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Effects of Carbon Dioxide Inhalation on
Psychomotor and Mental Performance during

Exercise and Recovery

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

University Park, Pennsylvania

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

INTRODUCTION

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

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

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

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

Noticeable physiological responses to CO,
inhalation were an increase in pulmonary
ventilation (Dripps and Comroe, 1947), con-
striction or dilation of blood vessels (Lam-
bertsen, 1971), increases of up to 75% in cere-
bral blood flow (Kety and Schmidt, 1948), de-
creases in specific airway resistance (Taskin
and Simmons, 1972), changes in the elec-
trocardiogram (McDonald and Simonson,
1953), and apparent premature cardiac con-
tractions (McDonald and Simonson, 1953).
Clinical symptoms observed were headaches,
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dizziness, restlessness, and dyspnea (Schae-
fer, 1963). After 12 to 15 h of exposure to
CO, concentrations of 2 to 3% during seden-
tary activities, subjects exhibited lassitude,
irritability, and unconsciousness. Within 3
min of exposure to CO, levels of 20 to 30%,
subjects exhibited increased perspiration,
flushing, restlessness, dilation of the pupils,
leg flexions, and torsion spasms (Lambertsen,
1971).

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

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

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

METHOD

Subjects

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

Apparatus

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

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

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

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

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

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

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

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

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

SHORT TERM MEMORY TEST (STM) [

I I ]

STAND

REASONING TEST
h. 4

REASONING TEST |

I l |

TIME IN MINUTES |

STAND
{ EXERCISE { RECOVERY,
0 10 16
C02 ONSET 002 ENDS

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

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

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

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

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

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

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

True or false: D precedes C. CD

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

Procedure

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

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

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

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

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

TABLE 3

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

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

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

Test for CO,—0, Inhalation

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

s E S E S E S E s E

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

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

Combined X 7.4 0.8 76 1.1 7.7 1.3 7.3 1.1 7.3 1.5
iand2 SD 107 079 097 0989 095 082 095 074 116 0.97
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erage test time per subject was 6 min. The

number of errors and maximum difficulty '[-;j 3 FloT|w 8|l«8
level obtained (number of digits or letters MEIEIEEAR AR
correctly recalled) were recorded for each E - - -
subject. 3| < wlns|we | o3
The STM test for serial letter recall was = 8
administered to the same subjects during § ® < © ©
different sessions. The subjects reported for §‘ Pl 33| S ® o
10 sessions. f N
Upon reporting for the first session of the S99 k|08 |«R|wud
reasoning substudy, the subjects received a E § ] 25| K3 f‘E';'
2-min practice test. The reasoning test was 7
administered after exercise, and lasted 4 min gl JJwl|= 8 0P |0
(see Figure 1). The subjects were tested at the fg 8 Te|Te|Te
same time of day for all five sessions. al® o N
o4 R A Q=
RESULTS £ e e |ed
e
A representative sample of the CO, inhala- E 0: -l o8 S5lom
tion test data for the psychomotor tests is °lT o885 |88
shown in Table 2. There were no significant a1
differences between controls and CO; condi- E ow | Pl
tions for the auditory reaction time and ro- “ 8 TelTe|Te
tary pursuit tests. A significant difference was 5 ® ~ ~
observed for the choice response time test, (F E ? o AR Il m
= 4.21, p < 0.05), but only during inhalation § .
of 5% CO, in 50% O,. Aside from this differ- MO Q2 on|®
ence, no trends or consistencies were ob- a2 d eNigc |58
served. The difference indicated a somewhat <
slower response during CO, inhalation, but 3 dwl= B|<«B |«
only for the 5% CO, condition. :]6 3 rel|re|re
The data for the STM tests are shown in 5l o ©
Tables 3 and 4. The first and second STM test, 'E Ylo|leg ISz |20
for digit or letter recall, did not differ signifi- 2
cantly in terms of the number of items re- _é’ Fl 8loa|lol
called per condition. A significant difference 5 D0eg o8 |gn
was found between the number of errors (F = P
3.35, p < 0.10) for the first and second STM é ‘E w8 e8| ~8&
tests for digit recall (Table 3), with higher g0 Te|re|re
error rates associated with the first test. 2 <«®| <503
However, no differences were observed in the B N No [Oai | Oal
number of errors between CO,—0, experimen- "':
tal conditions. The other difference (F = 4.35, g <3 <3 = P
p < 0.05) was between subjects for average E o
response time (in STM letter recall tests). :] o o _°g’ o~
The data for the reasoning tests are shown g g ;-, < ‘é;‘f
in Table 5. No significant differences were = = hd e 3
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TABLE 5
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Means and Standard Deviations for the Number of Statements Completed, Errors per Session, and the

Average Response Time per Question (in Seconds)

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

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

DISCUSSION

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

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

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

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

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