
formance. As shown in Figure 6, time off balance was significantly greater
for the mid-tests (~= 7.42 sec) and post-tests (~= 7.30 sec) [E(2,8) =

7.22, £ = .016] than for the resting, room air pre-tests (~= 6.54 sec).
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Psychomotor Performance Measures
The means and standard deviations for the psychomotor tests are tabu­

lated in Table 6. Neither choice response time nor its error rate showed
performance changes due to hyperoxia or hypercapnia. Althou~h these
elevated gas concentrations did not significantly affect tracking or balanc­
ing performance, each test did possess significant results.

As shown·in Figure 5, rotary pursuit tracking was impaired with time.
Breathing room air while exercising had no effect on tracking performance,
but breathing elevated concentrations of either 02 or CO2 while exercising
resulted in a significant [£(2,8) = 5.23, £ = .035] decrease in time on
target of the post-test conditions (~= 16.69 sec) and mid-tests (~= 16.18
sec). Although not significant, the impairment trend in tracking due to CO2
inhalation does look sug~estive. It is possible that with a slightly larger
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Because the purpose of this study was to explore the effects of these nas
concentrations on performance while simulating the conditions of amine
escape, exercise was not an independent variable and was, therefore,
intentionally confounded in the desinn. Thus, it cannot be concluded that
exercise produced these effects because there was nat a control condition
of breathing the gases without running. Nonetheless, the obtained trend
suggests that the stabilometer may be sensitive to the effects of exercise.
No ather psychomotor contrasts were significant.

Caution. A ward of warning is called for when interpreting these
results. Just because COZ was nat found to impair performance does nat
mean that the COZ MACs should be raised. It means that under the conditions
specified, these measures failed to show a sensitivity to COZ' In fact,
there remains the possibility that under slightly different circumstances,
or with different measures, CO Z at these levels might produce pronounced
effects.

Many stressor experiments are contaminated by uncontrolled (con­
founding) variables and this study was no exception. Some obvious consid­
erations include age, health, body size and fitness level; however. such
factors as volunteer and smoking status, CO Z sensitivity. gender, and
personality characteristics may also contribute unwanted variance and claud
the interpretation <of results.

Although a very homogeneous sample papulation, the subjects in this
study may nat have been representative of the papulation of individuals using
SCBAs. These subjects were healthy, yaung, active non-smoking adult male
volunteers with fitness levels higher than those of many workers who
night dan SCBAs. For instance, Kaman, Dayle. and Kovac (1983) collected
physiological data an six niners simulating an escape from an underground
coal mine fallowing an explosion. Compared with the demographic character­
istics of the subjects in this study (see Table 4). the coal miners were
alder (45.Z vs Z6.4 yrs), shorter (17Z vs 179.4 em), heavier (78.6 vs
75.5 kg), and with lower maximum heart rate (176.8 vs 187.Z bpm) 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 is considerably
impaired relative to nan-smokers (Margan. 1983) and volunteers may nat
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possess the same 111ental or physical characteristics as nan-volunteers, the
external validity of many laboratory studies, including this one. becomes
questionable. Because there are considerable individual differences in
tolerances and reactions to COZ (e.g., Margan, 1983), the subjects used
in this study may have been insensitive to the COZ levels employed.
Gender and personality have also been linked to ventilatory responses to
COz inhalation (Dempsey, 1979; Lum, 1975; Mara, Grant, Kenyan, and Patel,
1976; Saunders, Heilpern, and Rebuck, 197Z; Shershow. King. and Robinson,
1973). Thus. age, body size, gender, degree of lung impairment, personality,
vOlunteer status, experience, aerobic capacity, COZ sensitivity, smoking
habits and anxiety (trait and state) may certainly be factors which contri­
bute to different results and alternative interpretations. Like many
ather laboratory studies, carefully 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.

Clinical Symptoms Reported
Each subject experienced two sessions of COZ inhalation. The most

frequentlY reported symptom during these exoosures 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 sensitive to CO Z' having a moderate
headache with dizziness and weakness throughout the inhalation 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
slight 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). All CO Z reactions were most intense on the first day of exposure.
No headaches were reported during the second exposure to COZ' only dry
throats. These findings hint at the possibility of individual differences
in COZ intolerance and adaptation (habituation, desensitization. or acclima­
tization) to COZ' Further studies should explore these areas.
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Conclusions

Horking at 75',~ of Vo max while breathing elevated concentrations of
0z (50%) or cOz (2% with SO% 02) was not found to affect cognitive and
psychomotor performance as measured by the six tests used in thi s study.
A trend in the data implied that hypercapnia may impair tracking performance,
but this pattern failed to reach significance. The data also suggested
that exercise may have disrupted balance, or viewed another way, that the
stabilometer test may have been sensitive to exercise. Consequently, with
no performance impairment attributed to breathing elevated levels of O2
or COZ' either these gas levels do not influence cognitive and psychomotor
performance, or the measures used in this study were not sensitive to such
effects.

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 is almost no data available on
the effects of COZ breathing on cognitive and psychomotor performance,
the current standards appear to be based on speculations. Therefore, if
studies similar to this one repeatedly show no deterioration in performance,
then the existing MACs should be reevaluated.

If higher concentrations of inhaled COZ were allowed, considerable
improvements could be made in the life-support capacities of SCBAs. For
instance, higher permissible CO2 levels would enable 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 both submaximal (Myhre, Holden, Baugardner, and
Tucker, 1979) and maximal (Raven, Davis, Shafer, and Linnebur, 1977;
Raven, 1983) work capacity, then using a smaller and lighter unit might
greatly aid physical performance during escape and rescue activities (also
see Morgan, 1983). The size and weight consideration becomes especiallY
important when considering SCBA USers who have limited capacities to begin
with (due to age, lung disease, low fitness level, etc).

While there is not sufficient data available at this time to make
recommendations for raising the MAC of COZ' evidence is accumulating to
suggest the issue be considered in future meetings concerning SCBA standards.
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Previous work in our laboratory (Sheehy et al., 198Z) found no effects of
acute exposure (16 min) of up to 54, COZ on behavioral performance 11leasures;
this study found no effects of chronic exposure (60 min) of up to 2~::' COZ'
Continued behavioral studies may someday establish a standard of high
utility which does not compromise the safety of the worker.
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APPENDIX B3:

BREATHING 3-4% C02: BEHAVIORAL EFFECTS

Max Vercruyssen

The environmen~al s~ressor explored in ~his experimen~ was
brea~hing eleva~ed, bu~ subclinical, levels of carbon dioxide
(C02) while running. Simula~ing an emergency mine escape, six
subjec~s breathed each of ~hree gas mix~ures -- room air, 3% C02,
or 4% C02 -- for one hour. Concomitan~ly, psychomo~or and men~al

performance ~ests were adminis~ered prior ~o, between, and
following ~wo 20-min exercise bou~s a~ 70% of each subjec~'s

aerobic capaci~y. The resul~s showed no effects of ~hese gases on
addi~ion, mul~iplica~ion, gramma~ical reasoning, and balance on a
s~abilome~er. Combined wi~h previous s~lldies which also failed ~o

find evidence of lmpaired performance, ~hese findings call for a
reevalua~ion of ~he existing federal s~andards for ~he maximum
allowable concen~ra~ions of C02 for self-con~ained breathing
apparatus (SCBAs), particularly ~hose used for escape during
emergencies.

A lack of scien~ific informa~ion per~aining ~o the effec~s of
brea~hing elevated, bu~ subclinical, levels of C02 on cogni~ive

and psychomo~or performance has'made i~ difficul~ ~o recommend
revision of ~he federal s~andards for ~he maximum allowable
concen~ra~ions (MACs) of C02. A very low limi~ for ~he inspired
air would ini~ially seem desirable since i~ would preven~ possible
psychological and physiological reac~ionsl however, mee~ing such
high s~andards would grea~ly increase the size and weigh~ of
respira~ory devices, making i~ more difficul~ for ~he wearer ~o

use ~hem. The MACs mus~, ~herefore, be established wi~h a~~en~ion

given to minimizing ~he overall difficulties encoun~ered in using
such respira~ory devices, pa~~icularly during emergency escape
from mines.

Even ~hough there are no disabling physiological effec~s or
clinical symp~oms associa~ed wi~h brea~hing up ~o 5% C02, there
still may be psychological reaotions, such as impaired motor
control, slowed reac~ionsl disorien~a~ionl or diminished men~al

bapaci~ies, which may jeopardize a worker's heal~h and safety.
Impaired cognitive and/or mo~or performance may make ~he worker
suscep~ible to acoiden~s and may decrease ~he probability of
survival in emergency si~uations.
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Previous research exploring ~he effec~s of acu~e {1S min or
less} C02 exposures found li~~le evidence of impaired men~al

performance due ~o brea~hing up ~o 6% C02. Sheehy, Kamon and
Kiser (1982) exposed ~heir subjec~s ~o ~% and 5% C02 (wi~h 21 and
50% 02) for 16 min and found no de~eriora~ion in ~he performance
of psychomo~or {simple reac~ion ~ime, pursui~ ~racking, and choice
response ~ime} or men~al (shor~-~erm memory and reasoning) ~asks.

Concerned wi~h ~he risks due ~o C02 re~en~ion in diving, Henning,
Sau~er, Reddan, and Lanphier (i983) found no effeo~s of brea~hing

6% C02 for 10-1~ min on simple and choice reao~ion ~ime, hand
s~eadiness, and pos~ural sway.

A similar pic~ure emerges in quan~ifying ~he effeo~s of
chronic C02 exposures. S~orm and Gianne~~a (197~) exposed six
subjec~s ~o ~% C02 for 1~ days and found no effeo~s on oomplex
~raoking, eye-hand coordina~ion, and problem solving2 Gla~~e,

Mo~say, and Welch (1967) found no effeo~s of brea~hing 3% C02 for
S days on ari~hme~ic, vigilance, hand s~eadiness, memory, problem
solving, and audi~ory moni~oring.

Even when exposures occur during physical work, ~here is
li~~le evidence ~o suppor~ ~he exis~ing s~andards. Veroruyssen
and Kamon (198~) found no effec~s of brea~hing 2% C02 for one
hour, during and following mode~a~e ~o s~renuous work, on
shor~-~erm memory, reasoning, balance,' choice response ~ime, or
pursui~ ~racking. The purpose of ~he presen~ e~{perimen~ was ~o

explore ~he effec~s of proloncred brea~hing (60 min) of eleva~ed

bu~ subclinical levels of C02 (i.e., 3% and ~%), during and
following physical work, on cogni~ive and mo~or performance.

All previous research in our lab (Sheehy e~ a1., 1982;
Vercruyssen & Kamon, 198~) explored ~he effec~s of brea~hing a
~oxic gas on ~he performance of novel experimen~al ~asks. This
seemed reasonable since o~her inves~iga~ors had found such
measures sensi~ive ~o o~her s~ressors (e.g., ni~rogen narcosis,
hypoxia, carbon monoxide). However, due ~o ~he s~eep slope of ~he

acquisi~ion ~rend ob~ained in previous s~udies (e.g., Vercruyssen
& Kamon, 198~) and ~he fac~ ~ha~ mos~ ac~ivi~ies encoun~ered in
escaping from mines are well-learned, a differen~ approach was
employed for ~he presen~ experimen~. Assuming ~he effec~ of an
environmen~al s~ressor is measured by ~he devia~ion from op~imal

performance produced by exposing ~he subjec~ ~o ~he s~ressor, ~he

concern of ~his s~udy was ~he amoun~ of devia~ion from a s~able

bes~ performance s~a~e. Learning pilo~ s~udies de~ermined ~he

acquisi~ion pa~~erns and ~he number of ~rials ~o a cri~erion "near
asymp~o~ic performance level." All subjec~s were required ~o

a~~ain ~his level before s~ar~ing da~a collec~ion. The medical
suppor~ required in ~hese experimen~s makes ~hem very expensive,
and minimizes ~he number of subjec~s ~ha~ could be ~es~ed.
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Me~hod

Subjec~s & Desicrn

Six righ~-handed, beardless, male universi~y gradua~e

s~uden~s volun~eered ~o serve as paid subjec~s. Frior ~o

par~icipa~ing in ~he experimen~, all subjec~s received a medical
examina~ion, including exercise ~olerance and pulmonary func~ion

~es~s. All were nonsmokers and in good general heal~h. Their
demographic charac~eris~ics are shown in Table B8-1.



Ta.b1 e B3-1. Subject Demographi c Characteri sti cs

Subjects
Age
(yrs)

Height
(em)

Body Mass
(kg)

Body Fat
(%)

HRmax
(bpm)

.
V02max

(m1·kg-1·min-1)

27

2 27

3 23

4 33

5 28

6 24

Group Mean = 27

Standard
Deviation = 4

180.7

182.6

190.3

175.3

177 .8

187.5

182.4

5.7

77 .0

80.0

71.4

62.8

69.6

78.7

73.2

6.5

16.3

9.0

12.4

20.1

18.3

10.4

14.4

4.5

193

178

190

193

190

188

189

6

49.5

55.3

58.5

44.4

50.2

51.3

51. 5

4.9

.
Note: HR a = maximum heart rate; Vo max = maximum oxygen consumption (aerobic capacity)mx 2

'lJ
:J::'
Gl
LXI

til
Ij)
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A ~wo-fac~or, repea~ed measures 3 X 3 (Gas and Tests) design
was employed ~o analyze da~a from each of four dependent measures.
Three gas concentration conditions were employed: a room air
control, 3% C02, and 4% C02. Performance tests were administered
prior to, be~ween, and following two exercise bouts. For each
session, each subject breathed one of three differen~ gas mixtures
during a one-hour inhala~ion period from the onse~ of the firs~

exercise bou~ to the end of ~he post-test following the second
bout.

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 randomly
assigned to counterbalanced random combinations of gas conditions.
The order of tests wi~hin each performance battery was also
counterbalanced.

Stressor Conditions

The stressor condi~ion for this study was similar to a miner
breathing 3% and 4% C02 for one hour, ~he expec~ed life of a SCBA
escape unit, while running slightly over three miles as fast as
possible.

Exercise. During ~he exercise periods, each subjec~ ran for
15 min on a treadmill with the speed and grade adjusted to yield
an 02 up~ake of 70% of his V02max. Each experimental session
consisted of two such work bouts spaced with pre-, mid-, and
post-~ests, each lasting approxima~ely 15 minutes, during which
the dependent measures were collec~ed. Oxygen uptake samples were
taken during steady state running while breathing room air in
order to record actual exercise intensity. The average in~ensity

for the group was 71.6 {+ 3% SD) of V02max. On the average, ~he

subjects ran slightly over three miles per day at their estima~ed

maximum speeds.

While on the treadmill the subjects were cooled with an
elec~ric fan placed direc~ly in front of them. Chest elec~rodes

were connected to a Respironics Digital-Exersentry {SN} for
moni~oring average hear~ rate. The experimen~ was conduc~ed in an
air-conditioned laboratory where the room tempera~ure ranged from
23 ~o 25 degrees centigrade. Also, measures were taken to con~rol

ambient light and sound.

Carbon Dioxide Inhala~ion. A lS0-liter Douglas bag served as
a miXing reservoir in~o which room air, C02, and 02 were mixed
before heating and humidification by passage through warm water
enroute to ~he subject in an open-circuit system. The inspired
gas mixture was controlled by con~inuous monitoring of an Applied
Electrochemistry S-3A Oxygen Analyzer and an LB-2 Beckman Medical
Gas C02 Analyzer. Three gas mixtures were used in this study:
{1} room air (0.03% C02 and 21% 02), (2) 3% C02 (with 50% 02), and
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{a} 4% C02 (with 50% 02). The presoribed gas mixture (+ 0.1% SD)
was inhaled for a period of 60 minutes (+ 2 min SD) during eaoh of
the experimental sessions. Expired air was released into a well
ventilated ~es~ing room.

Perform~noe M~asures

Four performanoe ~asks were administered, each in a pre-,
mid-, and post-test fozmat. Gramma~icalreasoningand arithmetic
tasks (addition and mul~iplication) were considered cogni~ive

tasks which quantified decision-making speed and accuracy; balance
was considered a psychomotor task reflecting vestibular integrity
and neuromusoular control. Selection of these behavioral measures
was based on preliminary pilot studies and results from other
investigations using different stressors. These measures were
considered representative of oertain skills necessary to
successfully escape fzom a mine during an emergency. Any
performance degradation due to C02 inhalation and/or exercise
would provide valuable informa~ion in defining ~he design
parameters for escape ins~ruc~ions, emergency apparatus, and
mining safeguards.

Six counterbalanced orders of ~ests were developed with each
subject being randomly assigned to one of the orders. Befoze
beginning the expeziment, each subject received at leas~ four days
of practice with immediate kno~qledge of results to establish near
asymptotic performance levels on each of ~he performance measures.
These near asymptotic levels \'1ere rees~ablished in a practice
period prior ~o each testing session. The amount of practice
given was based on leazning pilot s~udies and by results obtained
by o~her inves~iga~ors (Sheehy e~ al., 1982; Verczuyssen,
1982; Vercruyssen, & Kamon, 1984).

Gramm~tical Reasonina. Reasoning, based on grammatical
transformations {Baddeley, 1968}, has been shown to be a stable
(Carter, Kennedy, & Bittner, 1981; Kennedy & Bittner, 1978; Rose,
1974) me~ric of "higher mental processes" that is sensi~ive to
ni~rogen nazcosis (Baddeley, de Figuerido, Hawkswell CurtiS, &
Williams, 1968), age (Webb & Levy, 1982), hypocapnia (Gibson,
1978), oxyhelium diving (Lewis & Baddeley, 1981), and trimix
breathing during dives of 660 meters {Logie & Baddeley, i988}.
This ~est consis~ed of a ~hree-minute task adap~ed from Baddeley1s
{i968} grammatical ~ransformation ~ask. Seated in fron~ of a
cathode ray terminal {Digi~al VT52-AE}, ~he subjects read a
statemen~ followed by a pair of le~~ers, decided whether or not
the s~a~emen~ ma~ched the letter pair, and then en~ered the
appropriate "Tzue" or "False" response on a one of tTriO keys
adjaoen~ the r~~urn key on a standard alpha-numeric keyboard.
Responses were made with ~he index {false key} or middle finger
{~rue key} and ring finger (return key). The statemen~s were
randomly drawn from 64 possible combinations of six binary
conditions (see Baddeley, 1968; Baddeley et al., 1968) and were
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presented one-at-a-time until the three-minute time interval
elapsed.
The following are examples of the statements presented:

True or False. A follows B -- AB
True or 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 collection were completely
on-line using a Digital Equipment Corporation (DEC) PDP 11
computer. The criterion measures were the response rate (i.e.,
the total number performed in each 3-min interval), accuracy
(i.e., numbe~ of correct responses/total number of responses), and
response times for each statement.

Arithmetic Tasks. Tasks similar to the addition and
multiplication tests herein described have been shown to be
sensitive to sleep deprivation (Webb & Levy, 1982; Williams &
Lubin, 1967; Wilkinson, Edwards, & Haines, 19S6) abrupt awakening
at different times of night (Wilkinson & Stretton, 1971),
hyperbaric and cold conditions (Hancock & Milner, 1982; O'Reilly,
1977), elevated body temperature (Wilkinson, Fox, Goldsmith,
Hampton, & Lewis, 196~), heat stress (Bateman, 1981), exercise
(Gutin & DiGennaro, 1968a, 1968b), oxyhelium diving (Baddeley, &
Flemming, 1967; Lewis & Baddeley, 1S81), trimix dives to 660
meters (Logie & Baddeley, 1983), repeated diving (Moeller,
Chattin, Rogers, Laxar, & Ryack, 1981), and compressed gases
{carbon dioxide, oxygen, and nitrogen -- Hesser, Fagraeus, &
Adolfson, 1978}. Moreover, an arithmetic task has been used by
Morgan and Alluisi (1972) a~ synthetic work in the assessment of
human performance. Such tasks have also been shown to be a stable
metric in the development of performance evaluation tests for
environmental research (Kennedy, and Bittner, 1978; Seales,
Kennedy, & Bittner, 1980).

1. Addition Test. This test involved simple vertical
addition. The subjects were presented problems, each comprised of
five rows of two-digit numbers, to be summed as quickly and
accurately as possible. Using the digits 1-9, numbers were
randomly generated for each problem. Fifteen problems appeared in
three rows of five on each form; 13 equivalent forms were randomly
assigned across subjects and conditions. The subjects practiced
for 80 sec (a warm-up) before completing as many problems as
possible in Z min. The criterion measures were the number of
problems completed (speed) and the percentage of errors
(accuracy). To ensure the. maximum speed was obtained, the
subjects were encouraged to make 5-15% errors.
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2. Multiplication Test. In this test, subjects were
presented problems which were to be multiplied as quickly and
accurately as possible. Each problem consisted of a three-digit
multiplicand, a two-digit multiplier, and a five-digit product.
Using the digits 1-9, numbers were randomly generated for the
multiplicand, the digits 2-9 were used for the multiplier, with
the restriction that the product must be a five-digit number. *
Fifteen problems appeared in three rows of five on each form; 13
equivalent forms were randomly assigned across subjects and
conditions. The subjects were given a 30-sec practice period
before beginning the 2-min test. The criterion measures were the
number of problems completed (speed) and the percentage of errors
{accuracy}. To ensure maximum speed, the subjects wre encouraged
to make 5-15% errors.

Stabilometer BalancinG. Since dizziness and loss of balance
are characteristic clinical symptoms associated with C02
inhalation, the ability of the subject to maintain his balance on
a horizontal pivoting platform stabilometer. This measure was
also selected because of the information available on its
susceptibility to practice (Ryan, 1965) and fatigue (Nunney, 1963)
as well as its retention (Ryan, 1962b) and stress reaction (Ryan,
196Za) characteristics. The apparatus consisted of a 37.5 cm X 95
cm X 2.1 cm wooden platform with an axle and bearings positioned
directly beneath such that the subject could stand on it,
straddling the axle, and attempt to balance -- 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 limit
the recording period to 20-seconds. A Hunter Model 220C
Klockounter was used to record the total time the subject was off
balance per 20-sec trial. Rigorous training (more than 150
practice trials) preceded the start of the experiment. In fact,
all subjects experienced keeping the platform horizontal (i.e.,
0.0 sec off-balance) for the entire 20-sec test; some subjects
were able to do this consistently. The subject performed five
trials, separated by approximately 30-sec inter-trial rest
intervals, during each test.

* Because of the ease in computing, multiplication
problems used in future studies should not use identical
multipliers (e.g., 789 x 66 = 11?11).
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Procedure

Each subjec~ par~icipa~ed in eigh~ sessions; one per day.
Following an exercise tolerance tes~ (Day 1), each subject
participated in" four lSD-minute practice sessions; one each day
(Days 2-5), before receiving a counterbalanced random order of
experimen~al sessions (Days 6-8). The first prac~ice session was
used to explain the experiment, complete the informed consent
documents, introduce the dependent measures and experimental
protocol, and provide considerable practice on each of the
performance measures. In the course of these practice sessions;
the subjects experienced at least 36 3-min grammatical reasoning
tests, 150 20-sec stabilometer tests, and 12 2-min addition and
multiplication test. Also, the subjects ran on the treadmill
while breathing the highest concentration of C02 (4%) to become
familiar with the experimental protocols, the respiratory hoses,
treadmill running and the stressor (C02 inhalation). Thus, these
subjects were performing well-learned tasks and had previous
experience with all aspeots of the experimental procedures;
including familiarity with the stressor itself.

Following the practice sessions, the protocol illustrated in
Figure B3-1 was used each day. Eaoh experimental session took
approximately 135 min to complete and were spaced with at least a
48-hour rest interval.
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1-.----- INHALATION -----...o!!

PRE- 0% V02ma M~iD- 70% V02max:, POST- COOL
PREP PAACT TEST - RUN - TEST - RUN - TEST 001NN

TiME
(min): 0--30--45- eo ----75 - 90 ----105-120-1S5

Figure B3-l. Protocol for experimental sessions
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Upon arrival to the laboratory each 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
approximately 15 minutes. Asymptotic performance levels were
usually reestablished in one trial for grammatical reasoning,
addition, and multiplication. The stabilometer usually required
10 trials. In all, practice and preparation totalled 24.7 min (+
4.2 SD).

The pre-test measures (control -- no face mask, no exercise,
no gas mixtures) were gathered in 25.2 min (+ 2.8 SD). The gas
inhalation period began with the subject running on a treadmill
for two 1S-min work bouts at an intensity equivalent to 70% of his
aerobic capacity. Between and following these work bouts were the
mid- and post-tests, respectively, each also lasting approximately
15 min (mid-test was 16.6 min + 1.5 SD; post-test was 15.8 + 3.5
SD). The face mask was removed after the post-test, making the
total inhalation period 64.4 min (+ 3.5 SD), and the subject was
required to walk on the treadmill at 3 mph for at least 6 min as a
"cool-down" before departing the lab. During and follo\>Jing the
cool-down, the subject was asked to provide subjective information
on his perceived exertion, clinical symptoms (discomforts},
performance quality, etc. All eight testing sessions per subject
were completed within three weeks.

Treatment of the Data

The dependent measures were analyzed using a multivariate
analysis of variance on repeated measures (Games, 1981; Games,
Gray, Herron, & Pitz, 1980). All post-hoc follow-up analyses were
done using the Tukey Wholly Significant Difference (WED}
technique. In all cases, the level of significance was ~ = 0.05.
An adai tional univariate analysis of 'the repeated measures ~;as

performed on each subject to 'test for learning (sequence} effects.
(See Jackson and Raven, 1983, for a discussion of s'tatistical and
research designs for industrial respira'tory research.)

Results and Discussion

Performance means and standard deviations for each dependen't
measure are shown in Table B3-2.
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Table 8:3-2 Performance Means and Standard Deviations

z
0-=Q
Q

E<

z
Q
~

<
2,
~
..J E3

AIR
PRE MID POST

..JL. 13.8 13.7 14.0
7r +3.1 +2.9 +2.5-
% 12.5 14.7 1.2

AAOAS +10.5 +9.4 +2.9

..JL. 30.0 30.2 30.3
7r +7.7 +6.4 +7.9

% 9.5 7.8 13.3
AAOAS +8.1 +12.5 +15.5

3% C02
PRE MID POST

13.3 14.5 13.8
+3.6 +3.0 +4.1

6.0 9.0 8.8
+4.9 +3.2 +10.7

28.3 30.7 31.0
+7.9 +7.3 +7.6

16.0 11.8 9.0
+16.2 +9.6 +10.0

4% C02
PRE MID POST

13.8 13.3 13.0
+4.0 +2.4 +4.1

12.7 7.8 8.3
+15.4 +7.5 +5.0

29.7 33.0 28.5
+6.3 +6.2 +7.0

6.7 6.0 13.2
+6.6 +4.8 +8.0

o
z
z
o..
<
~ E

CD

<
~

CD

..JL. 98.2 101.8 102.3
7r +17.0 +14.0 +15.2

% 6.7 5.5 5.5
ARORS +5.4 +3.5 +4.0

TRIAL 2.34 5.00 4.69
1 +2.12 +3.23 +3.49

TRIAL 1.84 4.21 3.62
1-3 +1. 58 +2.52 +2.38

TRIAL 1.96 3.96 3.41
1-5 +1.61 +2.33 +2.21

TRIAL 1.86 3.70 3.07
2-5 +1.04 +1.87 +1.54

98.3 102.3 101.0
+15.6 +16.3 +17.0

5.2 5.7 7.8
+3.0 +3.4 +7.7

1.57 3.25 4.36
+1.48 +1. 96 +1.77

1.44 3.89 4.00
+0.83 +2.06 +2.10

1.30 3.76 3.74
+1. OJ +2.07 +2.10

1.18 3.61 3.40
+0.55 +1.49 +1.71

107.3 104.8 107.2
+29.2 +30.6 +29.1

6.2 7.5 7.3
+3.7 +3.9 +6.5

1.85 4.07 4.67
+1.50 +2.85 +2.90

1. 99 4.46 4.26
+0.92 +2.58 +2.82

1.62 3.89 3.94
+0.99 +2.57 +2.76

1.57 3.84 4.15
+0.45 +2.20 +2.62

Note: + = standard deviation; # = number of items completed; , error = relative number of errors; AIR =

0.03% CO2, 21;: O2; 3'% C02 = 3? CO2, 50;,; O2; 4'; CO2 = 4" CO2, 50 O2; PRE = pre-exerci se test;
MID = mid-exercise test; POST = post-exercise test.
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Only ~wo measures produced significan~ resul~s {Q < .05)~

multiplication rate and ~ime off-balance on ~he s~abilometer. The
mean multiplication rates as a func~ion of inspired gases and
~esiis are illus~rated in Figure B3-2. Nex~ iio each mean rate
value is ~he mean percen~age errors for ~ha~ condition.
Mul~iplication ra~e was significantly fas~er [F (2(10) =
7.57; Q = .001], wi~h ~he lowes~ percentage of errors, on ~he

mid-tes~ while brea~hing 4% C02 ~han when brea~hing oiiher gas
mix~ures. This finding is difficul~ to in~erpret, hO'V'7ever, since
brea~hing 4% C02 also produced ~he slowes~ mul~iplica~ion ra~e on
~he pos~-~est. I~ is no~ clear why such mid- and pos~-~es~

differences occurred.

e

•
/ ~
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12 69

1~1ii7......~ C 13 A!R
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~
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Figure 83-2. 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.

Mean time off-balance during the pla~form s~abilometer

~esting is also shown in Figure B3-2 as a function of inspired
gases and tes~s. Balance was significan~ly impaired [F (2 , 10) =
14.59; R = .001] on ~he mid-~es~ (M = 3.72 sec) and pos~-tes~s (M
= 3.54 sec) compared to ~he pre-~es~ (M = 1.54 sec) -- presumably
due ~o exercise and ~he added respiratory hoses. However, because
the purpose of ~his study was to explore ~he effec~s of ~hese gas
concentra~ions on performance while simula~ing the condi~ions of a
mine escape, exercise was no~ an independen~ variable and was
~herefore in~en~ionally confounded in ~he design. Thus, i~ canno~

be concluded ~ha~ exercise produced these effects because ~here

was no~ a con~rol condition of brea~hing ~he gases wi~hou~

running. Despi~e ~he fac~ ~ha~ ~he values ob~ained on ~he

pre-tes~s were very similar -- sugges~ing high in~er-~es1i
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reliabili~y ~he gas ~rend shown on ~he pos~-~es~ was no~

significan~ (R > .05).

The mos~ meaningful finding is ~ha~ ~he gas concen~ra~ions

inspired did no~ impair cogni~ive or psychomo~or performance. If
any~hing, as unusual as i~ seems, ~he ~rends shown in Figure B3-2
hin~ ~ha~ C02 and exercise may even improve mul~iplica~ion ra~e

under cer~ain condi~ions. O~her ~han ~he ~wo effec~s herein
men~ioned, none of ~he o~her main or in~erac~ion effec~s ~es~s

were signi~ican~ (~ > .05).

Vercruyssen and Kamon {1984} warn agains~ ~he

misin~erpre~a~ion of null resul~s in s~ress s~udies sim~~ar ~o

~his one. Affirming ~he null hypo~hesis -~ ~ha~ ~here is no
effect due to ~he s~ressor condi~ions -- is not grounds for
raising the MAC for C02 I~ simply means ~hat under ~he condi~ions

specified, ~hese dependen~ measures failed ~o show a sensi~ivi~y

~o C02 There s~ill remains ~he possibili~y ~ha~ under sligh~ly

differen~ circums~ances, or wi~h differen~ dependen~ measures, C02
a~ ~hese levels migh~ have produced significan~ effec~s. If
numerous o~her dependen~ measures were employed and all failed ~o

reveal C02 effec~s ~hen ~here migh~ be evidence suppor~ing ~he

no~ion ~hat humans can ~olera~e ~hese subclinical levels of C02
wi~hou~ suffering from impairmen~s in cogni~ive and mo~or

performance.

Vercruyssen and Kamon (1984) also iden~ify po~en~ial

confounding variables ~o be considered in evalua~ing ~he ex~ernal

validi~y of such s~udies. Mos~ impor~an~ were age, heal~h, body
size, fi~ness level, volun~eer and smoking s~a~usl C02
sensi~ivi~y, degree of lung impairmen~, experience, gender, and
personali~y charac~eris~ics. The subjec~s in ~his s~udy may no~

have been represen~a~ive of ~he popula~ion of individuals using
SCBAs. To maximize s~a~is~ical power, ~hese subjec~s comprised a
homogeneous popula~ion of heal~hy, young, ac~ive, nonsmoking!
adul~ male volun~eers wi~h rela~ively high fi~ness levels. Each
demographic charac~eris~ic provides a possible source of
sys~ema~ic variance and, ~herefore, mus~ be given careful
considera~ion when interpre~ing ~he resul~s of ~his inves~iga~ion

(alse see Ayoub & Selan, 1981; Dempsey, 1979; Kamen, Doyle, &
Kovac, 1983; Mergan, 1983; Vercruyssen & Kamon, 1984).

Each subjec~ experienced ~wo sessions of C02 inhala~ion. The
most frequen~ly repor~ed symp~om during ~hese exposures was a dry
~hroa~ (4 of 5 subjec~s, bu~ two of ~hese also repor~ed dry
~hroa~s in the air condi~ions). While one subjec~ appeared very
sensi~ive ~o C02 having a modera~e headache wi~h dizziness and
weakness ~hroughou~ ~he inhala~ion period, most subjec~s were no~

aware of ~he gas condi~ions and could no~ de~ec~ changes in ~heir

ventilation. During the firs~ work bou~, ~hree subjects no~iced

slight headaches which became most intense when exercise ceased
(during the first 3-min of mid-~est). For all of ~hese subjects,



PAGE 70

~he headaches disappeared during ~he cool-down period (while
brea~hing room air and walking on ~he ~readmill). All C02
reac~ions were mos~ in~ense on ~he firs~ day of exposure. No
headaches were reported during the second exposure to C02 only dry
~hroats. These findings hin~ at ~he possibili~y of individual
differences in C02 ~olerance and adaptation (habi~uation,

desensi~ization, or acclimatiza~ion) to C02 Further studies should
explore these areas.

Emergency breathing systems, e.g., SCBAs l must be able ~o

sustain life and maximize the probabili~y of successful escape
from a hazardous environmen~ without constraining the e~cape

ac~ivities of the user. Since there is no evidence to sugges~

these subclinical levels cause physiological dysfunctions and
because there is almost no data available on the effects of C02
breathing on cogni~ive and psychomotor performance 1 ~he current
standards appear to be based on speCUlations. Therefore, if
studies similar ~o this one repeatedly show no de~erioration in
performance 1 ~hen the existing MACs should be reevalua~ed. If
higher concentra~ions of inhaled C02 were allowed 1 considerable
improvemen~s could .be made in the life-suppor~ capacities of SCBAs
(see Vercruyssen & Kamon, 1984).

Conclusions

Breathing as high as 4% C02 for one hour, during and
following physical work, did no~ impair cogni~ive and mo~or

performance (i.e., addi~ion speed or accuracy, mul~iplication

accuracy 1 reasoning speed or accuracy, or s~abilome~er balance).
Breathing 4% C02 caused an unexplained improvemen~ in
mul~iplication bu~ ~his finding is difficul~ to interpre~ and ~he

authors are reluc~an~ ~o sugges~ tha~ breathing C02 improves
men~al performance. The data also sugges~ed tha~ exercise may
have disrup~ed balance, or viewed ano~her way, ~ha~ ~he

s~abilome~er ~es~ may have been sensitive to exercise. Finding no
performance impairment a~~ributed to brea~hing elevated levels of
C02 may be explained in one of three ways: (1) the cognitive
processes required to perform the experimental tasks are flexible
enough ~o mitiga~e ~he effec~s of the s~ressor, (2) the dependen~

measures employed were no~ sensi~ive ~o the type of degrada~ion

effects encoun~ered, or (3) brea~hing up to 4% C02 does not
significantly impair cogni~ive and psychomo~or performance
essential ~o mine escape. The authors are inclined ~o believe ~he

la~~er.
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BEHAVIORAL EFFECTS OF BREATHING 3% AND 4% CARBON DIOXIDE

DURING AND FOLLOWING PHYSICAL WORK*

Max Vercruyssen and Eliezer Kaman

Ergonomics Unit
Laboratory for Human Performance Research

The Pennsylvania State University
University Park, PA 16802

U.S.A.

The environmental stressor explored in this experiment was breathing elevated but sub­
clinical levels of carbon dioxide (C02) while running on a treadmill. Simulating an emer­
gency mine escape, six subjects breathed, for one hour, each of three gas mixtures: room air,
3% CO2, or 4% CO? Concomita~tly, psycho~tor an~ mental performance tests w~re ~dminist~red

prior to, between, and followlng two 20-mln exerClse bouts at 70% of each subJect s aeroblC
capacity. The results showed no effects of these gases on performance, as w~asured by addi­
tion, multiplication, grammatical reasoning, and balance on a stabilometer. These findings
call for a reevaluation of the existing federal standards for the maximum allowable concentra­
tions of C02 for self-contained breathinq apparatuses (SCBAs), particularly those used for
escape during emergencies.

Although there are no disabling physiological
effects or clinical symptoms associated ~lith one­
hour breathing of up to 5% CO2, there still may be
psychological reactions, such as impaired motor
control, slowed reactions, disorientation, or
diminished mental capacities, which may jeopardize
a worker's health and safety. Impaired cognitive
and/or motor performance may make the worker
susceptible 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 C02 inhalation as an
~nvironmental stressor.

Previous research exploring the effects of
breathing elevated but subclinical levels of C02
have consistently failed to demonstrate degradation
in performance. Sheehy, Kamon and Kiser (1982)
exposed their subjects to 4% and 5% C02 (with 21 and
50% 02) for 16 min guring which the subjects ran on
a treadmill at 80% V02max for 10 min. Up to 5% C02,
they found no deterioration in the performance of
psychomotor tasks (simple reaction time, pursuit
tracking, and choice response time) or mental tasks
(short-term memory and reasoning). Concerned with
the risks due to C02 retention in diving, Henning,
Sauter, Reddan, and Lanphier (1983) found no effects
of breathing 6% C02 for 10-14 min on simple and
choice reaction time, hand steadiness, and postural
sway. Storm and Giannetta (1974) exposed six sub­
jects to 4% C02 for 14 days and found no effects on
complex tracking, eye-hand coordination, and problem
solving. Glatte, Motsay, and Welch (1967) found no
effects of breathing 3~ COZ for 5 days on arithmetic,
vigilance, hand steadiness, memory, problem solv­
ing and auditory monitoring. Recently, an experi­
ment was conducted by Vercruyssen and Kamon (in
press) which found no effects of breathing Z% C02
for one hour, during and following moderate-to­
strenuous work, on short-term memory, reasoning,
balance, choice response time, or pursuit tracking.
The purpose of the present experiment was to
increase the gas concentration used in the previous
experiment to explore the effects of breathinq 3%
and 4% COZ' durinq and follOWing physical work, on
cognitive and motor performance.

METHOD

Subjects and Design

Six right-handed, beardless, male university
graduate students vOlunteered to serve as paid sub­
jects. All were nonsmokers and in good general
health. Their mean age was 27 years; their mean
aerobic capacity was 51.5 ml.kg-I.min-l . Prior to
participating in the experiment, all subjects
received a medical examination, including exercise
tolerance and pulmonary function tests.

A two-factor, repeated measures 3 x 3 (Gas x
Tests) design was employed to analyze data from each
of four dependent measures: reasoning, addition,
multiplication, and balance. Three gas concentration
conditions were employed: a room air control, 3%
COZ and 4% CO2. 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 of the orders.

Stressor Conditions

The environmental stressor imposed in this
study was breathing 3% and 4% C02 for one hour--
the expected life of a SCBA escape unit--while
running slightly over three miles as fast as possi­
ble. During the exercise periods, each subject
ran for 15 min on a treadmill with the speed and
grade adjusted to yield an 02 uptake of'70X of his
Vo?max. Each experimental session consisted of
two such work bouts spaced with pre-, mid-, and
post-tests, each lasting approximately 15 min,
during which the dependent measures were collected.
For each session, each subject breathed one of three
different gas mixtures during a 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. room

*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).



PROCEEDINGS OF THE 1984 INTERNATiONAL CONFERENCE ON OCCUPATiONAL ERGOiNOM1CS. PAGE 75

air control condition, while the mid- and post-tests
followed exercise and occurred during the gas
inhalation period. Three gas mixtures were delivered
in an open-circuit system: (1) room air (0.03% C02
and 21% 02)' (2) 3% CO2 (With 50% 02), and (c) 4%
C02 (with 50% 02).

Performance Measures

Four performance tasks were admi ni stered, each
in a pre-, mid-, and post-test format. Grammatical
reasoning and arithmetic tasks (addition and multi­
plication) were considered cognitive tasks which
quantified decision-making speed and accuracy;
balance was considered a psychomotor task reflecting
vestibular integrity and neuromuscular control.
Selection of these behavioral measures was based
on preliminary pilot studies and results from other
investigations using different stressors. These
~~asures were considered representative of certain
skill snecessary to successfully escape from a mine
during an emergency. Any performance degradation
due to CO2 inhalation and/or exercise would pro­
vide valuable information in defining the desiqn
parameters for escape instructions, emergency
apparatus, and mining safeguards.

Before beginning the experiment, each subject
received at least 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
tions of the performance tasks, details are avail­
able elsewhere (Sheehy et a1., 1982; Vercruyssen,
Note 1; Vercruyssen &Ka~~n, in press).

Grammatical 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 (Gibson, 1978),
oxyhelium diving (Lewis &Baddeley, 1981), and
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), oxyhe1ium
diving (Lewis &Baddeley, 1981), trimix dives to 660
meters (Logie &Baddeley, 1983), repeated diving
(f40el1er, 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 Morgan and
A11uisi (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).

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 in
responding and to ensure maximum speed of response
execution, the subjects were encouraged to make
5-15% errors.

In the multiplication test. subjects were pre­
sented problems which were to be multiplied as
quickly 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. Criterion ~easures were the number
of problems completed (speed) and the percentage of
errors (accuracy). The subjects were encouraged
to make 5-15% errors.

Stabi10meter Balancing. Since dizziness and
loss of balance are characteristic clinical symp­
toms associated with C02 inhalation, the ability
of the subject to maintain his balance on a 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 reaction
(Ryan, 1962a) characteristics. The criterion
measure was the total time the subject was off
balance per 20-sec trial. The subject perfo~~d

five trials, separated by approximately 30-sec
inter-trial rest intervals, during each test.

Procedure

Each subject participated in eight sessions,
one per day, all within a three-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 order of experimental sessions
(Days 6-8). During the practice sessions, subjects
experienced at least 36 3-min grammatical reasoning
tests, 150 20-sec stabi10meter tests, and 12 2-min
addition and multiplication tests. Also, subjects
ran on the treadmill while breathing the highest
concentration of C02 (4%) to become familiar with
the experimental protocols, the respiratory hoses,
treadmill running, and the stressor (C02 inhalation).
In short, these subjects were performing well­
learned tasks and had previous experience with all
aspects of the experimental procedures, including
familiarity with the stressor itself. Each experi­
mental session took approximately 135 min to com­
plete and all were spaced with at least a 48-hour
rest interval.

Treatment of the Data

The dependent measures were analyzed using a
multivariate analysis of variance on repeated meas­
ures (Games, 1981; Games, Gray, Herron, &Pitz,
1980). All post-hoc analyses were done using the
Tukey Wholly Significant Difference (WSD) technique.
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For all contrasts, the level of significance was
~ = 0.05. An additional univariate analysis of
the repeated measures was performed to test for
learning (sequence) effects. Data were treated
in accordance with the recorrrr~ndations of Jackson
and Raven (1983).

RESULTS AND DISCUSSION

Performance means and standard deviations for
each dependent measure are shown in Table 1.

Only two measures produced significant results
(~< .05): multiplication rate and time off-balance
on the stabilometer. Mean multiplication rate as a
functi on of inspi red gases and tests is ill ustrated Figure 1.

e•
/ ~
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12 .. S"87....- ~ ...-.. D"~...

7 s 4%002
aA .13

PFlE MID POST
TEST

Multiplication rate and %errors

Table 1. Performance Means and Standard Deviations

AIR 3% C02 4% C02
PRE MID POST

13.8 13.3 13.0
:4.0 +2.4 +4.1

12.7 7.8 8.3
+15.4 +7.5 +5.0

PRE MID POST
13.3 14.5 13.8
+3.6 +3.0 +4.1

6.0 9.0 8.8
+4.9 :8.2 +10.7

FRE MID POST

.;;: 13.8 13.7 14.0
+3.1 +2.9 +2.5

% 12.5 14.7 1.2
'l"C"~ +10.5 +9.4 +2.9

:z
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~ E

-#: 30.0 30.2 30.3
+7.7 +6.4 +7.9

'l(, 9.5 7.8 13.3
RRORS, :8.1 +12.5 +15.5

28.3 30.7 31.0
+7.9 +7.3 +7.6

16.0 11.8 • 9.0
+16.2 +9.6 +10.0

29.7 33.0 28.5
+6.3 +6.2 +7.0

6.7 6.0 13.2
+6.6 +4.8 +S.O

107.3 104.8 107.2
+29.2 +30.6 +29.1

6.2 7.5 7.3
+3.7 +3.9 +6.5

98.3 102.3 101.0
+15.6 +16.3 +17.0

5.2 5.7 7.3
+3.0 +3.4 +7.7

-#: 98.2 101.8 102.3
+17.0 +14.0 +15.2

'l(, 6.7 5.5 5.5
RRORS +5.4 +3.5 +4.0
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TRIAL 2.34 5.00 4.69
1 +2.12 ::3.23 +3.49

TRIAL 1.84 4.21 3.62
1-3 ~1.5e +2.52 +2.38

TRIAL 1.% 3.96 3.41
1-5 +1.61 +2.33 +2.21

T:RIAl 1.86 3.70 3.07
2-5 :1.04 +1.87 +1. 54

1. 57 3.25 4.36
+1.48 +1.96 +1.77

1.44 3.89 4.00
+0.83 +2.06 +2.10

1.30 3.76 3.74
+1.01 +2.07 +2.10

1.18 3.61 3.40
+0.55 +1.49 +1. 71

1.85 4.07 4.67
+1.50 +2.85 +2.90

1. 99 4.46 4.26
+0.92 +2. 5~ +2.82

1.62 3.89 3.94
+0.99 +2.57 +2.76

1.57 3.84 4.15
+0.45 +2.20 +2.62

Note: : = standard deviation; : • number of items completed; O' error' relative number of errors; AIR.
0.03 CO2, 21'. O2: 3~' C02 • 3~ CO2, 50 O2; 4:. CO2 • 4~· CO2, 50~· O

2
; PRE' pre-exercise test;

MIO = mid-exercise test; POST' post-exercise test.

in Figure 1. Next to each mean rate value is the
mean percentage errors for that condition. Multi­
plication rate was significantly faster (F (2,10)
7.57; ~ = .010), with the lowest percentage of
errors, on the mid-test while breathing 4% C02
than when breathing other gas mixtures. This
finding is difficult to interpret, however, since
bre~thing 4% C02 also produced the slowest multipli­
catIon rate on the post-test. It is not clear why
such mid- and post-test differences occurred.

Mean time off-balance is shown in Figure 2 as a
function of inspired gases and tests. Balance was
significantly impaired [I (2,10) = 14.59; ~ = .001]

on the mid-test {~ = 3.72 sec) and post-test (M =
3.54 sec) compared to the pre-test (M = 1.54 sec)-­
presumably due to exercise and the added respiratory
hoses. These data suggests that exercise "~y impair
balance on the platform stabilometer, but that
breathing C02 does not. However, since exercise was
not an independent variable and was intentionally
confounded in the design, it cannot be concluded
that exercise produced these effects. A control
condition of breathing the gases without running
would be necessary to determine the effects of
exercise on performance. The apparent gas trend
shown on the post-test was not significant
(Q. > .05).
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Figure 2.

FF:lE M~D FaST
TEST

Balance on stabilometer

The most meaningful finding is that the gas
concentrations inspired did not impair cognitive
or psychorr~tor performance. However. Vercruyssen
and Kaman (in press) identify potential confound­
ing variables to be considered in evaluating the
external validity of such studies. Most important
are subject demographics: age. health. body size.
fitness. volunteer and smoking status. C02 sensi­
tivity, degree of lung impairment. experience.
gender, and personality characteristics. To
maximize statistical power. the subjects used in
thi s experiment compri sed a homogeneous popul ation
of healthy, young. active. nonsmoking, adult male
volunteers with relatively high fitness and,
therefore. may not have been representative 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 levels cause physiological dysfunc­
tions or impairment of cognitive and psychomotor
performance, the existing federal standards for
the maximum allowable concentrations of C02
should-be reevaluated. If higher concentrations
of inhaled C02 were allowed, considerable improve­
ments could be made in the life-support capacities
of SCBAs (see Vercruyssen &Kaman, in press).

CONCLUSIONS

Breathing as high as 4% CO for one hour, dur­
ing and following treadmill run~ing, did not impair
cognitive 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 required to perform the
experimental tasks are flexible enough to mitigate
the effects of the stressor, (2) the dependent meas­
ures employed were not sensitive to the type of
degradation effects encountered, or (3) breathing up
to 4% C02 does not significantly impair cognitive
and psychomotor performance essential to mine escape.
The authors are inclined to believe the last
explanation.
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COMPUTER TASK FOR ASSESSING THE EFFECTS OF

ENVI RONMENTAL STRESSORS ON MENTAL PERFORIv\NCE

Presented is a resellrch strategy for quantifyint;l the effects of environmental stressors
on mental performance and the development af a computer-operated information processing ti'sk
which uses serial choice reaction time (SCRl) as the principal dependent measure. The pro~
posed research strategy advocates the use of batteries of exploratory tests during the early
phases of a research project to isolate the general type(s) of performance impaired by the
stressor. In subsequent phases, it is recormlended that tests be desiqned to investigate
fundamental psycholoqical processes by using unidimensional tasks, like the SCRT task, with
multiple intra-task variables.

SERIAL CHOICE RESPONOING

If it can be determined that the ability to
quickly react to stimulation is impaired byexpo­
sure to an environmental stressor, infannation
processing, as measured by serial choice respond­
ing, may be an appropriate dependent measure.
Serial choice response tasks are self-paced, i.e.,
each stimulus is activated by the subject's pre-
vi ous response, and i nvo1ve the repea ted perfonn­
ance of discrete responses, e.g., pushing a button
or tappi ng a di sc, wi thout i ntertrial rest i nter­
val s. The mos t contl1On seri al respondi ng i nstru­
mentation employed in stress research has been
the 5-Choice Task developed in En9land's Medical
Research Council. Applied Psychology Unit. by
Leonard (1959). Thi s ta sk was adapted fran the
apparatus used by Bills (1931. 1937). Alternative
forms of the 5-Choice Task were also used by
Broadbent (1953, 1957l' Pepler (19Sg), and
Wilkinson (1959. 1975. These tasks require the
subject to tap one of five metal discs with a
hand-held stylus in response to the illumination
of one of five lights. Responding to one bulb
darkened that bulb and illuminated another. to
which the subject responds by tapping the corres­
ponding disc, and so on. Typically. the subject
works at the task continually, without rest, for
3D min, without knowledge of results (see Poulton,
1970). A series of clocks and counters provide
the dependent measures. Tapping the correct diSc

slty (PSU) has been interested in the effects
of breathing. toxic gas (carbon dioxide) on
cognitive and psychomotor performance. To date,
fi ve experiments have been perfonlled over II f1 ve­
year period. As previously recOfTITlended, these
studies began with a battery of tasks to identify
sens it i ve performance mea Sures after whi ch a 51 ogl e
task, involving multiple intra-task factors, was
developed (Sheehy. Kamon. & Kiser, 198Z:
Vercruyssen, 1984, Note J;. Vercruyssen & kftlOOn,
in press. Note 4). The elevated but subclinical
gas concentration and exposure durations employed
in these studies were progressively increased untll
it was deternli ned that choice respondi ng was
susceptible to impairment. Choice response time
was the only task to be influenced by carbon
dioxide (COZ) inhalation. Tasks which produced
null results at numerous stressor intensities
included short-term memory (forward and backward
serial recall of letters and numbers), reasoning
(gra_ tical trans formati ons). arlthmeti c problems
(addition and multiplication). balance on a plat­
fonn stabilometer, rotary pursuit tracking, simple
reaction time, and critical flicker fusion.

Since choice response time was the only per­
formance task found susce~ible to performance
degradat1on, subsequent resea rch focused on
response latencies and infonnation processing.
The remaining portion of this paper will be
restricted to discussion of the technique used
at PSU to investigate basic psychol09ical pro­
cesses affected by a stressor (COZ). It is
important to note that if the prel iminary test
battery approach had identified some other task.
e.g., tracking, memory, or balance, as being
sensitive to the stressor, an entirely different
fo 11 ow-up techn ique woul d have been employed.

Threshold for Emergence of Effects

stressors.

impaired by the stressor, it has become COlTlT1on
practice during exploratory studies for stress
researchers to use II bl'lttery of performance tasks
which samples distinctly different general types
of performance. Scores af appl led studies have
explored the effects of environmenti'll stressors
using such test batteries. In fact, the most
COrmlon approach taken in 97- stressor studies
reviewed by Poulton (1970) was the use of test
batteries which employed many different tasks.
Hence, within each stressor experiment, II

b:~;~~r t~p~{~~Sofabe~fo~:~~~ ~ff~~~~tl(vinq the

Research Strategy Appl ied

An example which applies the proposed research
strate9Y task might be helpful at this point. The
Ergonomics Unit at The Pennsylvania State Univer-

Once a stressor has been shown to affect per­
formance, 1t may be useful to determine threshold
level which reliably produces effects. This thres­
hold may also be viewed as the maximum safe level,
above which stressor effects occur. Usually
stressor research studies begin with relatively
low level s of the stressor and increment the
intensity from study-to-study until effects are
found. Since .'stressor effects may not become
apparent until the subject has been engaged for
a long time on the task, time spent performing
the task (i.e., time-on-task) may also be systema­
tically manipulated. Ouring the search for
effects, the dependent measures also evolve and
become increasingly more sensitive. Therefore,
after effects are documented, and specific types
of performance tasks are determined to be sensi-
t ive to the stres sor, stres sor 1eve1s may be
gradually reduced until the effect disappears.
In this way a threshold point can be established
above which effects emerge.

Secondary Exploration

A major limitation of the test battery
approach is that it is neither designed for. nor
very capable of, making inferences about the
effects of stressors on fundamental processes
underlying information processing (see Frowe1n,1
1981). Therefore. once a general type of per­
fomance impa i rment is di scovered, a perfonnance
measure is needed to identify the underlyin9 pro­
cesses affected by the stressor. In such cases,
a unidimentional approach, involving a single
task, may be implemented to explore the effects

. of a stressor on several well-defined task vari­
ables (e.g., Frowein, 1981; Moraal, 1982;
Rabhltt, 1979; Sanders. 1977, 1900. 1981. 1983:
Sanders & Bunt, 1971, Sanders, Wijnen, ,.
von Arkel, 198Z; Vercruyssen, 1984). Intra-task
variables place demands on and reflect activity
of certain cognitive processes. The additive
factors method (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
a S1ngle task wlth mUltlple lntra-task vanables
is recolTTTlended.

Usually stressors produce changes in one or
more of four performance pa rameters: (1) phys ical
work output, (Z) mental performance. (3) physio­
logical reactions, and (4) emotional reactions
(Vercruyssen, Note 2). However, even when con­
cerned with only mental performance, II major
problem confronting scientists embar~ing on
stressor research projects is identifying the
general type of mental perfomance impaired by the
stressor (e.g., memory, motor control, decision­
ffiilking, perception). Alcohol in moderate doses, for
instance, seems to have its greatest effects on
motor control, e.g., speech, balance, coordination,
and movement time. Amphetamines seem to speed
movement time (HT) without having major effects
on reaction time (RT);. whereas, barbi turates
work in reverse (Frowein, 19A1). Thus, to improve
ecological validity and increase the probability
of identifyinQ a particular type of oerformance

Preliminary Explorations

Ascertaining the effects of environmental
stressors on mental performance 1s often a per­
plexing problem. Stressors can affect performance
in many different ways depending on the state of
the organism, the characteristics of the stress
condition. the nature of the task perfonned, and
the experimental methodology employed (Alluisi.
1975; Vercruyssen, 1984;. Welford, 1973;.
Wilkinson, 1969). For this reason, results in
stressor research are often uninterpretable.
Absence of an effect, for instance, may be due
simply to characteristics of the subjects used
in the study, selection of an insensitive per­
formance task, or inappropriate experimental
procedures. In other wards, there might have
been significant effects if another sample
population, performance task, or research
method had been employed. Therefore, a
stressor research project should incluoe
mUltiple eK1enments and employ methods which
systemiHl ca 'a manlpulate characteristics of the
stressor and emands of the Eerfonnance task whi le
controlllng orqanlSmlc vana les.

An environmental stressor may be any condition
or aspect of a p!'lyslcal envlronment which in some
way impai rs human sensory or motor funct ions or
poses a threat to personal health and safety.
Examples include inhalation of toxic gases and
particulates, consumption of drugs and alcohol,
ambient noise, and atmospheric conditions (also
see Vercruyssen, 1984 i Vercruyssen & Nobl e, Note 1).
These stressors are particularly hazardous when
performance is impaired without the person being
consciously aware of the presence of the
stressor, the imbalance created between demands
of the task and the person1s response capa­
bilities, or the degree of performance degrada~

tion.

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
usk, based on serial choice reaction time, which
may be useful as a stressor research metric.
Several segments of material presented were
extracted from a dissertation by Vercruyssen
(1984) •

QUANTIFYING THE EFFECTS OF STRESSORS

In environmental stressor el(perimentation, a
systematic research strategy is essential. In
p-rel iminary explorations, it is suggested that one
first identify a perfonnance parameter to examine
and then construct a battery of tests desiqned
to sample many different general types of per­
formance. If it is determined that a stressor
impairs a certain type of performance, i.e.,
if a dependent measure from the battery of tests
is found to be sensitive to the stressor,
secondary eKploration should focus on examining
the basic processes which produce that type of
performance. Understandinq these basic psycho­
logical processes in turn permits definitive
aprl ied research.
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trips the carrect response counter. while tapping
the wrong disc advances the error CQunter. A
lIgap " or "block" occurs if the subject failed to
tap a disc within a 1.5-sec interval. A clock
measured the interval between twa responses and
tri ggered a gap counter every 1.5 sec. The gap
time interval was arbitrarily established, but it
represents apprmdmately tWlce the average inter­
trial response interval. At the end of each
5~m1n interval, the experimenter records· read­
1ngs On the counters.

Employing serial performance measures, similar
to the 5-Choice Task, in stressor resci'lrch has
several advantages which merit consideration.
First, serial responding 15 appeal1ng because of
l15Tong history in successfully demonstrating
the effect of a multitude of stressors On per­
fo"""nce (see Poulton, 19701. Second, serial RT
tasks generate a larger number iiTti'fa1s per
condition than discrete RT tasks and this Is
beneficial statistically. Where many studies
report using blocks of 20 to 300 discrete RT
trials collected In a 20-mfn session, SCRT tasks
may result in as many as 2000 serTa1 trials during
this same collection interval. According to the
central limit theorem, the large number of trials
per condition will make the RT data more normally
distributed and, therefore, better suited for
analysis of variance tests than discrete data
with a relatively small number of trials, and
posftively skewed RT distributions. Third,
since respond; n9 cont i nues without reSfli'"reaks.
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 interval
is important since, there may be sufficient
recovery time between discrete trials to counteract
the effects of the stressor. finally, serial
responding samples perfonnance over the entire
testing session. Where discrete measures repre­
sent activity taking place In about 10~ of the
data collection period, serial measures (RT & tIT)
account for nearly 100~ of the subject's activity
during this period. This capability becomes
especially valuable when exploring the effects of
a stress relative to time-on ... task and duration
of exposure.

SCRT COMPUTER TASK

All serla1 respondfng tasks function essenti­
ally the same witb regard to stimulus delivery,
however, recent systems deviate considerably from
the original 5-Choice Task description in that they
are capable of dlgfta1 storage of responses. Com­
puter assistance has permitted automated data col­
lection and the recording of considerably mare
det.il ed i nformat i an about the responses, whi ch
In turn has provided gre.ter methodologic.l cap­
abilities.

The use of computers and digft.1 storage
devices for psycho10gic.1 data collection is not
a new ide. (e.g., Doorne & Sanders, 1968, Haughton
& Wilkinson, 1973, 1982, Kvalseth & Mohn, 19S3,
White et .1., 1980, Wilkinson, 1975, Wilkinson &
Hou9hton, 1975, 1982). Neither is the use of ser­
ial choice responding a recent discovery (e.g.,
Bills, 1931, 1973, Leonard, 19S9; l/i1klnson, 19S9).
However, it.nas onlY been in_recent years that

22

computer-driven serial responding systems have
been used 1n eovi ranll1lenta 1 stressor research
(e.g., Ellis, 1902, F,o>,Ier, White, Wright, &
A::kles, 1982i Frowein & Sanders, 1918; Vercruyssen,
1904). Doorne and Sanders (196B) developed one of
the first computer-assisted reaction time systems
capable of a variety ,of applications, including
serial responding. Their Digital Equipment
Corporat i an (DEC) POP 7 computer-supported sys tem
was named PS~RP--Pro9ranmab1e Signal and Response
Processor. Wllkinso" and Houghton (197S, also
Wilkinson, 1975) converted a cassette t.pe
recorder into a porta'rble four-chofce serfal reac­
tion time testing unit for field testing. White
et a1. (1900) developed a serial choice reaction
timer which used a DEC PDP 11/04 computer. Using
a DEC POP 11 computer', nn All-Purpose Experimental
System~-APES--was crellted by Ternes, Ehnlllm and
O'Brien (1902) for b~haviora1 pharmacology studies.
These nre only a few ,of the computer-based SCRT
systems wflich have eyolved from Leonard's 5-Choice
Task.

The PSU SCRT Apparatus

The SCRT apparal'us developed at The Pennsyl­
vania State Universay was intended to quantify
the rate .nd qua llty of in forma t ion processi ng in
human subjects durin~ e)(posure to various
environmental stress rs. Connected to the real ..
time claCk an any DE. POP11 computer, this 4-key
SCRT apparatus serially presents stimu1i--a
digit In a light emitting diode (LEO) display-­
and collects several' descrfptive measures of
infannation processing behavior. To be mare
specific, for ellch response, infann/ltion stored
on di sk for subsequei,t ana lysi 5 i ncl udes response
lQtencies (reaction, movement and response times)
and elapsed time, as well as measures of response
rate (total number of trials performed) and
accuracy (stimulus L~O presented, response key
struck, .nd error st?tus of trial). Reaction

i~~e~n;~tt~~'ac:~~~u\~:e~~ i~et~~i~~~~l~~l oV~m
response. Movement time is measured from the
inlt;ation of a resppnse to its completion.
Response time is the sum of RT and tIT. Elapsed
time begins with the first stimulus in an experi­
"",nta1 session and ends with the last response.

The PSU SCRT apparatus was constucted in such
a way as to permit collection of simple, discrete
choice, or serial reliction/response times., with
all latencies accurate to 1 msec. It was also
designed to permit "'I'nipulations of such intra­
task factors as stlm~lus Intensity, stimulus
degradation, stimu1u~-response compatibility,
number of stimulus and response alternatives.
response and stimu1u~ probabilities, movement
amplitude and duration, and response-stimulus
or stimulus-stimulus, intervals. In all cases,
entire testing sessipns can be programmed and
d.ta collection is fullY automated (on-)ine).
Further details of this SCRT apparatus are
avallable elsewhere '(Vercruyssen, Dena, & Brennan.
Nate S).

Recently, this SCRT computer task was used
to eXi'lmfne fundamental processes and determine
which of two stages of information processing were
affected by breathing C02 (Vercruyssen, 1904).

This research determined that the inhalation of
C02 severely imp~irs the rate of information pro­
cessing, By lThln1pulating such fntrit-task variables
as stimulus degradation and stimulus-response
compatibility, it was .lso determined that the
locus of this effect 1s in the response selection
sUge of processing, rather than an early,
encodf ng stage.

There are no panacreas available for stress
research scientists. However, the research
strategy and SCRT apparatus herein described was
helpful in quantifying the effects of carbon
dioxide On mental perfonnance and may have
utility in other applications as well.

CONCLUSIONS

Environmental stressor research should begin
by employing multiple experiments, each with
several different tasks, to detenn1ne the
stressor's i nfl uenee an va ri ous genera 1 types of
perfonoance. 1f response latencles are suscept­
ible to impainnent, computer-assisted SellT tasks
may be useful in assessing the effects of such
stressors on basic cognitive processes.
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APPENDIX B6~ Dissertation Abstract

CARBON DIOXIDE INHALATION AND INFORMATION PROCESSING~

EFFECTS OF AN ENVIRONMENTAL STRESSOR ON COGNITION

Max Vercruyssen

This experiment was undertaken to determine whether
breathing carbon dioxide (C02) a toxic environmental
stressor, slows information processing and, if it does,
whether the locus of this effect is in the encoding or
response selection stage, or both. In a 2 X 2 X 2 X 4 (Gas X
Degradation X Compatibility X Time-on-Task) within-subjects
design, six highly practiced (more than 10,000 trials)
healthy young male subjects performed a serial choice
reaction time (SCRT) task while breathing either 4% C02 or
room air (0.03% C02). Task variables manipulated were
stimulus degradation (intact vs. degraded) and
stimulus-response compatibility (high vs. low). Data from
each 20-min SCRT test were subdivided into four 5-min
intervals to determine the effects of time-on-task.

Unidirectional t-tests obtained from analyses of
variance on the means of correct SCRT trials revealed
significant increases in SCRT from breathing C02 (~= .004),
degrading the stimulus (Q < .001), lowering compatibility (p
= .004), and increasing time-on-task (~ = .020). Lowering
compatibility served to exaggerate the impairment produced by
C02 inhalation (p = .038). Time-on-task, however, did not
interact with gas, degradation, or compatibility. According
to the logic of the Additive Factors Method (Sternberg;
1969), these findings support the following conclusions; (1)
breathing 4% C02 slows information processing, (2} the locus
of this effect is associated with the response selection
stage of processing, and (3) the progressive deterioration in
performance due to increases in time-on-task affects both the
encoding and response selection stages in a similar manner.

Serial Choice Reaction Time; analyzed according to the
Additive Factors Method; was sensitive to the degrading
effects of breathing C02 and the procedures employed in this
experiment were useful in determining the effects of this
environmental stressor on two stages of information
processing. This same methodology may be also appropriate
for investigating the effects of other stressors on tasks
which involve the processing of information via linear
s~ages2
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NOTE: For comple~e de~ails of ~his s~udy, see ~he

disser~a~ion:

Vercruyssen, M. (1984). Carbon dioxide inhala~ion and
informa~ion processing: Effec~s of ~ enviromen~al s~ressor

on cogni~ion. Doc~oral disser~a~ion, College of HPER, The
Pennsylvania S~a~e Universi~y, Universi~y Park, PA.
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APPENDIX Cl:

POSITIVE PRESSURE BREATHING

In~roduo~ion

Curren~ in~eres~ in FPB is due ~o its growing applioa~ion ~o

emergency respira~ors as used by miners and rescue workers. A
major advan~age of a positive pressure air supply is the exclusion
of toxic gases tha~ are some~imes present in ~he workers'
immediate environmen~. Any air leaks around ~he facemask are
forced ~o flowou~wards, preven~ing ~he en~ry of environmen~al

gases.

However, ourren~ly available respira~ors oanno~ main~ain ~he

posi~ive pressure under oondi~ions of modera~e to high ven~ila~ory

demand, as oocurs during heavy physical labor. In ~hese

situa~ions, ~he worker risks exposure ~o toxic gases when the mask
pressure goes nega~ive during inspira~ion. To main~ain posi~ive

pressure under all oonditions ~he respira~ors mus~ opera~e a~ a
higher average pressure, or be designed wi~h less in~ernal flow
resis~ance. While reducing ~he flow resistanoe is s~rio~ly a
design problem, inoreasing ~he pressure presen~s po~en~ial

physiologioal problems.

The general response among unanes~he~ized res~ing humans is
for PPB to oause an increase in tidal volume (VT) and minu~e

ven~ila~ion (VE), and a decrease in s~roke volume (SV) and oardiac
ou~pu~ {Q}. When exercise is in~roduced as an added input, ~he

pic~ure is even more oomplex. Only Bjurs~ed~, Rosenhamer,
Lindborg, and Hesser (1979) and Kiser (198Z) have examined PPE
effec~s during exercise. These researohers generally found ~ha~

~he PPE effec~s no~ed a~ res~, are diminished, bu~ no~ elimina~ed,

by bioycle exeroise a~ 50%VOZ max.

The purpose of ~his s~udy was ~o evalua~e ~he effec~s on
ven~ila~ion and oxygen oonsump~ion from PPB. These parame~ers

were analyzed in ~erms of s~eady-s~a~e and transien~

dharac~eris~ios.

Subjects

Six males, age ZZ ~o 34, partioipa~ed as paid volunteer
subjec~s. Each was medioally screened, receiving a physical
examina~ion, res~ing iZ-lead eleotrooardiogram, pulmonary funo~ion

tes~, and a graded exercise toleranoe tes~. As de~ermined by
~es~ing in ~he Ergonomics Lab wi~h a pro~ocol describe la~er,

maximal oxygen uptake ranged from 49.5 to 74.8 mlOZ min-l kg-i,
Five were engaged in regular aerobio ~raining. Fhysioal data of
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~he subjec~s are presen~ed in Table Cl-i.

Table C1-1. Physical Charac~eris~ics of ~he Subjec~s

Subjec~ Age
(yrs)

Heigh~

(em)
Weigh~

(kg)
VOZma}r

mlOZ min-1 kg-1

A 22 184 72.6 74.8

B 22 180 70.2 50.3

C 22 187 73.2 57.5

D 24 190 77.5 62.5

E 34 172 60.2 52.5

F 24 178 72.7 49.5
----- ------ ----- -----

X 25 182 71.0 57.8
SD 5 6 5.8 9.6

X =
SD =

Mean
S~andard Devia~ion

Pressl1riza~ion Sys~em

Figure Cl-l shows a schema~ic diagram of ~he pressuriza~ion

sys~em. Pressure level was con~rolled by adjus~ing ~he blower
speed and ~he flow resis~ance a~ ~he air dump por~. As measured
by a wa~er column manome~er, ~he desired pressure level could be
set. ~o wi~hin 0.2 cmH20 under zero flow condi~ions. Flo;>] ~hrough

~he manifold from ~he blower inle~ ~o ~he dump por~ was sufficien~

~o preven~ recirculat.ion of expired gas ~o ~he inspired line.

Because of flow resis~ance ~hrough ~he air lines, pressure
fluc~ua~ed a~ ~he mou~hpiece over each brea~hing cycle. Large
balloons of abou~ 900 li~ers, ac~ing as capaci~ance elemen~s,

helped s~abilize mou~hpiece pressures.
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A~ VE's of 28, 82, and 125 l*min-l, mou~hpiece pressure
fluc~ua~ion was 2, 4, and 7 cmHZO ~espec~ively, independen~ of
average sys~em pressure. Thus a~ 8 and 16 cmH20 average pressure,
mou~hpiece pressure never became nega~ive. Pressure of ~he mixing
chamber, from which gas was drawn for analysis, was very s~able.

A~ a VE of 90 l*min-l, mixing chamber pressure fluc~ua~ion was
less ~han 0.75 cmHZO.

Da~a Collec~ion Sys~em

Tidal volume was de~ermined by compu~er in~egra~ion of ~he

flow signal over inspira~ion and expira~ion. Fleish No.2
Pneumo~achographs (pneumo~achs) were moun~ed in ~he inspiratory
and expira~ory air lines ~o measure ins~an~aneous flow.

Gas analysis was con~inuousl wi~h the gas sampling from a 5
li~er mixing chamber, loca~ed downs~ream from the expired
pneumotach.

Procedures

Each subject came to ~he lab for a familarization session.
Electrodes for heart rate were a~tached and each of ~he

experimen~al conditions that would la~er be tes~ed was experienced
for several minu~es, excep~ the maximal aerobic exercise
condi~ion. At each of ~he execise intensities the pressure was
varied from 0 ~o 16 cmHZO.

Maximal ~es~ing is done in three trials, with a~ least two
days be~ween ~rials. Maximum oxygen up~ake was measured at
pressure levels of 0 (control)l 8, and 16 cmHZO. Increasing
pressure levels were used ra~her ~han randomiza~ion ~o maximize
pro~ec~ion for the subjec~s. If any problem was encoun~ered a~ 8
cmHZO l the 16 cmHZO ~rial would have been cancelled.

A submaximal exercise pro~ocol was used. Each subjec~ ran a
~otal of shr submaj~imal trials 1 wi~h a~ leas~ one res~ day be~r;Jeen

~rials. Two ~rials were run a~ each pressure level. In one ~rial

~he subjec~ recovered from running exercise (80% VOZmax} while
walking (25% V02max). In ~he other ~riall the subjec~ recovered
while standing s~a~ionary. In the case of s~anding recoverYl the
treadmill was s~opped abrup~ly a~ the end of the running in~erval.

For the walking recovery, ~he treadmill was slowed as quickly as
possible, the deceleration taking abou~ 20 seconds.
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Da:ba Analysis

Maximal Performance. During each ~rial, ~he compu~er

averaged and prin~ed da~a over 30-second in~ervals. Af~er ~he

~rial, all variables were averaged over ~wo consecu~ive in~ervals

in which V02 was ~he highes~. If V02 values were s~able for ~hree

intervals, then ~hree intervals were averaged. Mul~iple dependen~

t-~e5~5 were performed be~ween each pressure level for each
variable. To maximize ~he chance of observing any adverse effect
a~ maximum, family-wise error ra~e was not controlled.

Submaximal Performance. Averages were calculated for each
variable over the las~ 5-minu~es of each of the initial 10 minutes
s~anding and walking intervals. That is, s~anding was averaged
from minu~e 5.0 to 10.0, and walking was averaged from minu~e 15.0
to 20.0. Because s~eady s~a~e was only being approached ~owards

~he end of the 5 minute running interval, a linear regression was
run on each variable from minute 23.0 ~o 25.0. A regression
predicted value a~ the end of minu~e 2~ was used as the s~eady

s~ate value.

For each variable, ~he steady s~a~e values were analysed by a
repea~ed measures three-factor (pressure, exercise in~ensi~y,

trial) AOV.

Results

Results will be presen~ed in several sec~ions: maximal
performance, submaximal s~eady s~a~e, and prerunning-pos~running

comparison.

Maximum Performance

No significant, difference be~ween any pressure levels was
found for any variable. Because of ~he na~ural progression in
exercise in~ensi~y and the lack of significance, data are
presen~ed in ~he appropria~e tables in ~he following section wi~h

submaximal s~eady state data.

Trends though were seen in fb and VT. Between con~rol and 16
cmH20, fb declined from 52.0 ~o ~9.0 bpm (brea~hs per minu~e).

Between control and 8 and 16 cmHZO, group mean VT's increased from
2.19 ~o 2.29 and 2.34 liters, respectively. Ra~her than
reinforcing, the trends in fb and VT were offse~~ing, so no
changes due ~o pressure were seen in VE. Data are presen~ed in
the following section.
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Submaximal S~e~dy S~a~~

Each variable will be considered in ~urn. Significan~

effec~s due ~o pressure or interaction of pressure and intensi~y

will be no~ed. Variables wi~h significant effects will be
presented in Figures and Tables.

Respiration Rate

No significant pressure main effects or in~eractions were
found, and hence rio follow-up tests were conducted. Data are
presented in Table Cl-Z.

Tidal Volum~

A highly significant {p < .OOl} interaction of pressure and
intensi~y was noted. Pressure effec~s were analyzed at each level
of exercise independently {simple effects follow-up}. Data are
presen~ed in Table Cl-3 and Figure Cl-3. Significant increases
were noted only in the s~anding exeroise intensity. But VT showed
a ~rend inorease in the running and maximum intensities.
Examina~ion of Figure Cl-3 suggests that the interaotion ocours
primarily at ~he walking condi~ions.
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Respira.~ion Ra~e (brea~hs per min).
Group Means and S~andard Devia~ions for each Exercise
In~ensi~y and Pressure Level (cmH20).

Exercise Pressure
Intensity 0 8 16

Maximum 52.0 + 8.5 50.8 + 7.7 49.0 + 8.8
pO < .10

Running 41.7 + 7.5 40.6 + 7.7 40.8 + 7.9

~lalking 25.3 + 5.5 26.8 + 7.0 26.6 + 7.8

Standing 18.6 + 3.8 17.8 + 4.2 18.5 + 4.9
-------------
When listed, pO is probabili~y of difference from 0 cmHZO. p8 is
probabili~y of difference from 8 cmHZO. No listed probabili~y

indicates no significance {p < .05} and no ~rend {p < .10}.

Table Cl-3. Tidal Volume {liters}.
Group Means and Standard Devia~ions for each Exercise
In~ensi~y and Pressure Level (cmHZO).

Maximum 2.19 + .20

Running 1.79 + .28

Exercise
Intensity 0

t-Ialking

S~anding

.93 + .18

.55 + .07

Pressure
8 16

2.29 + .24 2.34 + .27
pO < .10 pO < .10

1.86 + .30 1.92 .J. .31..!..

pO = .069 pO = .072
p8 = .098

.94 + .23 1.01 .J. .26.

.70 + • 21 .86 + .30
pO = .039 pO = .031

p8 = .024

When listed, pO is probability of difference from 0 cmHZO. p8 is
probabili~y of difference from 8 cmH20. No lis~ed probabili~y

indicates no significance (p < .05) and no trend {p < .10}.
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Minu~e Ven~ila~ion

A very significan~ (p = .002) pressure main effect was found,
wi~h no significant in~erac~ion of pressure and in~ensi~y. Da~a

were combined over all submaximal in~ensities, and main effec~s

follow-up indica~ed a significan~ increase in ven~ila~ion be~ween

o and 16 cmB20, and be~ween 8 and 16 cmB20, bu~ no~ between 0 and
8 cmHZO. Da~a are presen~ed in Table C1-4 and Figure C1-1.

Oxygen Uptake and Carbon Dioxide Elimina~ion

No significan~ effec~s were seen in ei~her VOZ or in ve02.

Table Cl-4. Minu~e Ven~ila~ion (liters per m~n).

Group Means and S~andard Devia~ions for each Exercise
In~ensity and Pressure Level (cmH20).

Exercise Pressure
In'bensi 'by 0 8 16

Maximum 113.3 + 20.3 115.6 + 16.3 113.7 + 15.Z

Running 71.5 + 16.4 74.4 + 17.0 77.1 + 16.3

Walking 23.0 + 4.1 24.1 + 5.1 25.8 + 4.6

S~anding 10.0 + 1.4 12.5 .L 1.4 15.0 + 3.5...!..

Combined 35.8 37.2 39.3
Submaximum pO < .001

p8 = .046

When lis~ed, pO is probabili~y of difference from 0 cmBZO. p8 is
probabili~y of difference from 8 cmHZO. No lis~ed probabili~y

indica~es no significance (p < .05) and no 'brend {p < .10}.
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R~spira~ory Exchange R~~io

Despi~e ~he lack of significance in V02 and VC02, R showed a
very significan~ (p = .002) in~erac~ion of pressure and in~ensi~y.

Da~a are presen~ed in Table C1-5. Figure Cl-5 clearly indica~es

~he s~rong in~erac~ion. The only significan~ pressure effec~

occurs under the res~ing condi~ion.

Table Cl-5. Respiratory Exchange Ra~io.

Group Means and Standard Deviations for each Exercise
Intensity and Pressure Level (cmH20).

E}rercise Pressure
Intensi~y 0 8 16

Maximum 1.12 + .04 1.10 + .06 1.09 + .05

Running 1.03,+ .06 1.04 + .05 1.04 + .07

Walking .91 .1. .05 .92 .1. .05 .91 + .04...!.. ...!..

S~anding .89 + .06 .95 + .08 .99 + .10
pO = .035 pO = .005

p8 = .083

When lis~ed, pO is probabili~y of difference from 0 cmHZO. p8 is
probabili~y of difference from 8 cmHZO. No lis~ed probabili~y

indica~es no significance (p < .05) and no trend (p < .10).
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Discussion

Maximum Performance

The only effec~s, due ~o PPB, were a ~rend decrease in fb and
a ~rend increase in VT. The VT increase is fur~her suppor~ed by
similar increases seen a~ ~he submaxima1 in~ensi~ies. While fb
and VT each change, ~he effec~s are cancelling, so ~ha~ VE a~

maximum is unchanged, and ~he possibi1i~y exis~s for ~he

main~ainance of normal VOZmax.

More impor~an~lYi no decremen~ was ac~ua11y measured in
VOZmax, or VCOZmax, under PPB. The sligh~ly (less ~han 5%)
increase in VOZmax was nonsignifican~ (p > .10).

Tha~ no effec~ is observed is indica~ive ~ha~ any circu1a~ory

impairmen~s exis~ing a~ lower in~ensi~ies are e1imina~ed when
running a~ maximum! or ~ha~ ~hey are a~ 1eas~ non-1imi~ing in
~heir performance effec~ (Sa1~in and Rowell, 1980). Likewise, any
possible changes in pulmonary func~ion are shown ~o be
non-1imi~ing. As described before, a~ high ven~i1a~ion,

mou~hpiece pressure f1uc~ua~ed because of flow resis~ance. If
abdominal pumping during brea~hing suppor~s Q by causing a cyclic
decrease in ~he venous re~urn pressure gradien~ {Cruz e~ a1.,
1967; Vuori e~ a1., 1979}, ~his periodic brea~hing pressure
fluc~ua~ion may also help suppor~ Q in a similar manner.

Submaximum Performance

Prerunning-Pos~running. No significan~ difference in
responses of VT, VE or R due ~o PPB was found when ~he same
e~~ercise condi~ions were compared before and af~er the running
in~erval. This indica~es that during a given ~rial, ~he subjec~s,

as a group, responded consisten~ly ~o ~he PPB at walking or
resting intensi~ies despite intervening high in~ensi~y exercise.
O~her variables, fb, VOZ, and VCOZ, which were nonsignifican~ in
the s~eady sta~e, were not compared pre- and post- running.

The significant effects of PPB can best been seen by
considering ~oge~her fb, VT! VE, and R. The prime indica~or is R.
A~ s~anding res~, R increases linearly and significan~ly from 0 to
16 cmHZO {Figure Cl-5}. This increase is indicative of PPB
induced hyperven~i1a~ion. A~ walking and running in~ensi~ies, R
is unch~nged by pressure, indicating proper alveolar ven~i1a~ion.
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However, VE is significantly elevated by PPE at all
submaximum intensities (Table Cl-4 and Figure Cl-4). Also, VT
(Table Cl-8 and Figure Cl-8) shows an increase at standing,
walking, running, and maximum {trend level at running and
maximum}. The fb is virtually constant in response to PPE, so VE
increases are almost entirely caused by VT increases. Because R
indicates proper alveolar ventilation at intensities above
resting, the increased ventilation must be accounted for by
deadspace. Kiser {198Z} reported that 16 cmHZO PPB increased
physiological deadspace 70 ml at rest, and 50 ml at 50% VOZmax.
Except for the resting conditions,' average submaximal VT increase
in this study is about 100 m1 at 16 cmHZO. Considering the
different subject samples and measurement errors, this is
rea~onab1y good agreement.

The lack of PPB effects on VOZ and VCOZ and on R, at
intensities above resting, are very encouraging from respirator
applications viewpoint. No impairment of working capacity should
be anticipated at pressures up to 16 cmHZO.
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APPENDIX Dl:

EFFECTS OF HOT INHALED AIR

In~roduc~ion

This experimen~ was under~aken in order ~o s~udy ~he effeo~s

of inspiring air wi~h eleva~ed we~ bulb ~empera~ures on ~issue

~empera~ures of ~he ~ongue and hard pala~e. Many brea~hing

devices used in esoape or resoue si~ua~ions crea~e air which is
very ho~ and almos~ comple~ely sa~ura~ed wi~h wa~er vapor during
~he process of scrubbing C02 ou~ of ~he expired air. Under ~hese

ho~ and humid condi~ions ~he ~issues of ~he upper respira~ory

~rac~ are no longer able ~o rely on evapora~ion as a device ~o

dissipa~e hea~. In addi~ion, ~he la~en~ hea~ of ho~ air sa~ura~ed

wi~h wa~er vapor is much grea~er ~han ~he hea~ energy con~ained in
hO~, dry air. In prac~ical ~erms, ~hese fac~ors poin~ ~owards a
need for a be~~er unders~anding of ~he respira~ory hea~ gain ~ha~

will occur when using a self-con~ained brea~hing appara~us (SCBA)
for pro~ec~ion agains~ burns of ~he mou~h which may jeopardize a
worker1s life in an emergency si~ua~ion. Previous work in ~he

Ergonomics Uni~ of ~he Labora~ory for Human Performance Research
has inves~iga~ed ~he effec~s of inhaling dry ho~ air. The presen~

inves~iga~ion was under~aken ~o s~udy ~he addi~ional ~hermal

s~resses crea~ed when ho~ inspired air is sa~ura~ed wi~h wa~er

vapor.

Bo~h ~he humidi~y and ~he ~empera~ure of inspired gas have an
impor~an~ effec~ on ~he SCBA wearer1s comfor~ and abi1i~y ~o

perform heavy work, par~icularly in unfavorable environmen~s. The
wa~er vapor con~en~ is by far more impor~an~ because of ~he

rela~ively 1.arge ~hermal exchanges involved in ~he evapora~ive

process in ~he respira~ory ~rac~. Rapid changes of air
~empera~ure ~ake place wi~hin a shor~ dis~ance in ~he upper
respira~ory ~rac~. The resul~an~ hea~ exchange when cool,
reasonably dry air is brea~hed is small but becomes inoreasingly
impor~an~ in ho~ and humid environmen~s. When ~he inspired air
exceeds body ~empera~ure and is sa~ura~ed wi~h wa~er vapor ~here

is a ne~ gain of hea~ by ~he respira~ory ~rac~ (Har~we11 and
Senneck, 1956).

According ~o resul~s ob~ained by McCu~chan and Taylor (1951),
we~ bulb ~empera~ures below 35.2 degrees Cen~igrade should no~

cause a respira~ory hea~ gain, while we~ bulb ~empera~ures above
~his level should cause a gain of hea~ ~o ~he respira~ory ~rac~.

However, ~his s~udy deal~ wi~h low rela~ive humidi~y condi~ions

when inspiring ho~ air and ~heir findings may no~ be applicable ~o

high humidi~y condi~ions. When brea~hing ho~ dry air, ~he abili~y

of ~he respira~ory ~rac~ ~o dissipa~e ~he hea~ presen~ed ~o i~ is
ex~remely effec~ive. Increasing ~he water vapor con~en~ of ~his
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air seems ~o have a grea~ impac~ on ~he abili~y of ~he respira~ory

~rac~ ~o dissipa~e ~his hea~, bu~ ~he rela~ive con~ribu~ions of
dry bulb ~empera~ure and rela~ive humidi~y level on respira~ory

hea~ gain have ye~ ~o be de~ermined. Despi~e ~he number of
s~udies which have been done s~udying ~he condi~ioning of air and
hea~ and wa~er exchanges ~ha~ occur during re9pira~ion, a
li~era~ure search found no s~udy which demons~ra~es ~he effec~ of
brea~hing ho~ air sa~ura~ed wi~h wa~er vapor on ~issue

~empera~ures inside ~he mou~h.

In ho~ clima~es ~he respira~ory ~rac~ is generally able ~o

increase i~s hea~ losses so ~ha~ body ~hermoregula~ion is aided by
~he elimina~ion of grea~er amoun~s of hea~. In ~hese clima~es ~he

humidi~y of ~he environmen~ is of par~icular impor~ance.

If inspired air is ho~ and dry some evapora~ion of wa~er from
~he mucosa will occur during inspira~ion. This evapora~ion cools
~he mucosa despi~e ~he fac~ ~ha~ ~he ~empera~ure migh~ be
ex~remely high. The reason for ~his is ~ha~ ~he cooling produced
by evapora~ion of wa~er is highly efficien~ (~he la~en~ hea~ of
evapora~ion is 588 calories per gram). The fac~ ~hat evapora~ive

cooling is efficien~, coupled wi~h ~he fac~ ~ha~ air having a low
specific hea~ warms ~he mucosa very li~~lel resul~s in a cooling
of ~he mucosa during inspira~ion of ho~ dry air. Under ~hese

condi~ions ~he cooler mucosa is able ~o recover a por~ion of i~s

wa~er losses during expira~ionl and ~he ~o~al wa~er loss ~o ~he

body in a ho~ clima~e is diminished.

If, on ~he o~her hand l ~he inspired air is bo~h ho~ and humid
no significan~ evapora~ive cooling of ~he respira~ory ~rac~ mucosa
occurs during inspira~ion. In fac~, if ~he air is sa~ura~ed and
above body ~empera~ure ~he mucosa may gain hea~ bo~h from ~he

inspired air and from ~he wa~er vapor in ~he inspired air which
will condense on ~he mucosa ~o release its la~en~ hea~. This hea~

gain can raise mucosal ~empera~ures ~o 87 degrees Cen~igrade or
higher. Under ~hese condi~ions ~he respira~ory ~rac~ is
elimina~ing as much hea~ as possible bu~ in ne~ value is gaining
bo~h hea~ and'wa~er (Walker and Wells, 1961).

Comroe (1974) discusses briefly ~he effec~s of brea~hing air
sa~ura~ed with wa~er vapor a~ ~empera~ures grea~er ~han body
~empera~ure. He s~a~es ~ha~ ~issue ~empera~ure will rise if a
person exposed ~o ho~ air hyperven~ila~es, due ~o ~he fac~ ~ha~

more calories will be presen~ed ~o ~he ~issues each minu~e.

Comroe (1974) also s~a~es ~ha~ very ho~ air or s~eam ~ha~ reaches
~he alveolar duc~s and alveoli is ap~ ~o produce li~tle hea~

damage ~here because of ~he fac~ ~hat ~he huge flow of pulmonary
capillary blood a~ 87 degrees Cen~igrade will limi~ ~he increase
in ~empera~ure of ~hese ~issues. However, ~his air may cause
burns of ~he conducting air passages.
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The mos~ comp1e~e s~udy of ~he bio~herma1 processes involved
during respira~ion, carried ou~ by McCu~chan and Taylor {lS51},
showed ~ha~ ~he ~empera~ure; mass, and hea~ proper~ies of ~he

respira~oryexchangecorre1a~es closely wi~h ~he we~ bulb. In
~his experimen~ subjec~s were subjec~ed ~o inspired air
~empera~ures up ~o 115.5 deg C bu~ wi~h low re1a~ive humidi~ies

and found no in~olerab1e hea~ing of ~he respira~ory passages,
~hough the exposure ~imes were somewha~ brief (i.e. less ~han 5
minu~es). It became apparen~ ~ha~, like sweat evapora~ion in i~s

effec~ on the skin, the evapora~ive cooling mechanism of ~he

respiratory ~rac~ has grea~ capaci~y to absorb sensible heat
~hrough humidifica~ion. McCu~chan and Taylor developed an
equa~ion which expresses ~he heat exchange in the respiratory
trac~ solely as a func~ion of ~he wet bulb tempera~ure of the
inspired gas. This equa~ion solves for zero a~ approxima~ely 35.2
degrees C. Inspired wet bulb tempera~ures above ~his will
presumably cause a respiratory hea~ gain, while inspired we~ bulb
tempera~ures below this tempera~ure would resu1~ in a respira~ory

hea~ loss.

The subjec~ive reports of hea~ sensa~ions experienced by
subjec~s in the experimen~ by McCutchan and Taylor (1951) agree
wi~h previously done inves~iga~ions where despi~e hea~ exposures
of up ~o 240 deg F ~here were found no cri~ica1 sensations of hea~

or burning referred ~o the respira~ory trac~. McCutchan and
Taylor (1951) included only one condi~ion which was designed ~o

produce a hea~ gain in ~he respira~ory ~ract, 200 deg F and 1.18
inches Hg. of vapor pressure. This condi~ion caused ~hree of ~he

five subjec~s to report ~ha~ ~he inspired air 'se~ the tee~h on
edge.' The commen~s on the 160 deg F ~es~s were ~hat the air was
'warm' or 'dry,' and 120 deg F air was not sensed as being
different from room air. The au~hors also poin~ ou~ ~hat while
the ~o~al body hea~ balance does not obey the hea~ and mass
transfer laws of the wet bulb bu~ ~he respiratory hea~ balance
does so very closely.

A s~udy by Seeley (1940) involved sampling of air a~ three
differen~ depths wi~hin~he nose {at the anterior end of ~he

inferior ~urbinate, in ~he midpor~ion of ~he inferior mea~us; and
a~ ~heposterior ~ip of ~he inferior ~urbina~e}. A rise in water
vapor con~en~ was found at each location. Over wide ranges of
rela~ive humidi~y of inspired air most of ~he addi~ion of wa~er

vapor had occurred by the time ~he air reached the midpoint. In
each ins~ance some wa~er was added beyond ~he third posi~ion, as
indicated by sampling of expired air.

In ~he same study ~here were similar findings regarding
temperature range. Inspired air a~ ~empera~ures ranging from -8
~o 55 degrees C (18 ~o 131 degrees F) were adjus~ed ~o 10 ~o 39
degrees C a~ the firs~ posi~ion, 24 ~o 38 degrees C a~ ~he second,
and 27 to 37 degrees C in ~he third position. In each instance
~he ~emperature of ~he air had risen by ~he ~ime expired air
reached the nose and fell somewha~ during i~s passage back ~hrough
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~he nasal passages. The nose was able ~o adjust ~o very rapid
changes in the character of ~he inspired air. This exchange
function is performed nearly as well during mouth breathing as
during nasal brea~hing.

Experimen~al s~udies in animals reveal the air delivered to
~he larynx or trachea at temperatures up to 550 degrees C is still
adjusted toward body ~emperature in the tracheobronchial tree and
produces remarkably little lung damage (Moritz et al., 1944).
These investigators studied the effects of breathing several types
of hot air on the respiratory tracts of dogs. The dogs ~]ere

either exposed ~o oven-heated air, flame, or live steam. They
designed their experiment to expose the air passages to heat
wi~hout causing concomitant injury of the skin so that any
pathological changes that occurred could be at~ributed to ~he

inhaled heat independent of any secondary effects that might
result from thermal injury of the surface of the body. The
mildest thermal exposures in these experiments was in fact more
than sufficient to cause severe injury to the skin.

In their discussion of the ability of ~he respiratory ~ract

to inhale air which, if it were in contact wi~h the skin, would
cause burns, Moritz et al. speculated that ~he reason for this
was due to the fact that the quantity of heat that can be stored
in the volume of gas that constitutes a breath is remarkably
small. They calculated the heat transfer that would take place
with inhalation of a mixture of equal parts of air and steam at
125 deg C. Such an a~mosphere would cause severe burns of the
skin within one second. If an amount of such a mixture sufficient
to increase the lung volume by 500 cc. were inhaled and if it
were cooled to 38 deg C before being exhaled, 'approximately 300
mg. of water would be condensed in the respiratory tract. The
heat energy liberated, incident to the condensation of this amount
of wa~er, would be approximately 175 calories. In addition ~o

this, approximately 12 calories would be liberated incident to the
cooling of the gases and 26 calories incident to the cooling of
the condensed water, bringing the total transfer of heat to the
respiratory tract in excess of 200 calories.

Mori~z et al. (1944) concluded that: 1) At any given
temperature moist air has more heat to give up than does an equal
volume of dry air and is accordingly more likely to cause thermal
injury of the respiratory tract; Z) Inhalation of dry or moist
hot air may destroy the upper tracheal mucosa without causing
primary thermal injury of the lungs; 3) The most vulnerable part
of the lung to thermal injury is the central parenchyma where the
respiratory bronchioles and alveoli have the shortest and most
direct connection with the primary bronchi; and 4}In instances
of mild thermal injury of the lungs the centrally located alveoli
were the seat of hemorrhagic edema even though there had been
insufficient heat to cause recognizable injury of the bronchial
mucosa or of the more peripherally located air sacs.



PAGE 104

Me~hod

The purpose of ~his inves~iga~ion was ~o examine ~he effec~s

of inspira~ion of air wi~h high we~ bulb ~empera~ures on ~issue

~empera~ures of ~he ~ongue and of ~he hard pala~e. This sec~ion

deals wi~h subjec~si me~hods of measuremen~, experimen~al

procedures, equipmen~ used in ~he ~ests, experimen~al design,
protocol, and statistical ~reatmen~ of the da~a.

The subjects were 6 men between ~he ages of 21 and 28 years
of age wi~h a mean age of 23.7 years. All subjec~s were paid
volun~eers and were physically ac~ive. All subjec~s received a
physical examination prior ~o any ~es~ing, and a graded exercise
tolerance ~es~ was u~ilized ~o de~ermine ~he subjec~s maximum
workra~e. O~her than one subject who had an occasional wandering
pacemaker, all subjec~s had normal resting and exercise ECGs. The
subjects V{dot)02max values ranged from 43.6 to 72.0 ml*kg-l*min-l
wi~h a mean of 59.6 ml*kg-l*min-l. Individual characteristics of
~he subjec~s are repor~ed Table Dl-1. Estimated V(do~)E values
for ~he exercise workload undertaken by the subjects are included
in ~his ~able using a predictive equa~ion developed by Bernard,
Kamon & S~ein (1979).



Table Dl-l Individual subject characteristics

.
Va max Estimat:d VE

Height Weiqht 2
at 40% v~2max

Subject Age (em) (kg) (ml.kg- l .min- l ) (1 Imi n

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

JP 23 187.0 73.2 64.9 45.8

OS 22 184.4 72.6 72.0 50.8

PS 21 181.0 68.1 60.5 39.2 .

Mean

SO

23.67

3.8

179.65

6.62

72.18

4.18

59.55

9.63

40.95

6.51

'"tl
~
G.I
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o
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Eauipmen~

Air was delivered a~ approxima~ely 125 li~ers*min.-1 in~o a
vapor genera~or. Wi~hin ~he vapor genera~or, humidifica~ion

occurred by passing wa~er a~ a known ~empera~ure in~o ~he

genera~or. This wa~er was dispersed ~hrough a large number of
glass beads causing a grea~ deal of wa~er ~o be libera~ed in~o ~he

air, vir~ually saturating ~he air a~ ~hat point. The saturated
air then travelled from the vapor generator ~hrough insula~ed

tubing ~o a heat gun which heated the air to the desired
temperature and relative humidity condi~ions. The final
tempera~ure and relative humidity condi~ions were determined by
means of dry bulb and we~ bulb readings taken in the line abou~

six inches proximal ~o ~he subjec~ls mou~h. Expired air was
dumped in~o the room. All ~empera~ure da~a was recorded by a
Doric Da~alogger a~ five minu~e in~ervals. Figure Dl-l shows a
schema~ic of ~he experimen~al equipment used in ~his experimen~.
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Figure 01-1 Schematic diagram of ap~aratus used in hot humid
air inhalation experiment

Note: 1 = High velocity positive pressure air pump; 2 = Input
water temperature regulator; 3 = Input air hose; 4 =
Drain pipe; 5 = 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 thermocouples; 11 = Exoired air hose; and 12 =
Doric data1ogger.
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To insure ~ha~ a proper we~ bulb ~empera~ure was ob~ained a~ ~he

airflow used in ~his s~udYl we~ bulb ~empera~ures were measured a~

increasing airflows (con~rolled by a variac) ~o show ~ha~ ~he air
flow was grea~ enough ~o cause ~he proper amoun~ of evapora~ion ~o

~ake place from ~he wick of ~he we~ bulb. Tissue ~empera~ures on
~he ~ongue and hard pala~e were ~aken by means of ~hermocouples

held in place by a foo~ball-style mouth pro~ector which was
form-fi~ted ~o each subject's mouth. This allowed tempera~ure

sampling a~ fixed loca~ions. A rectal ~hermis~or was used ~o

record ~he subjec~'s core ~empera~ure. Hear~ rate was displayed
on a digi~al moni~or {Respironics Exersen~ry SM} in bea~s per
minu~e or a Hewle~~-Packard Elec~rocardiograph and was recorded in
bea~s per minu~e.

Design

Mou~h ~empera~ures were measured on ~he hard pala~e and on
~he ~op of ~he ~ongue. The ho~ inspired air ~empera~ures were ~1,

~6, and 51 deg C. A~ ~he ~hree hot air conditions, ~hree rela~ive

humidi~ies were s~udied: 65%, 80%, and 95%. Subjects ran on a
~readmill for 60 minu~es a~ ~O% of ~heir V{do~)OZmax under each of
~he ~es~ condi~ions. The firs~ four subjec~s were ~es~ed in a
s~ep-wise fashion, i.e. subjected to the ~1 deg C air with
increasing rela~ive humidity <i.e. 65%, 80%, and 95%}, then were
~es~ed a~ ~6 deg C wi~h increasing rela~ive humidities leyels,
etc. For the final two subjects tes~ conditions were randomized
and subjects were not aware of the dry bulb or relative humidi~y

conditions they were experiencing. This was done in order to
control for possible learning effec~s from ~he s~epwise ~esting

procedure and for any psychological effects from the subjects
awareness of the tes~ conditions. A control tes~ was done for all
subjects a~ room air condi~ions (approxima~ely Z5 C). The
relative humidi~y for ~he con~rol ~est was 50%.

Protocol

The desired input wa~er ~emperature for the vapor generator
and the temperature of the hea~ gun for the specific inspired air
conditions was calculated using a program developed in the
Ergonomics Uni~ of the Laboratory for Human Performance Research.
The temperatures of the input water and heat gun werese~ a~ least
45 minutes prior to the start of the test in order to achieve a
reasonably stable air condition. A constant check was made of ~he

air conditions before ~he experimen~ by the use of a computer
program which calculated relative humidity when given dry bulb and
wet bulb temperatures.
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Upon en~ering ~he labora~ory ~he subjec~s were fi~~ed wi~h

ches~ elec~rodes; and ~hen ~he subjec~ inser~ed ~he rec~al

~hermis~or. Res~ing ~ongue and pala~e ~empera~uresi res~ing core
~empera~urei and a res~ing hear~ ra~e were ob~ained jus~ prior ~o

~he s~art of ~he ~es~. ,The ~readmill was then se~ a~ the
condi~ions required ~o exercise ~he subjec~ a~ ~O% of his
V(dot}OZmax and the subjec~s~ar~ed the test. Measurements of ~he

inpu~ wa~er ~empera~ure; hea~ gun ~empera~ure; dry bulb and we~

bulb temperatures, core tempera~urei palate tempera~ure, tongue
~emperature, and hear~ rate were ~aken every five minutes during
the 60 minutes of ~he ~es~ using a Doric Da~alogger. These da~a

were ~hen entered in~o compu~er files for la~er analysis.

In a univaria~e analysis of variance of repea~ed measures
{ANOVR} design, da~a from the ~en we~ bulb ~empera~ures were
analyzed by a s~a~istical package developed by Paul Games {Games,
1981; Games, Gray, Herron, and Pi~z, 19BO}. A ~wo-factor 3 x 3
{~empera~ure x humidity} ANOVR was employed ~o examine ~he effec~s

of increasing dry bulb ~empera~ures and rela~ive humidi~ies on
~issue tempera~ures of the tongue and hard pala~e for ~he eleva~ed

wet bulb condi~ions. Linear regressions were calcula~ed to
describe ~he ~ongue and hard pala~e ~empera~ures and inspired we~

bulb rela~ionship. The secondary measures, heart ra~e and core
~empera~ure, were also analyzed in a univariate and mul~ivaria~e

ANOVR. Cri~ical alpha levels were .05 in all cases.

Resul~s and Discussion

The purpose of this inves~iga~ion was ~o determine the
effec~s of eleva~ed we~ bulb ~emperatures of inspired air on
~issue tempera~ures measured on ~he tongue and hard palate. This
section presen~s ~he da~a collected during the inves~iga~ion and
an interpre~ation of ~he resul~s is offered in ~he following
sec~ions: (l) ~ongue ~empera~ure, {Z} pala~e ~empera~urei {3}
core tempera~ure, and {~} heart rate.

Tongue Temperature

Table Dl-Z shows the mean ~ongue and pala~e ~emperatures for
the con~rol and experimental condi~ions and also gives the mean
we~ bulb tempera~ure for each of the ~es~ conditions. The
conditions are arranged in ascending we~ bulb order.



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

----

TWb (DC) 18.9 34.7 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

f db (DC) 24.8 41. 3 41.1 45.9 41. 3 46.2 51.1 45.8 51.0 50.7
s.d. 2.28 0.12 0.17 0.30 0.23 0.18 0.45 0.31 0.36 0.15

%RH 57.5 64.5 81.1 65.6 93.3, 79.2 65.0 94.4 79.7 92.6
s.d. 6.12 1. 93 2.10 1.81 2.20 1.04 1. 70 2.72 2.04 2.43

Ttongue (DC) 30.7 35.8 37.2 37.4 38.4 39.0 39.2 40.4 41.4 42.2
s.d. 1. 50 0.36 0.36 0.42 0.26 0.57 0.47 0.83 0.67 0.96

Tpa1ate (DC) 31.1 36.0 37.6 37.7 38.4 39. 1 39.3 40.3 41.4 42.4
s.d. 1.26 0.37 0.56 0.35 0.48 0.43 0.33 0.74 0.38 0.42

;g
G.I
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The mean ~ongue ~empera~ure of ~he con~rol condi~ion ii. e., 25
deg C and 50% RH; Twb = 18.9 deg C} was 80.7 degrees and was
significan~ly lower ~han all of ~he experimen~al condi~ions

(F{1,9) = 120.160; ~ < .001]. Throughou~ ~he experimen~al

condi~ions, as ~he we~ bulb ~empera~ure increased, ~he ~issue

~empera~ure of ~he ~ongue also increased.

There were also significan~ differences found among ~he

experimen~al condi~ions. A Duncan underline procedure summarizes
~hese differences in Table Dl-8.



Table 01-3 Duncan underline procedure summarizing significant differences in tongue
temperature among the various test conditions (WSD = 1.43).

-T
Wb

(OC)

-
Ttongue (OC)

18.9

30.7

34.7

35.8

37.8

37.2

39.0

37.4

40. 1

38.4

42.3

39.0

43.6

39.2

44.9

40.4

46.9

41. 4

49.3

42.2

----------

-------- -----------------------------------

Note: = not statistically different (p < .05).

~
1:'.1
t~1
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Figure D1-2 shows the mean tongue temperatures as a function of
the inspired wet bulb temperature. The correlation of tongue
temperature to inspired wet bulb temperature was .968.
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A leas~ squares regression equa~ion for ~his da~a is;

T~ongue (deg C) = 19.7 (deg C) + 0.46 Twb (deg C)

(S~andard error of es~ima~e = .53)

This equa~ion had an R-squared value of .937 adjus~ed for ~he

degrees of freedom.

Influe~ce of Dry Bulb Tempera~ure and Rela~ive Humidi~v

The ~wo-fac~or ANOVR showed significan~ main increases in
~ongue ~empera~ure due ~o dry bulb ~empera~ure [F{1,5) = 124.009;
~ < .001] and rela~ive humidi~y [F{1,5} = 195.111; .~ < .0013.

The in~erac~ion of dry bulb ~empera~ure and rela~ive humidi~y was
no~ significan~ (~ = .254). Figure Dl-3 shows mean ~ongue

~empera~ures a~ differen~ rela~ive humidi~ies versus increasing
dry bulb ~emepra~ures. No~e ~ha~ ~he lines describing rela~ive

humidi~ies are basically parallel. If ~here had been a
significan~ in~erac~ion be~ween ~he dry bulb ~empera~ure and
rela~ive humidi~y ~hese lines would converge.

Pala~e ~empera~ures reac~ed in very much ~he same fashion as did
~he ~ongue ~empera~ures.

Since ~he experimen~al condi~ions should cause a respira~ory

hea~ gain i~ was of in~eres~ ~o see if inspired we~ bulb
~empera~ures migh~ affec~ core ~emperature as measured wi~h a
rec~al probe. This was no~ ~he case, however, since core
~empera~ures were no~ affec~ed by ~he hea~ gain incurred by ~he

respiratory ~ract due ~o ~he brea~hing of air a~ elevated we~ bulb
~empera~ures (p > .05). Figure Dl-4 shows a ~ypical ~ime course
for core ~empera~ure during inhala~ion of ho~ humid air.
Differences in core ~empera~ure due ~o increasing dry bulb
~empera~ures and relative humidi~ies were no~ significan~ {~ }
.05).
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Hear~ Ra~e

I~ was also of in~eres~ ~o de~ermine whe~her hear~ ra~e was
affec~ed by inspira~ion of air wi~h eleva~ed we~ bulb
~empera~ures. There were no significance increases found when
comparing hear~ ra~e ~o increasing we~ bulb ~empera~ures of
inspired air (R ) .05}. There were also no significan~ increases
in hear~ ra~e due ~o increasing dry bulb ~empera~ures (R > .05) or
due ~o increasing levels of rela~ive humidi~y (R ) .05}.

GeneTal Discussion

The mos~ impor~an~ finding of ~his inves~iga~ion is ~ha~ we~

bulb ~empera~ure of ~he inspired air seems ~o be a be~~er

descrip~or of hea~ s~ress ~o ~he ~issues of ~he mou~h ~han ei~her

dry bulb ~empera~ure; rela~ive humidi~y; or bo~h of ~hese

combined. The process of hea~ ~ransfer in ~he mou~h seems ~o be
very much like ~he hea~ exchange which occurs wi~h a we~ bulb
~hermome~er. This finding is in agreemen~ wi~h ~he results of a
similar s~udy by McCu~chan and Taylor (i951), who were studying
~he effec~s of the inspired air ~emperature and relative humidi~y

on ~he ~empera~ure and rela~ive humidi~y of ~he expired air. They
found ~ha~ ~heir resul~s were ex~remely well described solely in
~erms of we~ bulb ~empera~ure. They fur~her sugges~ed ~hat ~he

heat ~ransfer ~ha~ ~akes place in ~he mou~h is fully analogous ~o

~he process ~ha~ ~akes place wi~h a we~ bulb.

Es~ima~ions of respira~ory hea~ gain were made by calculating
~he difference be~ween en~halpy con~ained in ~he inspired air and
en~halpy of expired air. The assump~ion was made ~ha~ expired air
was in equilibrium wi~h ~he ~issue ~empera~ures of ~he mou~h and
was fully sa~ura~ed wi~h wa~er vapor. The resul~s of ~hese

calcula~ions are presen~ed in Table Dl-~.



Table 01-4 Estimates of respiratory heat exchange in test conditions assuming expired air
is in equilibriulll with tissue temperatures in the mouth and is fu'lly
saturated with water vapor.
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As you can see from Table Dl-4 ~he ~wo lowes~ we~ bulb condi~ions

(i. e. Twb of 84.3 deg C or lower) would resul~ in a respira~ory

hea~ loss. Inspired air we~ bulb condi~ions of 37.5 deg C or
higher resul~ in a respira~ory hea~ gain. At ~he mos~ severely
eleva~ed we~ bulb condition the respiratory hea~ gain incurred by
the subjec~ over the hour-long ~est a~ an average V(dot}E of 41
L/min would be 39.85 kcals. These calcula~ions are in agreemen~

with ~he findings of McCu~chan and Taylor (i951) who found in
their study tha~ respiratory hea~ gain started when ~he inspired
we~ bulb ~empera~ure exceeded 85.2 deg C.

The subjec~ive feelings elicited from ~he subjects also bear
reporting. There were ~wo condi~ions which ~ended ~o be percieved
as very difficul~ for the subjects ~o endure. These were the ~wo

condi~ions wi~h ~he highes~ wet bulb ~emperatures; 51 deg C and
80% RH and 51 deg C and 95% RH (TWB = 44.5 deg C and 48.8 deg C
respectively). During and af~er these tests there were frequen~

complaints ~ha~ ~he subject's gums, ~ongue or back of the mouth
hurt, ~hough not severely. Redness of the subjects gums and
tongue were also noted following these tests. Interestingly, the
gums were often ~he first area which became a concern wi~h regard
to tissue sensi~ivity inside the mouth. This is perhaps because
they are the first tissues ~o come into contact with ~he heat load
being presen~ed to the mouth, before sufficien~ conditioning of
the inspired air is possible.

Though the gums were usually the firs~ tissues affected by the
inhala~ion of hot humid air, ~he tongue, hard pala~e and posterior
wall of ~he pharynx were often a bit sore after ~ests at the most
e~[treme hot air levels. Redness of the ~issues were also noted in
~hese regions. One subjec~ elected not ~o finish ~he ~est at the
51 deg C and 95% RH level af~er 25 minu~es of the inhala~ion of
this air.

It was no~ed ~ha~ often during ~he ~wo mos~ ex~remely stressful
test conditions ~ha~ ven~ila~ion by ~he subjec~s was rapid and
very shallow. This is perhaps a pro~ective mechanism mediated by
neural respiratory con~rol centers as a final defense mechanism
designed ~o pro~ec~ the sensi~ive ~issues of ~he respira~ory ~ract

during inhala~ion of air wi~h eleva~ed we~ bulb ~emperatures.
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AUTOMATIC BREATHING AND METABOLIC SIMULATOR:THE RESPIRING ROBOT
N. Scott Deno

The Pennsylvania State University
No 11 Laboratory

University Park, PA 16802
ABSTRACT

Automatic breathing and metabolic simulator (ABMS) systems were first
developed in the early 1940s and work 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
complex design problems. The responsiveness requirement dictated the
incorporation of a minicomputer. Our ABMS system is a "pendulum" ventilated
lung with continuous gas-exchange metabolism simulation (no cyclic injection
or withdrawal pumps and no combustion furnace) monitored by a complete
breath-bY-breath, on-line metabolism measurement system. Any desired
protoco1 can be programmed by specifyi ng, for each peri od of the protocol,
the oxygen consumption (V02), carb?n dioxide elimination (VC02)' respiratory
frequency (fr ), ventilation rate (V E), and the breathing waveform. shape.
All metabol!c states from rest to supermaximal can be simulated: V02 from
0-6 l/min, VC02 from 0-7 l/min, and VE from 0-130 l/min. The time constant
for r~quested changes in metabolic state is nominally 1 minute. Corrections
for changes in inspired gas composition are made immediately after every
respiratory cycle. Results are monitored continuously, Our ABMS systel'l
meets all of the l'equirements as a candidate for complete "man-test" simula­
tion for testing self-contained breathing apparatus using testing guidelines
such as 30 CFR 11.

INTRODUCTION
Simulation of human respiration Ilas proven over the years to be a greater

ella 11 enge than milny reseal'chers' ori gi na1 expectat ions. Tili s resea rch effol't
Ilas spanned nearly fifty years, since tile early work using crankshaft-driven
diapllra~]lns witll variable fulcrums to val'y the stroke of tile diaphragms.
One large diapllragm produced tile ventilati?n (VE), one smaller diapllragm
injected CO2 to simulate CO2 elimination (VC02)' and one smilller diapllragm
witlldrew gas to simulate oxygen consulnption (1'02)' Tilese early systems were
vary durable hut produced poor sillllilatiolls in many situations. For example,
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V02 with the early systems was directly proportional to inspired oxygen con­
centration (FI02), when a constant V02 was desired. Changes in simulated
exercise protocol were all performed manually. Also, no monitoring of gas
concentrations, pressure or temperature were integrated into the system.
Improving the performance of automated breathing and metabolic simulator
(ABMS) systems beyond these early systems has revealed a large 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 problem in ABMS development has been incor­
porating ABMS-system responsiveness 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 superimposed changes in exercise intensity and inspired
gas concentrations is too,dynamic to simulate without responsive monitoring,
decision-making and control. F~r example, an adequate ABMS system, like
the human body, must exhibit a V02 which is indepdendent of FI02. But, the
ABMSsystem must do this without the benefit of numerous biochemical regula­
tion mechanisms of the human, such as the blood's oxygen dissociation
characterist!cs. Si~ce practical considerations have forced ABMS designers
to simulate V02 and VC02 by withdrawal and injection of gases, a fast
response control loop 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
responsive 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 control changes initiated by the ABMS
system should be reflected as a correction observed at the mouth within
several breaths. This implies, among other constraints, breath-by-breath
monitoring of gas exchange.

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

all
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ABMS systems with separate inspired and expired ventilation flow pathways
have shown undesirably long 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 resulting 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 were produced at considerable
cost per system, undesirable shortcomings in the system were inevitable.
Our system is radically different and solves all the classical ABMS system
problems. It is responsive with respect to all necessary parameters; system
dead space, measurement, intelligence, and control. The system does not
burn combustible gases to simulate metabolism. Nitrogen injection is used to
provide proper simulation under all conditions of O2 concentration and
desired exchange ratio. All variables which are currently required to estab­
lish a pass or fail decision after testing a SCBA are measured using true
breath-by-breath monitoring tec'hniques. All the injection and withdrawal
techniques display no compliant characteristics. The design of the ABt~S

system is very similar to the human anatomy and dead-space compartments
have volumes which are equal to a human. All dynamic protocols which are
humanly possible are easily programmed/executed.

SYSTEM DESCRIPTION
This revolutionary concept in automated breathing and metabolic simulators

has been constructed for a totally automated exercise protocol, such as the
requi red "man-test" for respi ratory protecti on devi ce certHi cati on by the
National Institute for Occupational Safety and Health. The flexibility and
capability of this system can be appreciated when one understands the immense
power of current mini -computers, the 'wart of the measurement and control
functions. All of the simulator's intelligence, enabling it to perform as a
human subject, the desired exercise protocol, and the recorded history of
performance (resulting .data) are stored on disk files in the computer. Almost
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no constraints on behavior are built into the physical sub-assemblies of
the simulator (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 lung
waveform and the breath-by~breath, on-line 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 CO2 into the lung
and inhaled gas mixture of N2, CO2, 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. All breathing waveforms with ventilations ranging from °to
130 l/min STPD are programmable where the waveform can change nearly every
breath. 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 no undesirable complaint characteristics.
Metabolism Simulator
. Carbon dioxide elimination (VC02) is simulated by CO2 injection where
VC02 is equal to the CO2 inject!on rate minus the CO2 lost through the e~haust

flow. The oxygen consumption (V02 ) is simulated by 02 withdrawal where V02
is equal to the 02 lost through the exhaust flow. The N2 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 (VC02' V02, and/or exchange ratio).
The continuous-flow concept also performs a better inter-breath simulation of
the progressive increase in expired CO2 and progressive decrease in 02
expired as with actual human subjects. Otller AOMS systems display constant
expired gas concentrations, which is a poor simulation and may affect results
obtained when testing respirators.

41
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This continuous flow concept is simple in concept; however, it requires
a dynamic and intelligent monitor (the computer) to rapidly readjust the
valve settings if inspired concentrations are changing. All 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 AOMS system because inspired gas composition can
change dramatically in only seconds when testing respirators with pure 02
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
respi ri ng robot system uses the i nformati on to "fi ne tune" the actual va Ive
settings to achieve exact values of desired metabolism.
Measurements

All the measurements are effectively instantaneous and continuous; no
slow speed multiplexing of electronics or mechanical valves limits the
respiring robot system from continuous monitoring of all measured variables.
All measurements are made with fast response sensors and most measurements
are made at the mouth: 02 and CO2 concentration, flow rate (ventilation),
pressure and temperature. These signals are processed digitally, primarilY
through numerous integration operations throughout inspiratory and expiratory
cycles to calculate the desired parameters. Even though any conceivable para­
meter can be calculated, the following are currently calculated breath-by­
breath and are also available as an average over any desired interval (typicallY
one minute): oxygen c~nsumption (Vo ), carbon dioxide elimination ('JC02) ,

expired ventilation (V E), inspired ~entilation (VI)' frequency of breathing
(fr ), expired tidal volume (VET)' inspired tidal volume (V n ), inspired 02
fraction (FI02), inspired CO2 fraction (FIC02)' expired 02 fraction (FE02),
expired CO2 fraction (FEC02)' peak inspired pressure (PPI)' peak expired
pressure (PPE)' end tidal CO2 (PETC02), minimum inspired CO2 (PMNC02)' minimum
mouth temperature (TEMN ), maximum mouth temperature (Tl~lX)' expired time (tE),
and inspired time (t I ). All results are stored in standard units.

This breath-by-breath data is averaged and stored on disks for later
reference and/or report writing and/or statistical analysis with other tests.

le.!TlP_e ra ture J1.n.cULUDILdjE_
Temperature and humidity simulation with tile respiring robot system is

simpli fied by the similarity between the physical layout of the system and tho
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human anatomY. Two thermal reservoirs, the lung and the upper airway heat
exchanger, are maintained at 37 degrees centigrade. Since the respiring
robot system has a bidirectional airway flow in an identical 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 lung. The water wets the entire mixing chamber
and lung. 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 alveolar and branchi volume in the human are simulated
as a single lumped 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 protocols 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 30CFRll "Man-Tests" are a
subset of the library of protocol data files. Protocols have no limits 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 timeslminute or every 15 seconds.
Maintenance

Daily maintenance involves very few items; checking the humidity water
reservoir, 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.

II sophisticated system like 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, 30CFRll "Man-Tests," and special transient exercise simula­
tions at both room air and high oxygen environments. Tests have been performed
with chemical and bottled SCBlls. Single SCBA test durations have been up to
120 minutes and actual testing of up to six hours in an eight-hour day.

4:1

Respiring robot metabolism and ventilation were measured using total
collection of the expired gases in a 200 liter collection bag during a steady­
state metabolism (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 g~s analyzers. Comparisons
between the respiring robot and the coll:ctions for V02s from rest to
3.0 llmin have been with 5%. The upper V02 range of the respiring robot
extends to 6 llmin, but has not been validated. Duri~g an es~ablished steady­
state work rate, variations in 30 second averages of V02 and VC02 are less
than 10%, and overall averages differ less than 5% from the desired condition.
Sudden changes in environmental conditions, such as when the SCBA is first
connected to the respiring robot and the oxygen levels rise from 21 to 70%
in a minute, produce temporary pertubations in V02 and VC02 are typically
20% over 90 seconds; however, th: overall average over the same period deviates
less than 5%. Perturbations of V02 are typically 100% which seem high; however,
this is predominantly due to the washout of the lungs of the respiring robot
in a manner identical to that of a human subject.

Transient metabolism control characteristics are dependent on the magnitude
of the change requested. The time constant for changes in metabolism of
0.1 llmin is 10 to 20 seconds. The time constant for changes in metabolism of
1.0 llmin 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
laboratory (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 protocol activities, such as most 30CFRll
"Man-Tests," are too short to achieve steady-state. This means that the subject
or IIBMS is a transient state the majority of the time. For example, laddermill
activities during 30CFRll "Man-Tests" achieve only 60% of the metabolic rate
which would be 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 0.5 minute averages for a 30CFRll 30-. .
minute "Man-Test" No.2. Both V02 and VC02 for the human show more varia-
bility than those of the IIBt1S Wllicll is expected due to tile variability in
human subject breathing. These comparisons shovi good agreement with the
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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 smail 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 5 and 6 for a 30CFRll 10-minute "Man-
Test" No.2. Major differences in results between room air and SCBA conditions
occur when donning and removing the SCBA. The sudden changes in oxygen
concentration cause perturbations of the metabolism (primarily V02) 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 5 and 6 were measured at room air conditions for practical considera­
tions. Respiring robot results in Figures 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 variability between tests and slightly inappropriate
protocol requests to the simulator with regard to a specific subject's response.

Repeatability has been a major performance goal. Two methods have been
used to evaluate repeatability; comparisons with human test durations using
SCBAs, and comparisons between total gas exchange throughout a test protocol.
A one-hour protocol was used where the work rate cycled from rest to
1.0 l/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 these 27 tests, the measured total
mean volume of CO2 delivered to the respirator was 45.8 liters with a standard
deviation of 2.1 liters. Total mean volume of O2 consumed was 52.0 liters, with
a standard deviation of 4.8 liters.

Instantaneous recordings of expired gases show similar.waveforms when
comparing human subjects and the simulator. At 1.0 l/min, V02 and conditions
of normal breathing and hyperventilation, Figure 7 shows the instantaneous
CO2 during an expiration for the simulator and the human subject.

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

DISCUSSION
The respiring robot is an ABMS 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 like 30 CFR 11
certification "Man-Tests." No limitations have been observed in one year of
operation involving SCBAs which would preclude the respiring robot from
becoming a total replacement for evaluating human subjects' metabolism and
breathing effects on SCBAs. Of 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 reservoirs, 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 observed are minimal. Checks for
leaks caused by defective tubing and fittings must be done periodically. Even
seemingly minor leakage at certain locations within the system can cause
significant errors. 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 been disrupted due to
leaks. A more potentially serious 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, metabolism control, breathing control, and measurement
functions simultaneously. These functions include everything from the simple
operator-computer interaction to the most complex mass balance calculations.
The software dependence enables the system performance, simplicity of
mechanical design, and flexibility.

The total software dependence of the respiring robot allows a complete
change in the operational objective by simply changing the current running
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
robot's operating characteristics. This also enables certain "bench tests"
to be performed on the respiring robot without changing the mechanical con­
figuration.
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APPENDIX Fl:

A MATHEMATICAL COMPUTER SIMULATION OF BOTTLED OXYGEN-TYPE
RESPIRATORS AND HUMAN SUBJECTS

This chap~er gives a comple~e descrip~ion of ~he model
simula~ing a human brea~hing with a bo~~led oxygen type
respirator. The description is divided in~o two dis~inc~ parts.
The firs~ par~ is a general overview of the en~ire model along
wi~h a descrip~ion of the man tests that will be used as the human
input parame~ers. The second half is a description of the C02
scrubbing uni~. The results of ~he valida~ion study for this
por~ion of the model will also be presented.

This firs~ sec~ion is a general overview of the REspira~or

MODel (REMOD) system writ~en in the form of a flow chart of the
ac~ual program. The model is se~ up so ~ha~ the simula~ion can
begin when ~he respirator is donned either at the beginning of an
inspira~ion or an expiration. However, most manufac~urers

recommend ~hat an inspiration should occur first. Therefore this
discussion of the program is written in that mode. An importan~

fac~ ~o keep in mind is ~ha~ the model i~era~es on a
brea~h-by-brea~h basis as opposed to ~he more conventional me~hod

of ~ime iteration in which each brea~h is divided up in~o many
small time increments (Dickinson, 1977). This allows the model ~o

run much faster ~han real time even on a small compu~er.

The diagram ofa human and respira~or simulation (Figure
Fl-l) shows the rela~ionships between the various par~s of ~he

model. All of the items drawn are easily changed within the model
to accomodate different types of respirators, as well as ~he wide
varie~y of humans possible. The three ~riangles surrounding ~he

two large boxes (labeled HUMAN LUNG VOLUME and RESPIRATOR BAG
VOLUME) represen~ summers which keep track of ~he individual gas
volume assigned. As the diagram shows, the gas volumes are
composed of the gas inhaled or exhaled plUS or minus any gas ~ha~

either the respira~or or the human produces or consumes. An
impor~an~ difference be~ween ~he ~wo halves of the model is ~he

diamond shaped block below the respira~or bag volume block. This
block shows ~he bag volume being ~es~ed continuously wi~h gas
being ven~ed if the volume is too large or oxygen being injec~ed

by ~he demand valve if ~he volume is too small.

The model is wri~~en as a shor~ main program which calls
various subrou~ines; in ~urn, ~o perform ~he ac~ual calcula~ions.

This set-up was chosen to allow the user ~o quickly and easily
change the respira~or's characteristics to accommodate different
manufacturer's specifications {Deno, 1983}. There are several
subroutines at the beginning of the program that are called only
once in order to set up the initial conditions of the human
subject and the respirator.
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Af~er ~he respirator and ~he human have been set up, ~he

model calls ~he PROTOCOL subroutine which establishes the human
work ra~e. The work rates were chosen from ac~ual tests of people
working under the MSHA/NIOSH, 30 CFR Par~ 11, work protocols. The
values ~hat ~he simulation ob~ains from ~his subroutine consis~

of: {a} V02, a measure of ~he ra~e at which ~he body is consuming
oxygen {02}; {b} VC02, a measure of ~he rate at which the body is
producing carbon dioxide (C02); (c) FB, the frequency at which
the wearer is breathing; (d) VE, the total volume of air moved
past the mouth in one minute; and (e) TIME, the length of time
this level of work must be continued. Different work rates are
specified in an attempt to simulate the actual rescue or escape
experience in the mine.

The first subroutine the main program calls is responsible
for producing the desired characteristics of any brand of
respirator. Basic variables include (a) maximum bag volumes, (b)
volume of 02 available, (c) dead space within the breathing hoses,
and {d} type of C02 scrubber. The scrubber can be changed from a
uni-directional flow type canister to a bi-directional flow model.
Once the overall scrubber's characteristics have been de~ermined

(including diame~er, length and weight of LiOH present in the bed
of the canister) the characteristics of the shrinking pore model
are set, based on ~he size of the granules. A more de~ailed

description of ~he workings of this shrinking pore model follows,
including i~s validation based on experimental data presen~ed by
Bernard (1979), Boryta and Maas {1982}, and Kyriazi (1984).

Human characteris~ics tha~ need to be established include:
(a) functional residual capacity of ~he lung, which is a measure
of the volume of ~he lung following" a normal expiration; {b} dead
space made up of the ~rachea, bronchia, mouth and nose; and {c}
alveolar 02 and C02 concen~ra~ions, which are measured wi~hin the
lung. Values for ~he average alveolar 02 and C02 concen~ra~ions

were ~aken from an ar~icle by Murphy {1969}. He ob~ained his data
from ac~ual measuremen~s on humans. Values for ~he o~her ~wo

charac~eristics were se~ at average values for normal, healthy
humans (Bannister, Cunningham, & Douglas, 1954).

Every~hing is now set for ~he first inspira~ion of ~he ~es~

simula~ion ~o begin. A minor error is made here in assuming that
the dead space of both the respirator and the human are filled
wi~h gas of ~he same concentration as that, of ilnormal" room air.
If ~he respirator were ac~ually being donned during an escape
attempt in a mine, chances are the ambien~ conditions would not be
ilnormal" room air.

The first calcula~ion the model makes is an estimation of the
fractional concentration of ~he gases passing by ~he mou~h. Nex~

it determines new lung volumes based on the air in the lung. I~

is assumed ~hroughout ~he model that the lung, as well as the
respirator, contain completely mixed gas. This assumption is
based on the paper by Murphy, describing a model of lung gas
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exchange. In i~ he calcula~es !'~ha~ ~he oxygen par~ial pressure
fluc~ua~es approxima~ely 2 mmHg on ei~her side of ~he mean value"
in ~he lung during bo~h inspira~ion and expira~ion. This
corresponds ~o a fluc~ua~ion in 02 frac~ional concen~ra~ion of
0.27 percen~. Considering ~he accuracy of ~his model, we
concluded ~ha~ our assump~ion of a lung's con~aining perfec~ly

mixed gas was no~ a significan~ ~rror. Also, since ~he model
i~era~es on a brea~h-by-brea~h basis and only repor~s values on
~he ~he half minu~e, we ignored ~he fluc~ua~ion in frac~ional

concen~ra~ions a~ ~he mou~h due ~o mixing wi~hin ~he lung and ~he

respira~or's brea~hing bag.

Two separa~e measuremen~s (calcula~ions) of inspired C02
concen~ra~ion are made and recorded during ~he inspiratory phase
of the breathing cycle. The first measurement is the average C02
concen~ration ~aken over an entire breath. The second measurement
is the concentration of C02 a~ the distal end of the respirator
breathing hose. This measurement is the one that best
approximates the measuremen~ MSHA/NIOSH would make during an
actual human test of a respirator. The average C02 concen~ra~ion,

measured at ~he mouth over an entire brea~h, however, will be
significantly higher than that in ~he brea~hing bag due ~o the
volume of C02 in the respira~or's dead space that does not reach
the scrubbing unit.

A major assumption of ~he model is tha~ all of a person's
metabolism occurs during ~he inspira~ory phase of ~he brea~hing

cycle {Deno, 1983}. This is a major simplifica~ion since ~he

cells are continuously consuming and producing 02 and C02. This
simplifica~ion was necessary if ~he brea~h-by-brea~h time
incremen~al sys~em is ~o be implemen~ed.

Mos~ bot,~led oJ~ygen respira~ors are· equipped \Ali th a demand
valve which is ac~iva~ed when ~he pressure in ~he brea~hing bag
drops below a set poin~. This drop in pressure corresponds ~o an
emp~y brea~hing bag. Our model works on ~he basis of volumes,
hence the demand valve is activated when ~he inspired volume
exceeds the volume of gas within ~he brea~hing bag. Respira~ors

tha~ are no~ equipped with a demand valve of ~his ~ype must have a
grea~ly increased constant flow rate. The MSHA/NIOSH s~andard for
constant flow rate in a respirator with a demand valve is set at
1.5 liters/minute and without a demand valve at 3.0 liters/minute
(30 CFR Part 11.85b).

When the inspiratory phase is complete, the model begins the
calculations for the expiratory phase. An important parame~er

that mus~ be calculated is the change in the expired tidal volume
due to the respiratory exchange ra~io of the human subjec~.

During sub-maximal work ~he volume of C02 produced is less than
the volume of 02 consumed. This means the volume of the human
lung would continually decrease if both the inspired and expired
tidal volumes "'Jere equal. On the other hand, a-t ma}! imal "'Jork
loads in an anaerobic condi-tion, -the lung volume would increase
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due to the respiratory exchange ratio. Both of these conditions
mus~be accounted for if the model's total gas volume is to s~ay

cons~ant throughout the changing work loads. This is done by
modifiying the expired tidal, volume by the respiratory exchange
ratio.

The model always assumes that the volume of nitrogen {N2} in
the lung is constant. Otis, Rahn, and Fenn {1948} show that the
change in N2 concentration during breath holding {50 seconds} is
less than 1 percent. Since we are not prolonging the residence
time of the gases in the lung, the actual change in N2 volume, due
to absorption by the body, should be far less than 1 percent.

After the modification of expired tidal volume has been taken
into consideration, the model determines the fraction of gases
passing by the mouth. After the gas passes the mouth it enters
the C02 scrubbing unit, which is represented by a shrinking pore
model described in more detail later. This model gives the
concentration of C02 coming out of the LiOH bed. Then it
calculates and records the scrubbing efficiency and total moles
scrubbed. Finally it figures the new volume of gas in the
breathing bag, which is due to the influx (expiration) of gas from
the human.

Most respirator breathing bags are equipped with a relief
valve to prevent the bag from over filling. This model is no
exception. It compares the new bag volume to the maximum bag
volume, which is an input variable of the respirator
characteristics subroutine, and then finds the volume that needs
to be vented. This value, along with the total volume of 02
produced and C02 scrubbed, is recorded and printed along with the
rest of the tes~ data.

The model increments on a breath-by-breath basis. It sends
data to an averaging routine after every breath, from which half
minute averages are calculated and writ~en to an output file, as
well as being presented on the CRT screen. This output file
contains the work rate; all of the human breathing
characteristics; the inspired and expired gas fractions of 02,
C02, and NZ; and the previously mentioned values of OZ produced
and C02 consumed. The model also includes in its half minu~e

reports the amount of 02 received via the demand valve, the amount
of gas vented and the scrubbing efficiency of the canister {Figure
Fl-2}.



0.2 em

ACTUAL
HEIGHT

\
GAS INLETGAS INLET ~

LiOH GRANULES

GAS INLET,

ACTUAL LiOH

SCRUBBING CANNISTER

MODEL'S REPRESENTATION

OF SCRUBBER

A SINGLE PORE

FROM MODEL

Figure Fl.2. Diagram showing progression from actual respirator CO
2

scrubber to a single
pore within the CO2 scrubbing subroutine

'tl
::J:>'
G.I
t:.;1

.....
r..tl
(Ll



PAGE 134

The model has now completed one entire breath. The protocol
must be checked at this point to determine whether a new work rate
is required. If it is, the model reads in a new set of data and
continues to breathe. If a new work load is not required, the
model goes to the next phase of a breath and continues until the
total time of the test is exceeded or until it is determined that
the respirator has failed the test for any reason set forth in the
MSHA/NIOSH rules and regulations.

Obviously the REMOD system cannot run or climb a ladder.
Therefore the exercise is performed by human subjects and the
intensity levels are recorded. Kamon, Bernard and Stein (1975)
measured the steady state response to each of the activities
required in the MSHA/NIOSH 30 CFR Part 11 regulations for humans.
In another paper Bernard, Kamon, and Stein (1979) give equations
describing the relationship between V02 and VE with the rate of
C02 production (VC02} and the frequency of breathing {FB}. The
equations are based on an average (50th percentile) minerls body
weight and fitness level. A 95th percentile man can be
approximated by adding 1.65 to the mean value of V02 or VE and
multiplying by the standard deviation. The other values can then
be recalculated based upon the higher V02 and VE values. These
values for the steady state responses to the activities required
in the man tests are calculated and input as variables into the
human side of the simulation.

The respiratory and circulatory systems I ability to provide
02 during these tests lags behind the start of exercise! causing
the human subject to accrue an 02 deficit as the muscles resort to
anerobic processes to produce the necessary energy during the
transient period between the beginning of exercise and the steady
state value. This 02 deficit must be repaid as soon as the
exercise ceases. During this transient "repayment" period the
bodyls aerobic activity remains elevated.

Estimation of the humanls aerobic activity, i.e., oxygen
consumption and carbon dioxide production, during this transient
period is more difficult to predict than the steady state
responses. We calculated the values for the transition periods
from regression equations presented by Linnarsson (1974). He
measured the response of eight subjects to step changes in work
load and fit first and second order exponentials to the output
waveforms. He presents equations for both the step up to exercise
and the step down from exercise for V02, VC02, VE, tidal volume
(TV}, and functional residual capacity (FRC).

The C02 Scrubbing Unit Model:

The second half of this chapter concerns the shrinking pore
model used in conjunction with the REspiration MODel (REMOD)
program. This pore model simulates the scrubbing action of the
lithium hydroxide (LiOH} in the respiratorls absorbing canister.
The basic idea for the model was taken from two papers, one by



PAGE 135

Ramachandran and Smi~h (1977) and ~he o~her by Chros~owski and
Georgakis (1978).

Bory~a and Maas (198Z) s~ate in ~heir paper tha~ "The
absorp~ion of COZ by LiOH is apparen~ly a diffusion con~rolled

process". With ~his in mind we decided ~o implement a kinetic
reaction model based entirely on diffusion. The aforementioned
papers described models of ~his ~ype. We decided to use a
modifica~ionof ~hese models for several reasons~

1. " ••• the effect of chemical kinetics on ~he absorption
process is not as important as the dynamics (dimensions) of bed
configura~ionu (Bory~a & Maas, 198Z).

2. The physical proper~ies required of ~he reactant and ~he

product are not all known. This problem was faced by the other
authors when trying to valida~e their models.

3. The methods for solving the differential equa~ions

involved are complex and time consuming. One of ~he main goals of
the model was ~o have i~ run faster ~han real-time on a small
computer. The models described in the published papers could not
be solved wi~hin this time constraint.

4.
scrubber
that the
rigorous

Representing the functional characteristics of the C02
was more important to the overall study than requiring
scrubber characteristics be determined from the most
absorption models.

After considering this information, we decided to create a
simplified version of a shrinking pore model as the COZ scrubber
portion of the overall model. The equations describing the
initial pore dimensions were ~aken from the paper by Ramachandran
and Smith (1977). These equations determine the initial pore
radiUS, initial wall thickness and the overall depth of the pore,
based on macroscopic properties of the LiOH granules. The total
chemical bed is divided into ten equal regions, by volume,
representing the actual scrubbing bed within the respirator. The
regions are divided along ~he axis of flow through the bed. Each
region's pores are independent of the other nine regions of the
bed. Each region contains a large number of "small" pores assumed
~o be homogeneously dis~ribu~ed (Figure Fl-Z). This allows
plotting of the pore radius as a function of bed length. Also,
the concentration of the ou~le~ gas from each layer, or region, of
the bed can be plot~ed, detailing exac~ly ~he concen~ration

profile within the scrubber.

The equation governing ~he absorp~ion rate or reaction rate
of ~he C02 is divided in~o Z distinc~ terms. The first ~erm~

K1 * (rad}**Z * pi * cone I pore dep~h (1)
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where: rad = ~he radius of pore mou~h

pi = 3.14159
cone = ~he concen~ra~ion of COZ en~ering

pore dep~h = dep~h of pore
Kl = diffusion coefficien~ (cm**Z/min)

The firs~ ~erm models ~he diffusion of ~he gas into the pore,
~aking into account ~he cross-sectional area of ~he pore, the
concentration of ~he gas, and the depth of ~he pore. A single
diffusivity cons~ant (Kl: cm**Z/min) from this ~erm (1) is varied
~o improve~he fi~ of ~he model data to empirical da~a, as
Ramachandran and Smi~h did in their s~udy. This constan~ is
related to the diffusion coefficient of the gas within the pore
and/or ~he reaction rate cons~ant. We assume that the reaction
occurs so rapidly ~ha~ for practical purposes the constant can be
reduced to a basic diffusion rate constant. It is assumed tha~

the absorption ra~e is proportional to the concen~ration of gas at
the pores opening.

The second term of ~he equation accoun~s for the decrease in
diffusion rate ~hrough the reaction product as the product layer
thickness increases. The second term:

K4 * {fractional change in pore radius} {Z}

where: K4 = diffusion cons~ant {cm**Z x Vol%)/min

The decrease in diffusion is proportional to the fractional change
in the pore radius. Chrostowski and Georgakis (1978) make a
similar adjustment in the diffusion constan~ in their model.

The overall equation, combining ~he first and second terms;
predicts the number of moles of COZ absorbed in each region:

(1st - Znd) * (Num pores/Mol vol) * Res time (3)

where: 1st = the first term (1)
Znd = the second term (Z)
Num pores = number of pores in each region
Mol vol = molecular volume of an ideal gas
Res time = residence time of gas in each layer

In terms of an electronic analog, the firs~ term (i) of the
overall equation can be ~hough~ of as a conductance {A} and
resistance"(E} in series {Deno, 1983}.
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This ~erm, the ra~e of molar absorp~ion, can be ~hought of as the
curren~ ii) in ~he circui~. Wi~h ~his circuit, ~he concentra~ion

is analogous ~o the voltage. Now, ~he equa~ion describing ~he

ra~e of absorption ii) would be wri~ten as i= Cone x{AxB/A+B). We
have approximated this equation by i= Cone x{A - lIB}, and assume
~hat B is never equal ~o zero.

The simulation begins with B at positive infinity and proceeds
toward the lower limit of zero. Based upon the molar volumes of
both the product and the reactant and the stoichiometric
limitations of the chemicals, the reactant {LiOH} will be
exhausted long before the pore closes. Pore closure is equivalent
to the 'B-equals-zero' condition. If one considers the two
equations near the initial limit of B equal to infinity, the rate
of absorption is nearly identical for both equations.

To be perfectly correct, the concentration of ~he gas should be
allowed to vary over both ~he axial and longitudinal dimensions of
the pore. This condition would require a partial differential
equation in three variables. Other au~hors (Baasel &
Stevens1961; Chrows~owski & Georgakis, 1978; Ramachandran & Smi~h,

1977; Szekely & Evans, 1970) have assumed the longi~udinal

concentration ~o be a cons~an~, and writ~en differential equations
in two variables. We assume that both the axial and longitudinal
concentrations within the pore are cons~ant. This assump~ion is
most prevalent in the second term of the overall absorption
equation. This assumption allows us to combine the concentration
and the diffusion constant of ~he second term (Zed) into one new
constant K4 : (cm**Z x Vol %)/min.

The second equation describing the basic model calculates the
change in volume of the pore.

Vol = Mol abs * (Vol pro - Z*Vol reac) I Num pores

where: Vol = change in volume of the pore
Mol abs = number of moles COZ absorbed
Vol pro = molecular volume of the product
Vol reac = molecular volume of the reactant
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Mum pores = number of pores in each region

This change in volume of the pore is used to find the new
(smaller) pore radius. The pore closes down as the reaction
progresses due to the change in molar volume of the reactant as it
proceeds to the product stage. It is assumed that this change
(2.Z ml/mole COZ absorbed Markowitz, 1965) in volume of the pore
is spread out evenly over the entire pore. It is known how many
moles of COZ enter the region and the number exiting and therefore
the number of moles of COZ absorbed. The number of moles of
Li2C03 formed can be calculated based on the overall chemical
reaction:

Z LiOH + COZ LiZC03 + HZO

The number of moles of COZ absorbed for each mole of LiOH present
is set at the theoretical value of 1:2 from the above equation. A
weakness in our model is that the quantity of the intermediate
product, LiOH-HZO, is not predicted. The equation above is the
overall sum of two equations:

LiOH + HZO

Z LiOH-HZO + COZ

LiOH-HZO

Li2C03 + 3 HZO

Boryta and Maas (198Z) performed a chemical analysis of the LiOH
bed at the end of each test and found that the intermediate
product LiOH-HZO could account for over ten percent of the volume
of the chemical. In their experiment, Boryta and Maas changed the
reactant-product ratio from 1:1 to the theoretical value of l:Z by
controlling 'the production of the intermediate product. They
accomplished this by varying the humidity and temperature of the
inlet gas. Since our model is not able to predict this
intermediate product, an arbitrarily chosen intermediate value is
used exclusively.

Results of the Validation of the Pore Model:

To validate this model, we used data from two independent papers
by Boryta and Maas (198Z) and Bernard, Kyriazi, and Stein {1979}
which describe a set of continuous flow experiments. Boryta used
a balanced, two-level factorial design with fractional replication
composed of 39 tests including center points. The independent
variables in this experiment were {a} bed length, (b) lineal gas
velocity, {c} input COZ concentration, (d) gCOZ/gLiOH -absorption
capacity, (e) temperature, and (f) relative humidity. Since our
model does not take all of these variables into account, we could
only use a portion of his data in our validation.
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Table Fl-1 shows ~he r~sul~s comparing our model, in a
con~inuous flow mode, ~o Bory~a's da~a. The ~es~s shown below all
had similar (a) bed leng~h; (b) ~empera~ure; and {c) relative
humidi~y charac~eris~ics. Tes~ number 4 had an inle~ gas
concen~ra~ion of 1.1 percent C02; while all ~he other ~es~s had
4.4 percen~ as ~he inle~ C02 concen~ra~ion.

Table F1-1

Tes~ VEL bTl mT1 bT2 mT2 bT3 mT3 bCAP mCAP
---------------------------------------------------------

3 457 13.1 25.6 61. 7 65.8 73.0 71. 7 0.63 0.71
4 2901 3.3 0.0 3.9 0.0 46.8 49.6 0.27 0.26

16 2905 4.3 0.0 5.1 0.0 87.0 97.0 0.42 0.39
27 463 13.5 24.5 59.0 60.8 72.0 73~1 0.62 0.65

2 2886 4.5 0.0 5.0 0.0 47.0 49.6 0.27 0.26
39 951 2.5 0.0 21.5 33.8 34.6 40.8 0.52 0.66

---------------------------------------------------------

t'Jhere;
TEST: Individual tes~s (Bory~a & Maas, 1982)

VEL: Inle~ lineal gas veloci~y {cm/min}
prefix b: Boryta's ~est results
prefix m: Models predicted value

suffix Tl: Time for outle~ frac~ion 0.5 % (minu~es)

suffix T2; Ou~le~ fraction 1/2 ~he inle~ concen~ra~ion

suffix T3; Final time of the ~es~ {minu~es)

suffix CAP; Grams of C02 absorbed/grams LiOH present.

Figures Fl-4, Fl-5; and Fl-6 show ~he effec~s of varing inlet
gas velocity upon C02 frac~ion a~ the outle~ of the scrubber
versus ~ime. Inle~ gas veloci~ies are: Figure Fi-4) 457 em/min.
Figure Fi-5) 951 em/min. Figure Fl-6) 2901 em/min. The circles
on Figures Fl-4, Fl-5, and Fi-6 represent ~he value of ~he outlet
gas concentration a~ ~he three discrete ~imes repor~ed by Boryta
and Maas (1982). The con~inuous line shows ~he value ~he model
predicts over ~ime, given the same inlet gas velocity as in
Bory~a's experimen~.
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Figure Fl-7 shows ~he resul~s of an en~irely separa~e se~ of
experimen~s performed by Bernard, Kyriazi, and S~ein (1979). They
used an ac~ual, LiOH, C02 scrubbing uni~ from a produc~ion model
respira~or in ~he experimen~s. They connec~ed ~his canis~er "~o a
brea~hing machine designed ~o simula~e ~he human breathing pa~~ern

at, a modera~e work ra~e". This machine pumped compressed gas of
3.5 percen~ C02 in air ~hrough ~he canis~er. The exi~ air was
sampled and ~he C02 concen~ra~ion recorded. Three differen~ work
ra~es were chosen which produced ~hree differen~ gas flow ra~es.

Three ~es~s were run a~ each flow ra~e and the resul~s averaged ~o

ob~ain a mean response. "Maximum devia~ions about ~he mean were
plus or minus ~wenty percen~". Table Fl-2 shows a comparison of
break ~hrough ~imes (0.5 percen~ C02) between ~he model and
Bernard's da~a.

Table Fi-2

Model's predic~ion

(minu~es)

219.7
326.4:
54:1.4

0.5 percen~:gCOZ/gLiOH

Bernard's ~ime

(minu~es)

216
318
495

Absorp~ion Capacity

Flo~, rat,e
(l/min)
48
37
26

To~al

Bernard: 0.49 Model: 0.51

The nex~ section is devo~ed ~o showing ~he in~ernal workings of
~he pore model. Various inves~iga~ors (Chrows~owski & Georgakis 1

1978; Ramachandran 8/ Smi~h, 1977) have sho\,in similar graphs as a
valida~ion for ~heir models. These figures show ~he changes in
pore radius and C02 concen~ra~ion a~ differen~ levels wi~hin ~he

model. The values are sho~m at several differen~ ~imes ~o

charac~erize ~he dynamic ac~ion of ~he pore model.

Each line in Figures F1-8, Fi-9, and Fl-10 shows ~he inle~

C02 frac~ion a~ each region of ~he bed. The ~o~al ~ime of ~he

~es~ was evenly divided in~o six segmen~s in order ~o show ~he

varia~ion in C02 profiles wi~h ~ime. A~ ~he lower inle~ gas
veloci~ies (Figure Fl-4:) ~he C02 is absorbed near ~he beginning of
~he scrubbing canis~er. As ~he gas veloci~y is increased (Figures
F1~91 F1-10)1 ~he concen~ra~ion profile becomes more linear owing
~o ~he decreased residence ~ime of ~he gas a~ each s~age (layer)
of ~he model (Wang, 1981).

Each line in Figures Fi-il, F1-12, and Fl-18 shows ~he pore
radius a~ each layer wi~hin ~he model. The ~o~al ~es~ ~ime was
again evenly divided in~o six segmen~s in order ~o show ~he change
in pore radius wi~h respec~ ~o ~ime ~hroughou~ ~he ~es~. The
uppermos~ line in each of ~he graphs represen~s ~he ini~ial pore
radius a~ ~ime zero. These graphs depic~ ~he closing down action
wi~hin ~he pore due ~o ~he increased molar volume of ~he produc~.
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Discussion of ~hese Resul~s:

Tes~s 4, 16, 28, and 39 from Boryta and Maas (1982), shown in
Figures Fl-4 and Fl-5, could not be adequa~ely predicted at the
first two times. This could be due to ~heir set-up. The first
time may have been affected by the lag ~ime of their experimental
set-up rather than by the absorption of the C02. The error in the
second time could also be explained time of the system. This
explanation seems likely after comparing the third times and the
total absorption capacities. When plotting the concentration at
the outlet of the canister versus time, the area under this curve
would be proportional to the amount of C02 absorbed during the
test (constant flow). Considering the possible lag in Boryta's
data, our model is producing a good replication of Boryta's
experimental data.

~lgures Fl-8, Fl-9, and Fl-l0, giving the C02 fraction as a
function of dep~h in the bed measured in terms of percent of the
total bed length, show the same characteristic in a different
manner. Figures Fl-8 and Fl-9 show an initial steep drop in the
C02 fraction as the gas proceeds into the bed. As the total test
time increases, the slope of this line decreases drastically
until, near the end of the test, the concentration profile
thoughout the bed is nearly constant. This constant signifies
tha~ the bed is no longer absorbing C02. A paper published by
E.E. Peterson (1957) on "Reactions of Porous Solids" has graphs
showing the same type of concentration profiles within the
absorbent bed. The graph of test 32 (Figure Fi-l0) shows the
concentration profile throughout the bed during a test with a high
inlet gas velocity. This graph shows that the C02 is literally
being blown through the canister, significantly decreasing the
diffusion time and ~herefore severely limiting the absorption ra~e

of the C02 (Adriani & Rovenstine, 1941; Wang, 1981).

Figures Fl-11, Fl-12, and Fl-13 showing pore radius as a
function of dep~h in~o ~he absorben~ bed explici~ly reveal ~he

pores' closing down as a function of time. Near the beginning of
the test, when the majori~y of ~he C02 is being absorbed at the
beginning of the canis~er (Figure Fl-8) the graph shows ~hat the
pores in the first ~hree regions are closing down much more
rapidly than those in the la~er regions. Figure Fi-13 shows a~~

~he pores closing down at virtually ~he same rate. This is due ~o

the elevated levels of C02 thoughout the bed (Figure Fl-6) during
~he ~es~, since diffusion and reac~ion rate are both proportional
to C02 concentration.

An importan~ characteristic of ~he pore radius versus depth
into ~he bed is best exemplified in Figure Fl-13. The last 2
sample times in this graph show the change in pore radius was much
smaller than the previous changes. This suggests tha~ the pore
will reach some limit after which it will cease ~o close down.
Ramachandran and Smith (1977) give an equation for predicting ~he

maximum conversion of the reactan~. When ~he values for LiOH
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granules are substituted into this equation it predicts that the
pores will not close entirely. The apparent limit on the pore
radius in Figure Fl-13 shows ~his characteristic of ~he LiOH
granules.

Figure Fl-7 comparing Bernard's data ~o the predicted values
of 'bhe model sho~is a slightly different. slope be'bTt7eentihe two data
set.s. One possible explana'bion of this discrepency lies within
t.he assumption of our model t.hat channeling wi~hin the scrubber
bed does not. occur. This channeling within 'bhe scrubber would
accoun'b for ~heelevated C02 levels during t.he early portion of
the ~est. At t.he longer test. times, 'bhe model's predict.ions of
outlet C02 concentration are on ~he high side. This can also be
account.ed for by channeling. The model has used up a great.er
majority of i'bs chemical during the early portion of the t.est.,
hence the ability of 'bhe bed to absorb C02 is greatly reduced.

The shrinking pore model tha'b has been developed adequat.ely
predict.s the output concentration and total absorpt.ion capacit.y of
t.he LiOH scrubbing cannister. The most important model output in
terms of actual respirator design is the length of 'bime the LiOH
in the canister keeps the output C02 concentrat.ion below the 0.5
percent limit established by MSHA/NIOSH. Based on Boryta's and
Bernard's data, our model predicts this time well. This
simplified model also shows important'characteristics of t.he pore
models described by Ramachandran and Smit.h (1977) , and
Chrostowski and Georgakis {1978}.
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INSTRUCTIONS FOR RUNNING THE MODEL

1) Pu~ pro~ocol wan~ed in~o PROTO.DFS

a} The form of ~he file is:

SIMULATION OF MAN TEST 4
VCOZ RR VOZ VE
0.336 19.700 -0.350 7.Z930

NOTE:

TIME
Z.O

a) VCOZ, V02, and VE are in li~ers/min

b} RR is in brea~hs per minu~e

c) TIME is ~he ending ~ime for each par~icular work load

Z) Pu~ respira~or charac~eris~ics in~o RESPIR.DFS

a) The form of ~he file

100.0
5000.0
1500.0

130000.0
300.0
10.Z

4.4
0.5

3500.0
731.0

1
1

is:

RESPIRATOR DEAD SPACE ml
MAXIMUM BAG VOLUME ml
CONSTANT 02 FLOW RATE INTO BAG ml/min
MAXIMUM AM'T 02 PRODUCED ml

GRAMS LIOH IN SCRUBBER
LENGTH OF SCRUBBER em
RADIUS OF SCRUBBER em
RADIUS OF PELLETS em
INITIAL RESPIRATOR BAG VOLUME ml

AVERAGE ATMOSPHERIC PRESSURE mm Hg
1 FOR BI- 0 FOR UNI-DIRECTIONAL FLOW
1 FOR INSPIRATION 0 FOR EXPIRATION

NOTE: If ~he scrubber is no~ round

a} find ~he cross-sec~ional AREA of ~he canis~er

b) ~ake ~he square roo~ of: (AREA/3.14159)

c} ~his is ~he radius of scrubber

3) Se~ up a command file wi~h ~he following lines:

COMPILE REMOD.DDD,C02ABS.DDD,AVERG.DDD

COMPILE HUMCSE.DDD,EXPIRE.DDD,INSPIR.DDD

LINK REMOD,C02ABS,AVERG,EXPIRE,INSPIR,HUMCSE

RUN REMOD
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APPENDIX G1:

EFFECT OF EXERCISE AND EXTERNAL BREATHING RESISTANCE ON
FLOW RATE AND PRESSURE WAVEFORM

The effec~s of ~readmi11 exercise and added respira~ory

resis~ance on brea~hing air flow waveforms were s~udied in five
hea1~hy male vo1un~eers. For each ~es~ing session, da~a was
co11ec~ed while subjec~s s~ood a~ rest (EKO) or exercised at
intensities of 20% (EK20), 40% (EX40), 60% (EK60), 80% (EX80), 90%
(EK90) of their individual maximal V02 I s. For each of the four
testing sessions, one of four respiratory resistances was added to
both the inspiratory and expiratory sides of the breathing
apparatus .. The resistances used were 1.2 (control), 11, 16, and
25 cmH20 at a flow rate of 120 l/min. Minute volumes and peak
flows were obtained from the computer-generated mean waveforms for
each subject at each exercise in~ensity and resis~ances.

The results seemed ~o indica~e ~hat with ~he addi~ion of
respiratory resis~ance and wi~h ~he onse~ of exercise, ~he

brea~hing waveforms showed a significan~ change in shape as they
progressed from a more ~riangular or peaked waveform ~o a more
rec~angu1ar waveform.

The effects of added respira~ory resistance are of in~erest

in medicine as ~hey concern sufferers of obs~ruc~ive lung disease
and in industry as ~hey concern individuals brea~hing gases of
increased densi~y (as occurs in scuba diving) and users of
pro~ec~ive brea~hing devices (Flook and Kelman, 1973).
Physiological variables ~ha~ have ~ypica11y been measured during
resis~ance brea~hing include minu~e volume, peak flows, and oxygen
consumption (VOZ). For a given exercise intensi~y as respiratory
resistance increased, minute volume decreases (Cerrete11i et a1.,
1969; Flook and Kelman, 1973; Hermansen et a1., 1972; Silverman et
al., 1943; Silverman e~ a1., 1945a; Silverman et a1., 1945b), and
peak respiratory flows decreased (Silverman e~ a1.,
1943; Silverman et a1., 1945a; Silverman e~ a1., 1945b) as VOZ
showed no change (Cerretel1i et al., 1969; Dressendorfer et al.,
1977; Flook and Kelman, 1973; Hermansen e~ a1.,197Z). These
response were shown to be completed within two minutes (Flook and
Kelman, 1973).

A less commonly observed response was the change in shape
factor (the ratio of peak flow to minute volume) as resis~ance was
added. Extensive work in determination of breathing waveform
shape factors was begun in 1943 by Silverman et al. A major
intent of his research was to determine the rate of airflow and
~he minute volume in human subjec~s during various types of work
and at several exercise intensities and resistances. From the
collected data, breathing waveform shape fac~ors could then be
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calcula~ed and used ~o describe man's response ~o respira~ory

resis~ance and ~o aid in ~he design of human lung simula~ors.

In Silverman's firs~ s~udy (1948}, inspira~ory shape fac~ors

(ISF) were de~ermined for bicycle and arm exercise. Resul~s

indica~ed ~ha~ ~he shape of ~he inspiratory breathing waveform was
conver~ing from ~he normal resting sinusoidal pat~ern ~o a more
rectangular pattern as a result of increased exercise intensity
and/or inspiratory resistance. Silverman e~ al. (1943) noted
that for a given exercise intensity, with the addition of
inspiratory resistance, ~he waveforms became smoother and lower in
amplitude {i.e., inspira~ory peak flows decreased}. Silverman et
al. concluded that ~he type of work performed did affect
breathing waveform. They further explained that the accessory
muscles of respiration were brought into a different action when
the arm were used, and that possibly the diaphragm had more
freedom of movement in the standing position of arm exercise
versus the sitting position of cycling {Silverman et al., 1961}.
Silverman et ala {1944} (reported in Silverman et al., 1961) also
concluded that in contrast to cycling, treadmill work tended to
produce inspiratory curves with higher peak flows, and therefore,
larger shape factors.

Method

Sl,bjects

Five young men participated in this study. The subject's
ages, physical and pulmonary function test resul~s are presented
in Tables 81-1 and Gl-2. All subjec~s were determined to be free
from respiratory and cardiovascular illness.

Exercise

For each ~est, the subjects exercised through a progression
of exercise intensities on a treadmill. During exercise intensity
EXO, the subject stood at rest on the treadmill. Exercise
intensi~ies ER20, ER40, ER60, ER80, and ER90 were performed a~ a
corresponding 20, 40, 60, 80, and 90 percen~ of his
~readmill-determinedV02max. Prior to testing, the treadmill
grades and speeds necessary to elici~ the appropriate VOZ's were
calculated for each subjec~ and were used ~hroughout ~he testing.
Speeds ranged from 2 ~o 7 mph and grades ranged from 0 to 20
percent.
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PAGE 156

Age Height Weight Vo max
Subject (yrs) (cm) (kg) 2 -1

(m1·kg·min )

A 23 176.0 70.1 46.9

B 17 181.5 70.5 57.5

C 23 182.5 85.0 45.8

0 20 182.5 74.1 55.5

E 23 179.6 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.

S.D. = Standard Deviation.



Table Gl.2. Individual Pulmonary Function Test Results (BTPS)
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VC FVC FEV1 FEV2 FEV3 MEFR MMFR MVV
Subject (1) (1) (l·min-l)(%)

A 7. 1 6.8 79 92 97 651 298 169

B 6.6 6.3 81 98 100 492 319 215

C 6. 1 5.9 85 92 100 656 355 197

0 6.1 6.0 70 90 96 460 189 169

E 6.3 6.3 86 97 100 573 325 235

X 6.4 6.3 80 93 98 566 297 197.

S.D. + 0.4 + 0.3 + 6.4 + 3.5 + 1.9 + 89.6 + 63.8 + 28.9- -

X = Mean.
S.D. = Standard Deviation.
VC = Vital Capacity.
FVC = Forced Vital Capacity.
FEV 1,2,3 = Forced expiratory volume at 1, 2, and 3 seconds.

MEFR = Maximum expiratory flow rate.
MMFR = Maximum mid-expiratory flow rate.
MVV = Maximum voluntary ventilation.
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Resis~anc~

Pulmonary resis~ance was provided by res~ric~ing inspira~ion

and expira~ion wi~h a 5-cm-long aluminum ~ube. This ~ube was
placed 140 cm down-line from ~he brea~hing valve. Four pulmonary
resis~ances were used in ~he ~es~ing. Ri.2 cm HZO, ~he con~rol

condi~ion, included ~he resis~ance offered by ~he brea~hing valve,
Collin's ~ubing and no. 2 Fleisch pneumo~achograph. Ril, RiG,
and RZ5 cm H20 were provided by addi~ion of ~he aluminum ~ube ~o

~he sys~em. Condi~ions Ri.2, Ril, Ri6, and RZ5 provided the
respec~ive pulmonary resistances of 1.2, 11.0, 16.0, and Z5.0
cmHZO a~ a flow rate of 120 l/min. Equal resis~ances were added
to bo~h inspira~ion and expiration at the same ~ime.

Procedure

Subjects ini~ia1ly underwen~ a comp1e~e physical evalua~ion

a~ the Noll Labora~ory for Human Performance Research which
included a medical history a physician-adminis~ered physical
examina~ion, a iZ-1ead res~ing ECG, a graded exercise tes~ and a
pulmonary func~ion ~est.

Subjects performed four exercise in~ensi~ies per day.
Subjects remained a~ each exercise in~ensity for ~hree minu~es ~o

ensure s~eady-state condi~ions. During ~he four~h minu~e,

co1lec~ion of expired air and brea~hing waveform da~a was begun.
Collection of waveform da~a continued for 30 seconds, while
expired air col1ec~ion continues for seven minu~es at exercise
intensity 0 {EXO),four minu~es a~ EXZO, three minu~es at EX40,
two minutes at EX60, and one minu~e at EX80 and EX90. With ~he

combina~ion of exercise and high resis~ance, no~ all of the
subjec~s were able ~o complete ~he ~hree minu~es to steady-state
prior to data collection. The pulmonary resistances for ~he

remaining tests were randomly assigned and unknown ~o the
subjec~s.

Measuremen~s

A scihema~ic diagram of the data collection sys~em is shown in
Figure Gi-l. The inspira~ory and expiratory flow ra~es were
measured by ~wo Fleisch pneumo~achographs (no. 2) which were
connec~ed ~o a Sta~ham pressure ~ransducer {Model PM15}. After
~he flow signals were direc~ed ~hrough single pole low pass
filters wi~h 50 Hertz cutoff frequency and buffer amplifiers, ~hey

were electrically summed ~o yield one ou~pu~ signal. This
composite signal was then collected and stored on a PDP-il
computer and on a Gould 2-channel chart recorder. The compu~er

program was designed to collect 1800 da~a poin~s for each
3D-second sample. The compu~er da~a were used for the final
deriva~ion of ~he shape factors. The char~ recorder was primarily
used ~o provide a visual check on ~he integrity of ~he data
collec~ion sys~em during ~he 30-second sample period. Bo~h ~he
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char~ recorder and ~he compu~er were calibra~ed for flow prior ~o

each ~est.

voz, VCOZ, and VE were measured using a ~otal bag collec~ion.

Heart ra~es were moni~ored while airflow da~a was being collected.
The compu~er-collec~eddata were processed by a compu~er program
designed to generate ~he inspiratory and expiratory ~idal volumes,
~he inspiratory and expiratory peak flows and the respira~ion rate
for each respira~ory cycle. Mean and s~andard devia~ion data for
each 30-second sample were ~hen stored for la~er analysis. The
shape factors were derived from ~he mean waveform da~a.

Inspiratory and expiratory minute volumes were calculated by
multiplying the corresponding inspira~ory and expiratory tidal
volumes by the respiration ra~es. The ratio of peak flow to
minute volume then provided a value for the shape factor.
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Figure G1.1. Diagram of the Breathin9 Apparatus and the Data
Acquisition Syste~ where Inspiratory 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-ll Computer
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The inspira~ory and expira~ory shape fac~ors (dependen~

variables) were analyzed separa~ely using a ~wo-way analysis of
variance for repea~ed measures wi~h exercise in~ensi~y and
resis~ance (independen~ variables) as fixed fac~ors. A dependen~

~-~es~ was performed on ~he paired varia~es, inspira~ory and
expira~ory shape fac~or. Minu~e volume, oxygen consump~ion and
peak inspira~ory and expira~ory flows {dependen~ variables} were
analyzed individually by exercise in~ensi~y across all resis~ances

(independen~ variable) using a one~way analysis of variance. An
alpha level of less ~ham 0.5 was chosen ~o provide a 95 percen~

confidence limi~.

Resul~s

Oxygen ConsumD~ion

The resul~s of ~he analysis of variance a~ each exercise
in~ensi~y across all resis~ances showed no significan~ differences
be~ween VOZ's (~ < .05) as shown in Table 3. None of ~he

subjec~s, however were able ~o comple~e exercise a~ in~ensi~y EX90
while brea~hing agains~ pulmonary resis~ance RZ5.



Table Gl.3. Group Means a~d Standard Deviations for Oxygen
Consumption (VOZ) at each Exercise Intensity
(EXx) and Resistance (Rx, cmHZO)

%V02max R1.2 Rll R16 R25

EXO 0.34 0.37 0.34 0.34
+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 1.52 1.55 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

EX90 3.62 3.38 3.31 ----*
+0.30 +0.34 +0.33

*The three minutes to reach steady-state conditions was
not achieved.
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Minut~ Volume

Table 81-4 shows the group mean and standard deviation data
for minute columns at all exercise intensities and pulmonary
resistances. The results show that at the individual exercise
intensities ERO, ERZO, ER40, and ER60 there were no significan~

differences in minutes volumes between all resistance conditions.
At exercise intensity ER80, resistances Rll, R16, and RZ5 showed
significantly lower minute volumes than resistance Rl.Z. At
exercise intensity ERgO, minute volumes for resistances Rll and
R16 were significantly lower than the minute volume for the
control resistance condition Rl.Z (R < .05).
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Table G1.4. Group Means and Standard Deviations for Pulmonary
Minute Volume at each Exercise Intensity (EXx)
and Resistance (Rx, cmH20)

R1.2 Rll R16 R25

EXO

EX20

8.7 9.6 9.1 8.9
+2.6 ±.1.7 +1.3 +1.3
~---------~--------------------~---

19.7 18.9 16.0 16.6
12.0 +2.5 ±J.O +2.4
-----------~--------------------~---

EX40 32.9
±7.4

29.8
±2.8

27.0
±6.5

27.9
±S.8

EX60 49.7 42:3 38.8 37.9
+8~~ ~~Q +8~§ ~~~_

EX80 68.7
+9.5

55.0 50.2 45.2
+5.9 +8.6 +5.4
-~---------~--------------

EX90 93.1
+13.8

62.6 56.1
+9.5 +8.6
-~---------~---

----*

*Steady-state conditions not achieved.

-----A bar includes values that were not significantly
. different (p < .05).
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The group mean and s~andard devia~ion da~a for peak inspired
and expired flows for each exercise in~ensi~y and pulmonary
resis~ance are presen~ed in Tables Gi-5 and Gl-6. The da~a show
tha~ for exercise in~ensi~y ERO there were no s~a~is~ically

significan~ changes in inspiratory and expira~ory peak flows as
resis~ance increased. {p < .05}. For the remaining exercise
intensities, peak expiratory flows showed ~he following resul~s;

1} at both exercise in~ensities ERZO and ER40, resis~ances Ri6 and
RZ5 were significan~ly less ~han Rl.Z, and Rll was no~ .
significantly differen~ from Rl.Z, Ri6, or RZ5i Z} a~ exercise
intensities ER60 and ER80, resistances Rll, Ri6, and RZ5 were no~

significan~ly differen~ bu~ were significantly less than Ri.Zi
and 3} at exercise in~ensity level ER90, resis~ances Rll and R16
were significantly differen~ bu~ were significantly less than
Rl.Z. For the remaining exercise in~ensities, peak inspiratory
flo;,-'is showed the following results; 1} at exercise in~ensi~y

ERZO, resis~ances Ri6 and RZ5 were significantly less tha~ Rl.Zi
at exercise in~ensities ER40, ER60, and ER80, resistance Rll , Ri6,
and RZ5 were no~ significan~ly differen~ bu~ were significan~ly

less ~han Rl.Z; and a~ exercise in~ensity ER90, resistances R11
and RiG were no~ significan~ly differen~ but were significantly
less than Ri.Z. Comparisons between Tables G1-5 and 8i-6 show
tha~ for each exercise in~ensity and resistance condition, peak
inspira~ory flows were grea~er ~han peak expira~ory flows.
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Table Gl.5. Group Means and Standard Deviations for Peak
. Expired Flow for each Exercise Intensity

(EXx) and Resistance (Rx, cmH20)

EXO

EX20

EX40

EX60

EX80

EX90

R1.2

34.1
+8.6

58.8
+10.9

96.2
+23.3

146.7
+22.3

215.3
+49.0

275.1
+56.9

Rll

31.1
+8.1

48.1
+7.8

72.2
+12.2

102.4
+18.9

132.2
+16.7

153.8
+32.0

R16

26.9
+5.8

43.1
+6.6

65.6
+14.0

95.9
+18.4

121.4
+21.0

135.4
+27.1

R25

22.6
+3.6

39.6
+6.1

64.7
+15.3

90.7
+23.2

108.6
+18.2

----*

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

----A bar includes values that were not significantly
different (p < .05).



Table Gl.6. Group Means and Standard Deviations for Peak
Inspi red Flow for each Exerci se Intens ity
(EXx) and Resistance (Rx, cmH20)
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EXO

EX20

EX40

EX60

EX80

EX90

R1.2

39.8
+8.1

74.0
+8.3

114.0
+21.7

159.1
+27.5

236.9
+33.2

284.6
+45.8

Rll

39.1
+12.5

63.5
+5.2

89.6
+6.9

123.3
+15.2

150.6
+12.6

176.1
+13.5

R16

38.7
+11.0

52.1
+9.5

81.0
+16.2

109.8
+23.5

135.6
+22.6

150.0
+22.4

R25

31. 9
+5.1

49.8
+4.6

79.0
+10.7

109.8
+22.1

124.3
+11.2

----*

*The three minutes to reach steady state conditions was not
achieved.

----A bar includes values that were not significantly
different (p < .05).
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Shape Fact,ors

The post. hoc analysis indicat.ed t.hat. t.he mean ISF's
{Inspirat.ory Shape Forms} for resist.ances Rll, R16, and RZ5 were
not. significant.ly different., but. were significant.ly less than t.he
mean ISF for resist,ance condit.ion Rl.Z. The mean ISF for exercise
int.ensity EXO differed significant.ly from the mean ISF's for
exercise int,ensit.ies EXZO through ER90. The mean ISF for EXZO was
significant.ly different. from the mean ISF's for exercise
int.ensit.ies EKO, EX80, and EK90; and the differences in t.he mean
int.ensi t.ies EX40, EX60, EX80, and EX90 \"lere not. significant..

The post. hoc analysis showed t.hat. t.he mean ESF's {Expirat.ory
Shape Fact.or} for resist.ances Rll, R16, and RZ5 were not.
significant,ly different" but. were significant.ly less t.han t.he mean
ESF for t.he cont.rol resist.ance condition Rl.2. The mean ESF for
exercise int.ensit.y EKO was significant.ly great.er t.han t.he mean
ESF's for exercise EXZO through EX90, while t.he mean ESF's for
exercise int.ensities EXZO, EX40, EX60, EX80, and EK90 were not,
significant.ly different..

A dependent. t,-t.est. was performed on t,he paired variables,
inspirat.ory and expirat,ory shape fact.ors, to det.ermine if there
was a significant. difference bet.ween t,he t.wo. Inspirat.ory shape
fact.ors were found to be significant,ly great.er t.han t.he expirat.ory
fact.ors.

Discussion

The primary object.ive of t.his st.udy was to observe the
effect.s of treadmill exercise and added respiratory resist.ance on
inspirat.ory and expiratory airflow pat.terns.

Oxygen Con~'mpt.ion

Result.s of t,his st.udy showed t.hat. t.here were no significant.
differences bet.ween VOZ's across all resist.ances at any exercise
int.ensity. None of t.he subject.s were able t.o complet.e t.he t.hree
minute minimum to reach st.eady-st.at.e at, exercise int.ensit,y EK90
wit.h resist,ance RZ5. At t.he highest exercise intensity, the
inability of t.he subjects t,o complet,e the exercise at resist,ance
RZ5 indicated a decrease in t,he maximal work capacit.y {V02max} as
resistance increased.

Results of t.his study confirm past. research. Cerretelli et.
al. {1969}, using equal inspirat.ory and expirat.ory resisit,ances of
6.Z5, 19 and 38 cmH20 at. a flow rate of 120 l/min, found t.hat the
relat.ionship between V02 and exercise intensity remained
unchanged. The maximal exercise int.ensit.y at.t.ainable, however,
did decrease as resistance increased. The inability to perform
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maximal exercise under increased respira~ory resis~ance was
though~ to be rela~ed ~o a voluntary point of fa~igue and ~he

subject's inabili~y to genera~e an inspiratory and expiratory
pressure difference of greater than 100 cmH20 (Cerre~elli e~ al.,
1969; Dressendorfer et al., 1977).

Minu~e Volum'!:>

The effec~s of increased respiratory resis~ance on
respiratory minu~e volume have been demons~rated by several
researchers. The typical response reported from pas~ studies
showed a decrease in minute volume with increased exercise a~ all
resis~ances used.

The resul~s of this research showed similar ~rends as o~her

research {Hermansen et al., 1972; Flook and Kelman,
i973; Cerre~elli, 1969; Silverman, 1945}. At the lower exercise
intensities, EX20 through EX60, ~here was a decrease in minute
volumes as resis~ance was added; however, ~he decreases when
present were no~ significant. Only a~ ~he highes~ exercise
intensi~y was the decrease significan~ (~ < .05). At exercise
intensi~y EXBO, the minute volumes for resistances Ril, R16 and
R25 were not significantly less than the minute volume at ~he

control resistance condition Ri.2. Similarly, a~ exercise
intensi~y EX90, ~he minu~e volumes for resis~ances Ril and Ri6
were not significantly differen~, bu~ were significan~ly less ~han

~he minute volume for the control resis~ance condi~ion 1.2.

The resul~s of ~his s~udy agreed wi~h pas~ s~udies. The
general ~rends showed a decrease in peak flow with added
resis~ance. The decrease in peak flow was inversely propor~ional

~o the amount of resistance so tha~ as resis~ance increased, ~he

peak flow showed a grea~er percen~age decrease. Similar
percentage decreases were seen during bo~h ~he inspiratory and
expiratory phases; however, comparison of peak flows consis~ently

showed ~hat inspiratory peak flows were consis~en~ly greater than
expira~ory peak flows for a given workload and resis~ance.

Shape Fac~or

The primary objective of this research was to observe the
effec~s of ei~ercise and pulmonary resis~ance on breathing r,-+1avefo~~

shape. The shape fac~or is a quan~i~a~ive measure of shape, where
shape fac~or is the ra~io of peak flow divided by minu~e

ven~ila~ion. Examples of ~he progressive changes in inspira~ory

and expira~ory breathing waveforms from exercise in~ensi~ies ERO
~hrough EX90 for two subjects brea~hing agains~ pulmonary
resis~ance Ri.2 and RZ5 are presen~ed in Figures Gi-Z, Gi-3, Gi-4,
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and Gl-5. These plo~s represen~ ~ypical da~a from which ~he shape
fac~ors were de~ermined. The plo~s also help ~o demonstrate ~he

varia~ion in brea~hing pa~~erns ~hat occurs be~ween subjec~s.
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Figure Gl.2. Waveforms Calculated for Several Respiratory Cycles
Obtained during Exercise of Subject A at Various
Rel~tive Exercise Intensities (EXx as a Percentage
of Vo2max). Subject was Breathing Against Resistan
Rl.2 cm.H20
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Figure Gl.3. Wavefonns Calculated for Several Respiratory
Cycles Obtained during Exercise of Subject 0
at Various Relative Exercise Intensities
(EXx as a PerGentage of Vo?max). Subject was
Breathing Against Resistance Rl.2 crnH20
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Figure Gl.4. Waveforms Calculated for Several Respiratory
Cycles Obtained during Exercise of Subject 0
at Various Relative Exercise Intensities
(EXx as a Percentage of ~O?max)o Subject was
Breathing Against Res;stan~e R25 crnH20



PAGE 174

EXPIRATION

FLOW
( . -1)·L ·ml n

INSPIRATION

-2Q~~""""'-~'T"""T"""""-~""""'- 1IJ I. I I i f1lTll j I i I I
e.e @.5 I.e 1.5 z.e 2.5 3.e

TIME (seconds)

Figure Gl.5. Wavefonns Calculated for Several Respiratory
Cycles Obtained during Exercise of Subject A
at Various Relative Exercise Intenities
(EXx a~ a Per~entage ~f VO?max). Subject was
Breathlng Agalnst Reslstanee R25 cmH20
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Upon examina~ion of Figures Gl-6 and Gl-7, ~he shape fac~ors of
the resis~ance condi~ion Rl.Z are qui~e differen~ from ~he shape
fac~ors of the resis~ance condi~ions Rl1, R16, and R25.
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Figure Gl.6. The Relationship Between the Expiratory ~hape Factor
(ESF).and the Expiratory Minute Volume (V~) while
Exhaling through each of the Four Pulmonary
Resistances, Rl.Z, Rll, R16 and RZ5 (Subject A)
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Fi gure Gl. 7. The Relationship Between the Inspiratory Shape Factor
(ISF) and the Inspiratory Minute Volume (VI) while
Inhaling through each of the Four Pulmonary
Resistances, Rl.2, Rll, R16 and R25 (Subject A)
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Similarly, ~he grea~es~ difference in shape fac~or due ~o exercise
occurred be~ween ~he res~ EKO {represen~ed by a VE of
approxima~ely 10 l!min} and the remaining exercise intensities
EK20 ~hrough Ex90 (represented by VE's greater ~han 15 l!min).

An explanation for ~he results of this s~udy mus~ begin wi~h

an unders~anding of ~he ~erm work of breathing. Work of brea~hing

is defined as the area under a pressure volume curve (O~isl 1964)1
or ~he integra~ed produc~ of ~he pressure genera~ed and the volume
of air moved throughout a breathing cycle (Comroe, 1974). Changes
in the shape fac~ors of breathing waveforms reflec~ man's a~~empt

a~ minimizing the rate of work of breathing. The work of'
breathing a~ rest represents a negligible amount of the total
energy expendi~ure, approximately 0.5 to 1 ml of 02 per li~er of
air moved (As~rand & Rodahl, 1977).

A~ high in~ensi~y exercise, ~he oxygen cos~ of breathing may
be as high as 10 percen~ of the to~al oxygen consump~ion (As~rand

& Rodahl, 1977). As the oxygen cos~ of brea~hing becomes a larger
percen~age of ~he total oxygen consump~ion, ~he brea~hing waveform
pa~~ern becomes regulated, and therefore more rec~angular

resulting in a decrease in ~he work of brea~hing (Yamashiro &
Grodins, 1971). This more rectangular brea~hing waveform
approaches a shape fac~or of two. The resul~s of ~his study show
~hat once an individual had begun exercising or, as respira~Dry

resis~ance was added, op~imal brea~hing pa~~erns were developed.

The impor~ance of ~hese findings lies in a bet~er

unders~anding of how man's respira~ory sys~em mechanically adap~s

~o increased airway resis~ance. As ~he computer age progresses;
compu~er driven lung simula~ors are being developed wi~h ~he

in~en~ion that simula~or ~es~ing will replace some of ~he human
subjec~ ~es~ing curren~ly in progress. Of significan~ impor~ance

is ~he need ~o ensure ~ha~ ~he mechanical lung does indeed
simula~e ~he pa~~erns of human respira~ion. Informa~iQn ga~hered

in ~his research concerning changes in brea~hing waveforms due ~o

exercise and/or airway resis~ance will aid in ~he design of
compu~er programs tha~ are being developed ~o operate lung
simulators.

*************** END OF REPORT *****************




