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FOREWORD

This study is one of a series conducted as a part
of the CAMI general aviation (GA) human factors
rescarch program. The following mission statement
guides the overall effort:

Conduct applied human factors research in the labora-
totyand in the field on carefully selected GA problems, to
obtain objective, scientifically derived datawhich will aid in
identifying affordable options for reducing the risk expo-
sure, and number of incident and accidents in the general
aviation community, and which will serve to enhance GA
pilot performance under nor-routine flying conditions.

The CAMI general aviation human factors re-
search program is consistent with the FAA policy
statement on general aviation, promulgated by the
Administrator in 1993, and the goals of the Flight
Standards General Aviation Action Plan, distrib-
uted in 1992. Development of the program was
coordinated with AFS-800, AFS-200, AIR-3, ACE-
100 and with guidance by the General Aviation
Coalition, accident prevention, and pilot training
working groups. FAA human factors program man-
agement coordination was provided by AAR-100.

CAMI’'s GA human factors research program
incorporates both ncar-term and far-term objec-
tives. The primary near-term focus of the program,
stressed by the General Aviation Coalition, is to
develop approaches to current general aviation prob-
lems so thatr payoffs in reduced risk exposure,
accidents and incidents can be realized relatively
soon. The long-term focus of the program is di-
tected toward future problem solutions utilizing
advanced technologies that require longer develop-
ment times and more substantial funding commit-
ments. These two program approaches are

- non-redundant, mutually supportive, and provide

iii

for timely human factors research on general avia-
tion safety and pilot performance issues with pay-
offs distributed over time.

This report resulted from a project effort consid-
ering the issue of hypoxia during flights in unpres-
surized general aviation aircraft below the altitude
requiring use of supplemental oxygen (i.e., 12,500
ft. and under). Sponsorship for the study was
provided by the Office of Aviation Medicine, Dr.
Jon Jordan, Federal Air Surgeon, AAM-1.
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EFFECTS OF SIMULATED GENERAL AVIATION ALTITUDE HYPOXIA
ON SMOKERS AND NONSMOKERS

INTRODUCTION

According to Federal Aviation Regulation 91.211,

“(a) General. No person may operate a civil aircraft
of US registry — (1) At cabin pressure altitudes above
12,500 feet (MSL) up to and including 14,000 feet
(MSL) unless the required minimum flight crew is
provided with and uses supplemental oxygen for that
part of the flight at those altitudes that is of more than
30 minutes duration...”

This, in effect, means that general aviation (GA)
pilots are permitted to fly continuously without supple-
mental oxygen up to an altitude of 12,500 fr. above
mean sea level (MSL). Hypoxia is 2 condition that
occurs even during flights below 12,500 ft. Ground
school and flight waining provide pilots with basic
information and, perhaps, limited experience with
the effects of hypoxia. However, a proper respect and
treatment of this condition is often lost over one’s
flying career with repeated routine and aneventful
flights. This investigation concerned performance on
a computer-based test during limited exposutes to
hypoxia during simulated altitude conditions under
12,500 ft. Aiso, comparisons of smokers and non-
smokers were made to differentiate potential interac-
tive effects of a cigarette smoking lifestyle with the
simulated altitude conditions of this study.

Hypoxia Background Summary

Hypoxia is 2 condition of reduced oxygen partial
pressure (P,,) in the body. Most pertinent to aviation
and this research study is a reduction in P, sufficient
to cause an impairment of function. An oxygen defi-
ciency in the body can occur in.many different ways,
but the causative factor most frequently encountered
in aviation is the reduction in alveolar oxygen partial
pressure as a result of the reduction in total atmo-
spheric pressure that occurs with increasing altitude.

Hypoxia in aviation, then, occurs with individuals
during any flight above sea level pressure altitude.
Breathing ambient “air” at reduced total baromerric

pressure {such as found during true ascent above sea
level or in a hypobaric chamber) reduces the alveolar
oxygen pressure and the pressure gradient berween the
alveoli and mixed venous blood in the pulmonary
capillaries. As a result, less oxygen diffuses across the
alveolar-capillary membranes into the blood. The
higher the altitude of one’s flight, the greater the
degree of hypoxia to which one is exposed. Symptoms
and behavioral manifestations occur with greater prob-
ability during higher altitude exposures. Flights at
increasingly higher altitudes without supplemental
oxygen, therefore, have 2 greater potential for the
occurrence of aviation incidents and accidents. Though
general responses to the effects of hypoxia are well
known, one’s personal lifestyle, physical condition-
ing, and level of wellness or illness can interact with
hypoxia and exacerbate its potential to cause decre-
ments in performance. This study investigated the
effects of hypoxia and the potential interactive effects
of pre-flight cigarette smoking during experimental
sessions during which subjects were exposed to 4
simulated altitude conditions under 12,500 f.

Previous Research

The minimum altitude ar which cognitive and
psychomotor performance becomes significantly im-
paired remains a controversial issue that has impor-
rant implications for flight safety. Previous research
conducted at the FAA’s Civil Aeromedical Instituce
has indicated that subjects exposed to hypoxia, pro-
duced by simulated altitudes of 12,500 ft., showed
decrements in complex task performance (Mertens
and Collins, 1986, 1985; Mertens, Higgins and
McKenzie, 1983; and Higgins, Mertens, McKenzie,
Funkhouser, White and Milburn, 1982). In a review
of the hypoxia literacure between 1950 and 1963,
Tune (1964) concluded that significantly degraded
perceptual-motor performance occurs at 10,000 ft.
and has since been generally accepted as the minimum
altitude at which hypoxic effects become significant.



Other research concerning the effects of mild hypoxia
are somewhat eqitivocal in identifying cognitive task
impairment at lower GA altitudes. Some studies
showed task impairmentatalcitudes as low as 8,000 fe.
(Denison, Ledwith and Poulton, 1966; Ledwith and
Denison, 1964), and other studies have been unable
to demonstrate similar effects at similar altitudes
(Fowler, Paul, Porlier, Eicombe and Taylor,‘ 1985;
Crow and Kelman, 1971, 1973; Kelman and Crow,
1969; Kelman, Crow, and Bursil, 1969).

Ernsting (1978) reviewed the earlier studies and
*...concluded that the mild hypoxia produced by
breathing air at an altitude of 8,000 ft. should notbe
accepted for aircrew engaged in air operations because
of the very significant impairment of ability to re-
spond to a novel complex situation...” as one might
experience in an unpracticed emergency (p.498). In
this article, Ernsting recommended that cabin pres-
surization of civil transport aircraft should be equiva-
lent to an altitude no higher than 6,000 ft. However,
at the time the aviation industry concluded that an
8,000 ft. equivalent cabin pressurization schedule
would be acceptable for routine flight considering the
tradeoffs of currentaircraft design characteristics (i.e.,
increased weight with structural tolerances for higher
cabin pressurization}). Cabin pressurization schedules
remain the same today for civilian air transport air-
craft. The level of hypoxia protection afforded GA
pilots flying unpressurized aircraftbetween 8,000 and
12,500 fr. inspires an interesting question - Is pilot
performance during flights berween 8,000 ft. and
12,500 fr. sufficiently degraded to recommend the use
of supplemental oxygen?

Physiological Background

The physiological response (compensation) to hy-
poxia is autonomically regulated and essentially be-
gins as one ascends beyond sea level atmospheric
pressures. Depending on the maximum altitude at-
tained, the rate of ascent and the duration at that
altitude, human physiological compensation to re-
duced ambient pressures is often quite effective in
optimizing the availability of oxygen to the tissues of
the body. As one ascends to higher altitudes, the
body's ability to compensate is exceeded and physi-
ological functioning is compromised. Ernsting, Sharp,

and Harding (1988) indicated that above 8,000-
10,000 ft., two conflicting factors compromise the
body’s ability to compensate; the increased pulmo-
nary ventilation produced by the lower arterial oxygen
tension “...is opposed by the respiratory depressant
effect of the concomitant reduction in the carbon
dioxide tension” (and hence, maintenance of the
normal acid-base balance of the blood) (p.47).

Neural tissue is particularly sensitive to reduced
oxygen tension. Normal funcrioning requires a rela-
tively constant and high supply of oxygen. The brain
consumes almost one-fifth of the rotal oxygen uptake
of the body at rest, even though it comprises only 2%
of the body’s weight (Ernsting, 1988). Lipton and
Whittingham (1982) emphatically state “Low oxygen
tension profoundly disturbs cerebral funcrion” (p.14).
Their chapter concentrates on cerebral neuronal trans-
mission and the resules of studies evaluating neu-
rotransmitcer metabolism and ATP production/levels
during hypoxic stimulation. Evidence of significant
changes in neurological functioning was reported asa
result of reduced oxygen tension.

The rods and cones of the retina are particularly
sensitive to hypoxia. Various researchers have shown
thathypoxia produces significant reductions in bright-
ness sensitivity (Hecht, Hendley, Frank, and Haig,
1946}, color detection (Kobrick, 1970), night vision
{McFarland and Evans, 1939), ocular muscle coordi-
nation {McFarland, 1937), flicker detection (Birren,
Fisher, Vollmer, and King, 1946) and peripheral
vision {Kobrick, 1971).

Thelight sensitivity of a dark adapted eye {scoropic
or rod vision) has been found to be affected by a
simulated altitude of 5,000 ft. The FAA recommends
using supplemental oxygen during flights at night art
alcitudes above 5,000 ft. (FAA AC 61-107). McFarland
(1970) demonstrated macked reductions in both vi-
sual acuity and light sensitivity of subjects in an
experiment of differential brightness sensitivity with
dark adapration and hypoxia as experimental factors.
In an eatlier study, McFarland (1937) found changes
in eye movements while reading text as a function of
hypoxia. Generally, increased time for eye movements
was found along with more frequent fixations. Also,
less precision was found in eye movements with an
inability to maintain fixations during reduced oxygen



cxposures equivalentto 13,500 and 18,000 ft. Kobrick
(1971) demonstrated that observers were progres-
sively slower and more variable in their responses to
flashing signals as signal locations became more pe-
ripheral. These changes were particularly *...height-
ened by hypoxia, in direct relation to severity and
duration of exposure” (p.327).

Effects of Hypoxia on Other Mental Functions

Hypoxia disrupts neuronal functioning and is mani-
fested in sympromatology and behavioral changes.
The onset of degeneration in mental and physical
ability often goes unnoticed because its effect is subtle
and works against one’s ability to think and respond
appropriately. Often, an erroneous feeling of well-
being and an exaggerated sense of one’s abilities masks
the underlying condition of hypoxia that could become
problematic for the individual. Therein lies a hypoxic
deception. Though hypoxic symptom recognition can
be accomplished by personally knowing what to expect
when itoccurs (via hypoxia training in hypobaric cham-
bers), if it is not recognized early during the mild
stimulus levels, the progressive and confounded feeling
of “well being” maybe the only symptom present (USAF
Physiological Training Pamphlet, 1976).

A recent Society of Automotive Engineers report
on hypoxia and performance stated “...early onset of
these altered mental functions, which are not recog-
nized by the individual, represents serious hazards to
the air crew and may be the direct or indirect cause of
many accidents” (in Patiky, Aviation Safety, August
1, 1993). A preliminary query of the FAA's Consoli-
dated Data Base found that incapacitation due to
hypoxia was cited in only £ accidents between 1982-
1993; impairment due to hypoxia was cited in only 8
accident cases during the same time frame. Cohen
(1994) believes that hypoxia has contributed to many
more accidents than are reported by the NTSB. Of the
cases presented in his recent book, Cohen described
how he believed that hypoxia had contributed to the
accidents reviewed. In a recent report of an inflight
breakup of a Danish-registered aircraft during a flight
from Sondrestrom, Greenland to Goose Bay, New-
foundland, an extensive investigation involving Dan-
ish, US, UK and Canadian accident invesrigators
could not conclusively determine its cause (Aviation

Safety Letter, Canada, 1995). However, hypoxia was
suspected as a prime factor in the accident.

Recommendations for the use of supplemental
oxygen at altitude are found in many flight training
pamphlets and programs, but some pilots are still
uncertain as to the minimum altitude at which perfor-
mance degradation becomes serious enough to gener-
ate life-threatening circumstances. Anecdotal evidence
of this confusion accumulates and is frequently dis-
cussed in various aviation periodicals, suggesting that
hypoxic related problems may be involved at a higher
rate than is generally believed and are simply unre-
ported as incidents to the FAA or NASA’s Aviation
Safety Reporting System. A substantial interest in
hypoxia continues today and is shown by the high
number of journal arcicles and paper presentations
concerning both clinical and operational issues. Our
research interest concerns the potential interactive
effects of one’s personal life-style and that of altitude
hypoxia on pilot performance.

Hypoxia and Smoking

Cigarette smoking is a common personal life-style
activity that can produce another type of hypoxia
called hypemic hypoxia. Defined as a reduction in the
oxygen carrying capacity of the blood, this type of
hypoxia can occur as a result of inhalation of tobacco
smoke. Carbon monoxide (CO) is one of many by-
products of the combustion of tobacco, and hemoglo-
bin in our blood has a particularly high affinity for it:
200 to 300 times as great as that for oxygen. When a
high percentage of hemoglobin is bound by CO, the
oxygen carrying capacity of the blood is greatly re-
duced. Though altitude hypoxia is routinely experi-

enced by aviators, combining its effects with another

type of hypoxia, such as hypemic hypoxia, might be
dangerous. Smokers typically smoke prior to a period
of known deprivation, such as before a flight. Smok-
ing prior to flight elevates carboxyhemoglobin to
levels that might promote interactive results at alti-
tude (McFarland, 1970). _
During flight at GA aititudes, the diminished oxy-
gen carrying capacity of a smoker may translate into a
potential reduction in altitude tolerance. One source
(Patiky, Aviation Safety, 1993) suggested that smokers
may be considered, physiologically, to be at an alti-




tude of 2,000 to 3,000 feet above non-smokers. Oth-
ers have suggested a 3,000 to 7,000 foot differential
(Benenson, 1993; Ritter and Putnam, 1993). If either
suggestion is true, as a pilot smoker ascends to GA
altitudes, the onser of hypoxia may occur earlier and
may manifest irseif in greater subjective and perfor-
mance impairment, compared to non-smokers.
Clearly, any type of oxygen deficiency or interactive
effectshould be considered potentially dangerous and
should be minimized during flight operations.

In a study that combined low doses of carbon
monoxide (such as from cigarette smoking) with re-
duced oxygen (simulated altitudes), McFarland (1970)
described the effects as significantly additive. He
found that after absorption of CO (equivalent to that
of inhaling smoke from 3 cigarettes) and exposing =iz
subjects to an altitude equivalent to that of 7,500 ft.,
the additive effects produced a “...loss of {visual]
sensitivity equal to thar at 10,000 to 11,000 feer”
(p.309). The combined effects of smoking while in
flight over mountainous terrain in an unpressurized
GA aircraft for one pilot resulted in unconsciousness
and miraculous recovery to talk about it (FAA Publi-
cation AM-400-91/1).

Research Objoctives

This study was conceived after considering numer-
ous issues surrounding the condition of hypoxia and
the GA pilot, such as: 1) differences in “hypoxia
protection” afforded civil transport aircraft (cabin
pressurization 7 8,000 ft.) and unpressurized GA
aircraftduring flights above 8,000 ft. butbelow 12,500
fr.; 2) the ambivalence of previous research demon-
strating impairment of cognitive and psychomotor
task performance at altitudes below 12,500 ft.; 3) the
likelihood of unreported hypoxic-related events in the
GA environment; and 4) the dangerous potential of
combining one life-style activity, smoking, prior to
flight at GA equivalent altitudes. The objectives of
this research were primarily to evaluate cognitive,
psychomotot, and physiological performance of a
sample of subjects representative of the GA popula-
tion to define more clearly the interaction of mild
hypoxia, smoking prior to simulated altitude expo-
sures, and residual fatigue as might be encountered by
GA pilots during routine 2 hr. flights under 12,500 f.

METHOD

Subjects

Eighteen male subjects were recruited as paid vol-
unteers. The subjects varied in age from 22 1o 57 (M=
32, SD = 9.8) and were representative of GA pilots in
that all subjects were required to pass a Class III
airmen’s flight physical and a pulmonary function test
(PFT). Nine subjects comprised the smoker group.
These subjects were prescreened and classified as
“regular smokers.” Regular smokers were those who
currently smoke at least 15 cigarettes per day but less
than 2 packs per day for at least the previous year
(Parrott, Craig, Haines, and Winder, 1990; Stevens,
1976). Nine nonsmokers were prescreened and classified
2sthose who had never met the “regular smoker” criteria.

Materials and apparatus

Simulated Altitude: Various reduced oxygen breath-
ing mixwures were used to simulate the following
altitudes: Grade E compressed air, 20% oxygen bal-
ance nitrogensground level (GL) and smoking baseline
(SB), 17.3% oxygen balance nitrogen=5,000 ft. (1524
m), 15.3% oxygen balance nitrogen=8,000 ft. (2438
m), and 13.5% oxygen balance nitrogen=12,500 ft.
(3810 m). Use of premixed breathing oxygen hasbeen
found to be 2n acceptable simulation of the reduced
partial pressures of oxygen found ar altitude
(Baumgardner, Ernsting, Holden, and Storm, 1980;
Baumgardnerand Storm, 1980). The smoking baseline
condition was included to control for potential per-
formance impairment from the effects of smoking
deprivation over the 2 hr. sessions, Each breathing gas
was administered from premixed (Primary Standard
purity) high pressure cylinders. Regulator valves
(Matheson Model 8-320) reduced cylinder pressures
to the inlet 60-100 psi required of the USAF CRU-
68/A demand, oxygen breathing regulator (ARO,
Corp.) set to deliver all of the feed source gas
{nondilution mode) through a 3-ft. 2.5 in. diameter
corrugated hose to an oral-nasal mask.

Physiological Measures: The physiological measures
acquired during this study were displayed for near-
real time monitoring of each subject session and
stored on 2 25 mHz personal computer (PC) conrtain-
ing an Intel 80386 microprocessor. These data were



stored as ASCII files for post study analysis. The 4
measures included: transcutancous oxygen (P O,)
and carbon dioxide (P_CO,) partial pressures mea-
sured with the Radiometer TCM-3 (electrode place-
ment was the right forearm), heart rate (beats per
minute), and blood oxygen satuzation (§20,) mea-
sured with the Nelcor Pulse Oximeter Model 200
(electrode placement was on the forehead). Pulmo-
nary Function Testing (PFT) was conducted during
each subject’s Class 111 flight physical prior to accep-
tance and training for the study. This testing was
conducted with a spirometer (Sensormedics Model
922). The data were reviewed by CAMI Clinic staff
and a licensed respiratory therapist. Subjects with
abnormal PFT results were considered at risk with our
experimental treatment conditions and were not al-
lowed to participate in this study. Subjects with accept-
able flight physical and normal range PFT results then
completed 3 training and 5 experimental sessions.

Performance Task Measures: A modified version of
the Multi-Ateribute Task Battery (MATB) was em-
ployed during this study (Comstock and Arnegard,
1992; Mills and Gilliland, 1994). The MATB is
structured to approximate a GA flight operations
environment. The battery required the concurrent
performance of 5 component tasks including: moni-
toring 2 lights and a set of 4 dials, a 2 dimensional
compensatory tracking task, a resource management
task representing fuel tank management, and an audi-
tory communications task. Combined, the various
tasks are purported to measure aspects of performance

. releant to the control of complex aviation-related
systems. Each subject was trained to perform the
MATB during 3 sessions (7.5 hrs. total) prior to cheir
first experimental session.

Subjective State Measures: Several standardlzcd mood
and subjective state questionnaires were utilized 1o
identify changes perceived by the subject over the
course of each session. These measures included:
automated Mood Il scale, the Stanford Sleepiness
Scale (SSS), and the Environmental Symptoms Ques-
tionnaire (ESQ-II). The automated NASA TLX sur-
vey measured perceived mental workload and was
integrated with performance of the MATB. Brief de-
scriptions of these measures are provided in Appendix A.

Procedure

Figure 1 presents a time line depicting various
scheduled events over the course of each experimental
session. Each session involved 2 hrs. of continuous
oral-nasal mask breathing of a specified oxygen mix-
ture, except during the smoking baseline condition
when smokers doffed the mask and smoked a single
cigarette prior to each 30 min MATB trial (nonsmok-
ers doffed the mask and relaxed for 6 min. during each
SB condition break). Subjects were assigned different
altitude/condition orders and completed each 2-hr
session on 5 separate occasions within a 2-week pe-
riod. The MATB trials, however, were presented ina
fixed order of workload: trial 1=moderate workload to
emulate a take-off condition, trial 2=low workload to
cmulate straight-and-level flight, and trial 3=high
workload to emulate approach and landing.

Workload was manipulared by varying the number
of events per minute for each subtask {e.g. 3 out-of-
range dials per min. vs. 1 per min.).

RESULTS

A repeated measares Analysis of Variance (ANOVA)
procedure with smoking status nested within subjects
was conducted with the physiological and MATB
petformance data. The mixed model analysis included
2 levels of smoking status (smokers and nonsmokers)
repeated over 5 altitude sessions (GL, SB, 5K, 8K, and
12.5K), and 3 trials within each altitude session.

Physiological Variables

The following four physiologic measures were in-
cluded in the analysis: transcutaneous measurement
of oxygen and carbon dioxide partial pressures (P O,
and P_CO,), hearr rate (beats per minute, BPM), and
oxyhemoglobin saturation (820,). For each 30-minute
MATB trial, these data were parceled into 10-three
minutespochs, and the epoch means wereanalyzed by
ANOVA. Table 1 provides means and standard devia-
tions of the 4 physiologic measures.

Oxygen Partial Pressure (P,0): Altitude
(F(4,58)=27.01, p<0.0001) and trial (F(2,33)=18.41,
p<0.0001) effects were found for the oxygen partial
pressure measure. Post hoc Ryan-Einot-Gabriel-




j020)0ud [epewuedxgy ) aunbiy

UOIJeJUSLLINIISU! 'YSELL BAOLIY uolipuo?) auleseq Bupowss Buung . YOS SIHOWS
ainpqw Buyesuq doig $SS uonejuUSLINASY) ‘YSBW uoQ
_ n-os3
(€) , 18900 ZQOON (eud) 38000
90JIRUUOHSeND), :
X11 VSYN einpqw Bujpesuq uibeg
+ HOWS SUIMOWS jeu) dnuuem g1 YN S 2
(2) 13000 X1 VSYN
XILVSYN (1), 180D
R + Sows o..oxo:_w‘b
LA i . : Y vy v v f
[ 1. emulaiwN - | T C ML EIVN R | LISuLAIWN o | |
0ZL 9t 09 8 1 4 oF oL 8 o G- wm



Welsch (REGWQ) Multiple Range tests were
conducted and revealed anticipated resules of signifi-
cantly reduced transcutaneous oxygen partial pressure
with our simulated altitude conditions, i.e., the high-
est levels were found for the 2 ground level sessions
(compressed air, fraction of inspired oxygen=
F,0,=0.21) and significantly lower levels were found
forthe 5,000 ft. (F,0,=0.173), 8,000 ft. (F 0,=0.153),
and 12,500 f&. (F,0,=0.135) sessions, respectively.
This effect is presented in Figure 2. Figure 3 shows
that P_O, was lowest for wrial 1, significantly higher
for trial 2, and highest for trial 3, suggesting that some
physiological compensation or equilibration had oc-
curred over the course of the 2-hr. session.

Carbon Dioxide Partial Pressure (P,CO,): Smoking
status (F(1,16)=8.26, p<0.01), alrirude (F(4,58)=3.60,
£<0.01) and erial (F(2.33)=13.28, £<0.0001) effects

were found for transcutaneous carbon dioxide partial .

pressure. Post hoc REGWQ tests showed that non-
smokers had bigher P_CO, levels than did smokers.
This effect is shown in Figure 4. The P CO, altitude
effect displayed a pattern similar 1o that found for
oxygen, i.e., P CO, was highest for the 2 ground level
sessions and significantly lower for the 5,000 ft.,
8,000 ft., and 12,500 ft. sessions, respectively. This
effect is shown in Figure 5. The P,CO, measure
showed an inverse pattern across crial, compared to

the oxygen trial effect. Thar is, the highest P .CO,
level was found for crial 1, and significantly lower

levels were found for trials 2 and 3, respectively and

provided further evidence thatphysiological compen-
sation or equilibration had occurred over the 2-hr.

session. This significant trend is displayed in Figure 6.

The normal initial response to the hypoxic conditions
of this s{udy’ as ProduCCd by a rcduction in Frozi is
hyperventilation, which eliminates (“off gases”) CO,

o some axtent, and hence reduces the leVCls mea-’
sured. Smokets had significantly lower P_CO, levels,
compared to those of nonsmokers, and will be dis-
cussed below.

Heart Rate (BPM): Altitude (F(4,58)=3.5¢, p<0.01)
and erial (F(2,33)=23.89, p<0.0001) effects were found
for the hear rate measure. Two 2-way inteructions
were also found for heart rate: smoking stacus by trial
(F(2.33)=10.19, p<0.0004) and altitude by trial
(F(8,116)=5.38, p<0.0001). A 3-way smoking status
by altitude by crial interaction was also found
(F(8,116)=5.68, p<0.0001). Post hoc analysis of the
altitude effect revealed elevated heart rares for the
smoking baseline session (SB); the 8,000 and 12,500
ft. sessions, with significantly lower rates for che 5,000
fr. and the ground level (GL) sessions, respectively.
Elevated heart rates are generally consistent w. ith both
a hypoxic stimulus and with the effects of nicorine.

Table 1. Means and Standard Deviations of the 4 Physiologic Measures.
GROUP" ALTiTUDET
Physiologic Smoker Nonsmoker Ground Smoking 5,000ft. 8,000ft. 12,500ft
Measure Level Baseline
PtcO > 80.0 87.9 78.1 70.5 57.6 50.0 39-2
18.3 22.0 18.6 15.6 15.8 10.5 11.9
PtcCO» 3as.s 44.5 425 43 .4 41.7 41.2 ag.4
5.3 33 7.2 4.8 5.0 6.2 6.0
79.7 69.8 70.8 78.5 73.8 76.1 76-0
BPM 11.1 11.0 10.8 13.2 11.5 12.5 11.8
S20, 98.8 95.7 97.8 98.4 96.7 95.5 92.3
3.0 3.5 1.7 1.5 1.8 2.7 3.7

* PteCO4’ P < .01
1 Alt varigbles: p < .01
4N Rirva'nld'ny. p< DY

Numbers in italics are standard devistions.
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The lacter is more readily apparent in the SB session
atground level during which smokers were allowed to
smoke a single cigarecte prior to each 30-min (MATB)
trial. The 3-way interaction effect displayed in Figure
11 clearly supports this notion and shows the elevated
heart rate for smokers during the smoking baseline
session. The clevated heart rates shown in Figure 7 for
the 8,000 and 12,500 ft sessions were probably due to

hypoxia. Figure 8 displays trial means for the heart

rate measure and shows that the highest rates occurred
during trial 1 and significantly lower rates during
trials 2 and 3, respectively. Figure 10 shows the
consistency of the changes in HR across each altitude
session. Physiologic compensation: may be respon-
sible for these trends. Figure 9 shows the 2-way
interaction effect of smoking status-and trial. The
smokers clearly demonstrated the significant trend
justdiscussed. Heart rate was elevated for the first trial
and progressively reduced over the next 2 trials. The
nonsmokers’ heart rates were not differentacross trial
(and hence, time on the breathing mixture).
Oxyhemogiobin Saturation (Sa0,): Altitude
(F(4,58)=34.72, p<0.0001) and trial (F(2,33)=12.29,
p<0.0001) effects were found for blood oxygen satu-
ration. Post hoc REGWQ tests revealed the highest

11

saturations for the 2 ground level sessions and signifi-
candy lower saturations for the 5,000, 8,000, and
12,500 ft. sessions, respectively. These results are
consistent with the normal response to reduced F O,
and followed the same profile as found in the altitude
effect with the oxygen partial pressure measure: The
$a0, data are presented in Figure 12. The trial effect
showed that S20, was lowest during trial 1, signifi-
cantly higher during trial 2 and highest during the
third trial and suggests, again, that physiologic com-
pensation or equilibration had occurred over the 2-hr
simulated altitude session. These data are shown in -
Figure 13.

Pulmonary Function Testing (PFT): No significant’
change in PFT performance was found for any sub-
jects compared to their pre-study profiles. Figures 14
and 15 present 2 measures of cach subject’s pre-study -
results, which clearly differentiated the 2 subject
groups; i.e., smokers and nonsmokers. Eachbarin the
graphs represented an individual subject’s perfor-
mance for each measure. Depending on the subject’s
age, height, and weight, their predicted performance
would have been 100%. However, changes in the
predicted values for each subject’s forced expiratory
volume in 1 sec. (FEV,) and maximal mid-expiratory
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flow rate (MMFR) showed marked differences be-
tween the groups. Smokers tended to produce results
below their predicted values, and nonsmokers tended
to produce results above their predicted values. The
differences shown between the groups may have ac-
counted for some portion of the group effects juse
described in the physiologic data.

Muldi-Artribute Task Battery

The MATB performance data were reduced, utiliz-
ing MATPROC®, a software application that pro-
vided, among other variables, mean response time,
time out errors, and false alarm errors for the 2
monitoring tasks (lights and gauges); Root Mean
Square Error (RMSE) for the tracking task; mean
absolute tank deviation (from the rarget value o€ 2500
units) for the resource management task; mean re-
sponse time, accuracy and false alarm errors for the
communications task; and also, responses to the NASA
TLX perceived workload scale. Just as with the physi-
ological data, mean values for 10-three minute epochs
were used per trial for analysis. Because the MATB
measures were characterized by a different pattern of
missing data compared to the physiological measures,
some of the listed degrees of freedom werealso slightly
different. .

An analysis was conducted for 10 MATB subtask
measures. Cell means and standard deviations for the
10 measures are provided in Tables 2 and 3 for group

13

(smoking status) and altitude, respectively. Table 4
presents trial means and standard deviations for the
10 measures. Note that all measures showed signifi-
cant trial effects.

MATB workload was, by design, confounded with
trial, since all subjects received the same workload/

trial order consisting of moderate workload for trial 1

(to emulate a take-off and climb out); low workload
for trial 2 (to emulate cruise flight); and high work-
load for trial 3 (to emulate adescentand landing phase
of flight). Trial effects were anticipated for this rea-
san. Al MATB variables showed significant trial
effects as follows: lights response time (F(2,33)=20.09,
p<0.0001); lights errors (F(2,33)=4.07,.-p<0.03);"
monitoring dials response time (F(2,33)=5.76,
p<0.007); monitoring dials errors (F(2,33)=14.95,
p<0.0001); time-out errors (F(2,33)=10.37,
p<0.0003); false alarm errors (F(2,33)=4.64, p<0.02);
tracking task RMSE (F(2,33)=62.83, p<0.0001); com-
munications response time (F(2,33)=3.54, p<0.04);
communications error (F(2,33)=16.18, p<0.0001);
and resource management (F(2,33)=3.25, p<0.05).
These effects are presented in Figures 16-25.

We thought that the best performance for all sub-
jects would have occurred during trial 2, the low
workload trial. However, for 7 of the 10 variables, the
best performance was during trial 1, slightly poorer
performance occurred during trial 2, and even poorer
performance during crial 3. These results suggested




_ . S0 >d,
“SUOIIBIASD PJBPURIS 1B SO} U| SJ8QUWINN
£0°128 64 202 56 & T4 g 92 iy s’ slwjolus
g izt €0 8g't o " 0 ol Ty €0 : % =UON
go'iee T 86t 09°64 0’4 299 8 e Fiy $0'}
gz'Zoe 0 66'¢ 4 kA 9 €T Fi4 46 (1% 00'¢ sinjowsg
L TR
uojjRriAeQ siou3 swiL Jaenbs JLI0HT suiny 1003 oS0 siouy oun) dnag
ureny (el  esuodsey uesi jooy oL ssjed o ewy  dsey 19jo),  esuodsey
wwbupy SUOYEIUNWW0D ~ BUDO®IL T (Y7 7]
Y

'SaINSEOW 91V JOj SUOHEIASQ PIEPUE]S Pue Sueal dnol ‘Z siqe]

14



"SUDRBIARD PRSDUNIS 828 SOURY Ul SJeqUnpN

o >d ‘80" >4,
666z 220 60z 0 K0 S0 w0 X 7o Go1  seyous
SIRE  #00 or'e 'L} WO 00 &0 ez 200 681 -uoN
0zez 220 96 &9 0t WO O 82 150 003 .
62962 400 c8't 82 090 60 IS0  SeY 800 61  meyous  gogzi
ZzE 520 082 S0 660 S0 40 &3 %0 960 weyous
08IEE 500 e &9 €0 0 110 ey €00 98} woN
sLG6Y  £10 19 ME  EL &0 w0 6T o0 01
Izee  z00 co'P 082 o0 €0 €0 egy BK0  S0Z  mewows 1080008
ssuUE 0 002 09 %0 S0 &0 993 240 §L0  mewws
STEEE 100 e %St z0 w0 1o Wy S0 b -uoN
e65IE 420 2t WL &0 W0 0  60% §20 860
681 00 s 08 WO 90 &0 19 900 851  meYOWS 1080009
SHE 20 003 X6 €0 KD K0 202 210 &0 seoug
cLoM 100 co's 89, 40 00 00  evy 00 ez} -uoN
svvz 020 26% OV WO 0 S0 e 0 6o wupng
26062 €00 oo 99 S0 00 0. e0% 800 (8} ueyows Bumows
52, 0Z0 7 Y. 50 X0 %0 08z 20  §0  seyous
590C  £00 e IBGL L0 00 010 ey %o 0L -woN
0102 $zo 5z ®IZ T W0 01 0P %0 o osay
SYOZ 900 ory W6 080 K0 650  29% 810 102 mewows  pung
usep Mol _eswdiey ~ usewkoy ‘mpL  ‘ewsi moeun esmchey  mol  esuodey _
B T SUOREUASD P | L B
- |

'SOINSEON H1VIA 10} suoRelna(] pJepums pue suesiy dnoug Aq epniyy ¢ eiqe |

15




‘90" >d soxmma [N
"SUOHBASP PIEPLAGS GOS8 SOLY W SIGUNN

29%EE 4 ie}
09'9¢E 0 oL¢
86106 8L PET
¥6'L0E €0 13
gryee 11y el
LVi0E W oLre
uopeNe(q  sSiouz ewy e
usep (mo]  suodsey
TRubuyy SUCHEIUNLLLIOT)
"

Z4'64 80t 29 o0 92 'y 06’

€02€ z9 0z 54 €0's W 83 ¢

€L} L9 Vi d o’ 262 ® c6'

8v'0Z ot s v 19y o 002 7 4

00’6 o %" & re 9 96

£ecl Ly 00 60’ 44 20 'l '
pemnbg 0153 SWeN 0N suNtE sJou3 LR [ TTH

useyy 100 (il pd  Woew esuodsey ML ssuodesy

BuipeiL oG N

"SeINSESN 8.1VIN 10} SUORBIAS(] PiepuElS pue SUBI jBU | “p &jqe)

16




TRIAL EFFECTS: All MATB Variables
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Figure 23. Communications Response Time




TRIAL EFFECTS: All MATB Variables
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that both time in the session {i.e., time on the breach-
ing mixtures) and workload combined wo produce the
linear decline in task performance across the 3 trials.

The results that follow describe each MATB mea-
sure separately.

Monitoring Lights: RT and Error. Altitude effects
were found for the lights error measure (F(4,63)=2.87,
p<0.03). Post hoc tests showed thart the highest num-
ber of errors occurred during the ground level and
8,000 ft. sessions, significantly fewer errors occurred
during the 12,500 ft. and smoking baseline sessions,
with fewest errors during the 5,000 ft. session, as
presented in Figure 26.

Monitoring Dials: RT, Total Errors, Time-out and
False Alarm Errors. An altitude by trial interaction
effect (F(8,133)=2.71, p<0.009) was found for the
monitoring dials response time measure. This effect is
presented in Figure 27. The error measure showed
significant effects across all factors, including their
interactions as follow: smoking group (F(1,16)=7.13,
p<0.02), altitude (F(4,63)=4.60, p<0.03), smoking
group by altitude (F(4,63)=4.47, p<0.003), smoking
group by trial (F(2,33)=3.86, p<0.03), and altitude by
trial (F(8,133)=2.85, p<0.006). These effects are pre-
sented in Figures 28-32. The total error measure was
composed of both time-out errors (failure to respoad
in 2 timely manner) and false alarm etrors (responses
to dials with no positive stimulus). We therefore,
analyzed time-out and false alarm errors and found
that the latter measure showed a smoking group by
altitude interaction effect (F(4,63)=2.97, p<0.63),
which is shown in Figure 33.

Tracking Task Root Mean Square Error (RMSE). A
smoking group effect (F(1,16)=5.05, p<0.04) was
found for the tracking task RMSE measure, as well as
a smoking group by trial interaction effect
(F(2,33)=6.78, p<0.004). Posthoc tests revealed higher
RMSE values for smokers compared to nonsmokers.
This is shown in Figure 34. The smoking group by
trial interaction effect is presented in Figure 35.

Communications RT and Error. An altitude by trial
interaction effect (F(8,116)=2.03, p<0.05) was found
for the communications response time measure. This
effect is graphed in Figure 36.
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Resource Management Tank Deviations. A wrial main
effect was found for the resource management task
measure of absolute tank deviations. This effect is
shown in Figure 25. ‘

Due to 2) the concurrent multiple tasking required
in the performance of this complex rask battery, and
b) analysis procedures used in previous studies (e.g.,
Cruz, et al., 1993; Mertens, et al., 1983; 1985) with
complex tasks, a similar ANOVA was conducted with
standardized composite scores for each subtask and an
overall standardized composite score. The analysis
was conducted as a conservative evaluation of our
petformance data with respect to the inherent com-
plexities of the MATB. Table 5 presents the signifi-
cant results of the mixed model ANOVA for the
MATB standardized composite and overall composite
scores. Not surprisingly, the analysis demonstrates
results that were quite similar to the primary analyses.

Subjective Measures

Evaluartion of the subjective measures was prima-
rily complered by visual inspection of the graphs of
mean data across trial for cach group by alticude
condition to identify trend profiles. The ESQIII dara
followed a different course of reduction, as described
in the cited references. Descriptions of the following
measures are, therefore, subjective in nature and shauld
not be considered definitive.

NASA TLX. These data are presented in Appendix
B. The most notable result of the TLX workload scale
data appears in the overall mean scores across altitude
session and trial. Clearly, the smoker group recorded
higher workload values than did the nonsmoker group.
Viewing the overall mean graphs for each altitude
condition showed little change. However, in viewing
the graphs of the subscale measures, a difference is
clearly seen in the values that the smoker group
reported, compared to the nonsmoker group. Gener-
ally, the smokers expressed higher values for all 6
subscales, compared to the nonsmokers. Some changes
in profiles were observed for each group across the
altitude conditions but were considered negligible.
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Table 5. Mixed model ANOVA Results for MATB Standardized Composite and

Overall Composite Scores.
Effect ,
Group Altitude  Group x Trial Group x  Altitude
Variable Altitude Trial Trial
d@n (1, 16) (2, 33) (2, 33)
Lights F=9.31
p < .0006
Dials F=10.03
p <.0004
Tracking F=5.05 F=6283 F=6.78
p<.04 p<.0001 p<.004
Communications F=402
p<.03
Resource F=3.25
Management p <.051
Qverall F=4121 F=357
Composite Score p<.0001 p<.04

Environmental Symptoms Questionnaire (ESQ-III) .
Weights for 9 symptom factors were applied to our
data, and we computed the cerebral acute mountain
sickness (AMS-C), and respiratory (AMS-R) severity
index measures (Sampson, Cymerman, Burse, Maher,
and Rock, 1983; Shukitt, Banderet, and Sampson,
1990). In viewing all graphs of these data (Appendix
C), a general pattern emerges showing a slight change
across administration time and altitude. Overall, the
smoker group appeared to show higher and more
variable changes compared to the nonsmoker group.
The AMS-R index (respiratory severity index) showed
the most dramatic profile changes across administra-
tion time and altitude session. The smoker group
reflected greater scores across all sessions, compared
to the nonsmoker group, whose scores changed very
livde over the sessions, except for the 8,000 and
12,500 ft. sessions. Muscular discomfort rose for the
smoker group during the 12,500 ft. session, and the

ENT factor showed elevated values across most ses-
sions for smokers, compared to the nonsmokers. The
alertness factor showed an interesting trend for the
smokers: smokers became less alert over time, com-
pared to the nonsmokers.

Mood II. The automated Mood II scale was com-
prised of 6 subscales including: activity, anger, happi-
ness, fear, depression, and fatigue. No significant
profile changes were apparent between smoking groups
or across the altitude conditions. These data are pre-
sented in Appendix D.

Stanford Sleepiness Scale. The Stanford Sleepiness
Scale was comprised of 7 statements, each describing
a different level of wakefulness. Generally, subjects
recorded a progressively higher sleepiness score across
trials. No significant differences in sleepiness were
seen between the altitude conditions. The smoker
group, however, showed a much greater change across

_ therials, with lower sleepiness scores during the pre-test
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baseline and greater sleepiness scores during the final
administration compared to the nonsmoker group.
These results are presentsd in Appendix E.

DISCUSSION

Though general responses to the effects of hypoxia
are well known, individual tolerance to hypoxia is
variable and derived from the efficiency and adequacy
of physiological compensatory mechanisms of the
body (especially the respiration/ventilation compo-
nents of compensation, Slonim & Hamilton, 1981).
Cigarette smoking was a particular interest and focus
in this study because it is one life-style characteristic
that was believed to compromise the efficiency and
adequacy of the body’s evoked compensation to hy-
poxia at general aviation altitudes.

We began the study with 2 research objectives in
mind. One was to identify potential decrements of
complex cognitive and psychomotor task performance
caused by mild hypoxia; the other, to identify the
potential interactive effects on performance of smok-
ers who have just smoked 2 cigarettes and the mild
hypoxia produced when breathing the reduced oxy-
gen mixtures of this study. We believed the smoker
group would demonstrate s difference in altitude
tolerance, compared to the nonsmoker group, and
thar this difference would be manifested as cognitive
or behavioral changes at lower altitudes, compared
with nonsmokers. Hence, we anticipated a differen-
tial response from our subjects across the simulated
altitude conditions, with performance decrements
occurring at lower altitudes for the smoker group,
compared to the nonsmoker group.

Physiological Measures

First, we conducted an evaluation of the physi-
ological measures to provide evidence that the altitude
conditions, i.c., 2 ground level and 3 simulated alti-
tudes, were accurately represented using Grade E
compressed air and 3 reduced oxygen mixtures (Pri-
mary Standard Quality, accuracy to 0.05%). The
results of these preliminary analyses confirmed that
our independent variable conditions were, indeed,
accurately simulated.
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One’s physiologic response to altitude hypoxia
depends, in part, on the ascent rate, the maximum
alritude atrzined, and the duration of exposure o thar
altitude condition (Harding & Mills, 1983). For our
acute 2 hr. exposures to the simulated altitudes of
5,000, 8,000, 12,500 ft. and 2 ground level (com-
pressed air) conditions, both blood oxygen saturation
percentage (SaQ,) and transcutaneous oxygen partial
pressure (P, O,) followed similar and consistent trends,
as documented in the altitude main effects for those
measures. These measures decreased in value monotoni-
cally with the reduction of oxygen in the inspired air.

Carbon dioxidc partial pressure (P_CO,) and heart.
rate were also monitored and found to follow antici-
pated trends. Initial responses to a reduction in the
oxygen content of one’s inspired air are increased
ventilation and heart rate (Sloan & Hamilton, 1981).
This is the body’s attempt to compensate for the
reduced oxygen tension and increase the availability
of oxygen for the cells. The immediate result of a
higher rate of respiration is a reduction in carbon
dioxide, which was readily apparent in our dara. A
significant decrease of P_CO, was found across our
altitude conditions. Often, this change in CO,, results
in an increased oxygen-carrying capacity of the blood
by changing its alkalinity. This, in wrn, favors the
uptake of oxygen by the hemoglobin (Sloan &
Hamilton, 1981).

Cardiovascular responses to reduced oxygen ten-
sion are regulated autonomically with feedback from
central and peripheral chemoreceprors. Peripheral
chemoreceptors are also responsive to changes in the
partial pressures of CO, and the pH of arterial blood
(Ernsting, 1988). The aortic and carotid bodies sense
the reduced oxygen tension of the blood and signal the
cardiovascular and respiratory mechanisms to com-
pensate. An elevated heart rate primarily leads to an
increased distribution of blood for oxygen transfer to
the tissues. Our data exhibited a progressive rise in
heart rate actoss the altitude conditions, as was dem-
onstrated by a significant altitude effect.

Evidence of physiological adaptation mayalso have
been demonstrated in our results. All 4 physiological
measures demonstrated trial effects over the course of
each 2-hr. breathing gas session and followed a pat-
tern hypothesized to be physiological adaptation. The



PO, and 520, measures increased in mean value
across the 3 trials, with the P_CO, and heart rate
measures decteasing over the same time frame (2 hes ).

Group differences between smokers and nonsmok-
ers were also found with some of the physiological
measures. We had initially indicated some distinction
between groups in their pulmonary function test
(PFT) results. The spirometer used for the PFT mea-
sures the capacity for dynamic changes of lung vol-
ume, i.e., the volumerric flow of gas into and out of
the lung. The forced expiratory spirogram output of
the testing is often uscful as a clinical tool for the
evaluation of pulmonary function and disease. Two of
the spirogram measures, forced expiratory volume in
1 second (FEV ) and maximal midexpiratory flow rate
{(MMFR) are shown in Figures 14 and 15 and graphi-
cally represent each individual subject's responses,
relative to their predicted levels of performance. The
figures show that most of the smoker group did not
meer their predicted levels of performance for either
measure. Although these darz were within normal
ranges, our respiratory clinician suggested that the
patrerns were consistent with those he had previously
viewed that distinguished smokers from nonsmokets.

The extent that these pulmonary functioning dif-
ferences berween our groups contributed to our ex-
perimental effects is not clear, One measure derived
from the ESQ-III symptom questionnaire showed a
very significant trend between groups and across alei-
tude sessions (refer to Appendix C). Elevated values of
the respiratory severity index were apparent for the
smoker group during each altitude session, compared
to the nonsmoker group, whose index values rose only
during the 8,000 and 12,500 ft. sessions. We believe
this difference may have been ateributable to a height-
ened sensitivity of the smoker group to the breathing
resistance of our oxygen delivery system. The pressure
demand breathing regularor, hoses, and oral-nasal
mask produced a measure of inspiratory resistance
that may have been perceived by the smoker group
during all sessions. Breathing deeply with our system
effectively increased an awareness of the breathing
resistance. We hypothesized that, since we found
some evidence of diminished pulmonary functioning
in our group of smokers, as the PFT data suggested,
different breathing patterns may have resulted in an
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increased awarcness of breathing resistance. The re-
duced P_CO, values of the smoker group suggested
diffecent breathing patterns, perhaps in the form of
hyperventilation across each trial. Finally, the respira-
tory severity index scores for the nonsmoker group
rose significantly, but only during the hypoxic stimu-
lus conditions found with the 8,000 and 12,500 ft.
exposures. These 2 altitudes produced mild hypoxic
stimulus conditions during which different breathing
patterns would be expected.

Other group distinguishing patterns were found in
the 2-way and 3-way interactions for the heart rate
measure. The significant group by trial interaction
(refer to Figure 9) showed that nonsmokers’ heart
rates varied lictle across trial and hence, time, and that
the smoker group varied considerably. Average heart
rate for the smoker group over trial 1 was highestat84
bpm, followed by significant reductions to 79 bpm
during trial 2 and 76 bpm for trial 3. It’s clearly seen
in the group by altitude by trial interaction (refer to
Figure 11) that heart rate was significantly elevated
during the smoking baseline session. During this
session and prior to each trial, the smokers were
instructed to smoke 1 cigarette. The elevared heart
rate may well have been due to the introduction of
nicotine, which has been associated with elevated
heare rates.

The overall evaluation of the physiological data
supported the conclusion that the simulated altitude
conditions and resultant levels of hypoxia targeted in
this study were consistently met. We, therefore, pro-
ceeded to analyze all other measures for corroborative
evidence of the effects of the mild hypoxia produced
in this study.

Multi-Attribute Task Bactery

Complex cognitive and psychomotor tasking, such
as encountered with the MATB, presented each sub-
ject with a difficult scenario in an unfamiliar experi-
mental environment. Instructians to each subject
were consistent and repetitive in expressing that they
were 1o perform all subtasks to the best of their ability
and that all tasks were equally important.

Our procedural approach o evaluating the effects
of mild hypoxia on complex task peiformance was
such that we wanted to manipulate task workload




within each 2-hr. session. Each 2-hr session com-
prised three 30-min. trials with the same varying
workload order emulating takeoffand climbout flight
during the first 30-min. trial (rated moderate work-
load); cruise flight was emulated during the second
30-mir. trial (rated low workload); descent, approach,
and landing were emulated during the third 30-min.
trial (rated high workload). Trial effects were antici-
pated for these reasons and were expected to follow
performance trends commensurate with the level of
workload for each trial. That is, performance during
trial 1 was expected to have been slightly poorer than
trial 2, which was expected to show the best level of
performance, and trial 3 was expected to have shown
the poorest performance.

The expected wotkload pattern of petformance was
not found in our data. Seven of 10 measures with
significant trial effects (refer to Figures 17-22 and 24)
showed performance during trial 2 to be progressively
poorer than during trial I, yet not as poor as trial 3.
This trend may have demonstrated that time in ses-
sion had combined with wotkload to contribute to the
effece. In addition to'these trial effect measures, the
altitude by trial interaction for the dials error measure
(Fig. 32), and the smoking group by trial interaction
cffects for both dials error and tracking task RMS
error measures (Figs. 31 and 35) also portrayed this
trend pattern. Interestingly, the overall mecan NASA
TLX workload measures showed the same partern, in
that che smokers recorded progressively higher work-
Yoad scores over trials across the alritude sessions (refer
to Appendix B).

All 4 physiological measures demonstrated trial
effects. However, the changes in these measures were
believed to be compensatory in nature, as the body’s
physiology adapted in some degree to the conditions
of the study. Subjects showed an improvement in
physiological status across the 3 trials. With the high-
est level of MATB workload set during trial 3 and
confounded with time in session, it is not known
whether performance was affected by the improve-
mentin physiological status, Subjective questionnaire
results in this study reflect a reversal in symprom
severity for the last administration time, indicaring a
perceived improvement in these measures. This trend

is sometimes seen, however, for subjects who know 2
session is soon to be over and knov that cessation of
the experimental condition is imminent.

Alritude effects were found with 2 measures, tota!
monitoring lights errors and dials errors (Figs. 26 and
29). Both showed a slight rise in the number of errors
during the 8,000 ft. session and a prominent rise in
errors during the ground level session. The former
session may reflectan hypoxic related effect, though it
does not show up during the much greater hypoxic
stimulus condition of 12,500 fi. The ground level

. session effect may have been influenced by an unbal-

anced ordering of sessions across subjects. Post hoc
assessment of the quasi-random ordering of sessions
found that some subjects mistakenly received the GL
condition earlier in their ordering of sessions than
other conditions as a resuit of subject “no-shows,”
“missed” appointments, and subsequent scheduling
confusion.

Variables that interacted with altitude were of
particular interest in this study. Our results showed 3
altitude by trial interaction effects for dials response
time (Fig. 27), total dials error (Fig. 32), and for
communijcations response time (Fig. 36). The firse
measure showed some evidence reflecting changes
similar to those found for the trial effects measures.
The total dials error measure showed even more evi-
dence of the trial effect pattern. Changes in errors
acros trials increased progressively with the greatest
number of errors occurring during the third wrial of
both the ground level and 12,500 ft. exposures. The
communications RT measure showed litdle discern-
ible evidence of variability, with a possible exception
in the ground level session. Hypoxia related trends
were not clearly apparent in these effects.

There were 2 smoking group by altitude interac-
tion effects for dials total error and dials false alarms
(Figs. 30 and 33). Both measures displayed similar
patterns. Clearly, the smoker group committed more
errots and false alarms than the nonsmoker group.
This trend may support the hypothesis of a differen-
tial effect across our altitude conditions. The non-
smoker group showed linle change across altitude
conditions, whereas the smoker group showed signifi-

cantchanges. The elevated errors thateccurred during
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the GL session, seen in these figures, probably re-
flected the unbalanced ordering of sessions men-
tioned above.

Additional evidence differentiating smokers from
nonsmokers was found for the MATB measures,
including: RMS error of the tracking task (Fig. 34)
and total errors of the dials task (Fig. 28), both
showing increased error for the smoker group, com-
pared to the nonsmokergroup. Also meationed above,
were the smoking group by trial interaction effects for
total error of the dials task and tracking RMS error
measures (Figs. 31 and 35), which showed signifi-
cantly poorer performance for the smoker group across
trials. Previous smoking research has suggested that
petformance of certain types of complex tasks is actu-
ally improved in smokers, as a result of the nicotine in
cigarette smoke (Wesnes & Parrott, 1992). Our study’s
design and methodelogical approach probably
accounted for results different from the nicotine
enhanced performance studics just mentioned. Our
study assumed that the smokers entered the experi-
mental session with some level of carbon monoxide-
based hypemic hypoxia already affecting them as a
group. Our subjects were restricted/instructed to
smoke 2 cigarettes of their choosing just prior to
entering the experimental session. McFarland’s (1970,
1944, 1939) research showed that such low levels of
CO could contribute to performance decrements,
particulatly when combined with reduced oxygen
tension, such as encountered at altitude.

Ernsting, et al. (1988) stated that tasks requiring
complex eye-hand coordination are affected at alti-
tudes above 10,000 ft., and further, that a2 10%
decrement in ability to maintain a given air speed,
heading, or vertical velocity can occur at 12,000 ft.
(p.54). In a study with instrument rated pilots breach-
ing reduced oxygen mixtures while flying ILS instru-
ment approaches in a simulator, results showed some
measure of significant impairment during the 12,300
ft. session (Gold and Kulak, 1972). Fowler, Taylor,
and Porlier (1987b), in a study to differentiate the
reaction timeand movement time components of a serial
choice reaction time task, found increases in both reac-
tion time and movement time at a perceptual-motor rask
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under hypoxic conditions. McFarland {1944, 1970)
conducted studies of the combined effeces of small
quantities of carbon monoxide (via cigarette smoking)
and hypoxia on vision, and found marked reductions in
visual thresholds, compared to each factor alone.

Performing the MATB required systematic scan-
ning of the various subtasks located across the large
(19 in.) color display monitor used in this study. We
found that after practice, the tracking task could be
accurately performed without constant foveal accom-
modation; that is, as a parafoveal or peripheral task.
The light monitoring task was also one that could be
performed as a peripheral task. Changes in the status
of the 2 lights were easily detected without looking
directly at them. The dials monitoring task, however,
required systematic observation, as did the communi-
cations task when responding to requested frequency
changes. The resource management task required
foveal accommodation and focused attention with
strategic manipulation of the pumps to maintain
appropriate fuel tank levels. In a preliminary review of
the data, we found that the resource management task
was performed to essentially the same level of profi-
ciency by both groups during all experimental ses-
sions. Yet, other tasks did not appear to have been
performed as well by both groups and, in face, ap-
peared to clearly differenciate smokers from non-
smokers by their performance outcomes.

Some emphasis is placed on the demands of vision,
cye movements, scanning behavior, and the foveal-
peripheral aspects of subtask location to introduce a
potential explanation of our resules. If vision or higher
visual processing were affected by hypoxia, one could
make the case that responses might suffer to stimuli
peripherally adjacent to a primary task thac demands
the greatest attention. Hypoxia has been shown to
produce changes in visual brightness perception, vi-
sual acuity, dark adapration, and eye movement coor-
dination (Evans and McFarland, 1938; McFarland,
1963, 1969; McFarland, et al., 1937). The effects of
moderate hypoxia have also been shown to produce
significant restrictions of the visual field with a pro-
gressive loss of peripheral vision, often called visual
tunneling (Ernsting and King, 1988; Halstead, 1945).



Disruption of vision by hypoxia can theoretically
change the processing efficiency of visual information
atvarious stages from sensation to perception, and on,
to the higher levels associated with cognition (Cahoon,
1972; Ernest and Kirill, 1971; Frisby, Barrett, and
Thornton, 1973; Heath and Williams, 1981; Van
Liere and Stickney, 1963). Fowler, Banner, and Pogue
(1993) have recently shown evidence of a slowing of
visual processing caused by hypoxia, and that specific
effects were found ac the preprocessing stage, rather
than the identification or response-choice stages. Ata
much higher stage of processing, Frisby, eral. (1973)
showed hypoxia related impairment of decision-
making ability. -

Eye movements, such as those found in reading
text, were found to be affected by breathing reduced
oxygen (McFarland, Knehr, and Berens, 1937). In
their study, they found an increase in time and fre-
quency of fixations and a reduction in the adequacy of
ocular adjustments during each fixation and a degra-
dation in the precision of ocular movements, in gen-
eral. Halsead (1945), in a study that evaluated the
effects of chronic intermittent anoxia on peripheral
vision, found that “65% of subjects exposed ...to
altitude pressures as low as 10,000 ft. developed a
marked impairment of peripheral vision.”(p.616).

1f the hypoxic stimuli of this stidy were sufficient
and the only factor affecting scanning behavior in our
subjects, both groups would have been equally af-
fected. Yet, only the smokers showed differences in
performance for the significant measures found in this
study. If one accepts the assumption that smokers
entered the experimental session with some degree of
hypoxia (hypemic hypoxia) already affecting them,
the additional insult of our reduced oxygen condi-
tions could have produced the changes that we found
for this group.

The effects of smoking have been shown to reduce
the size of visual fields and reduce peripheral visual
acuity and peripheral movement detection (Johnston,
1965b; Krippner and Heimstra, 1969; Scoughton
and Heimstra, 1973). By combining the effects of
reduced oxygen and the effects of recent cigarette
smoking, the impact on the visual system should,
therefore, be reflected additively, as suggested by the
McFarland research.
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We believe our results reflect an additive outcome
of combining the effects of smoking and hypoxia,
since the nonsmoker group showed little performance
change when compared to the smoker group. Our
data suggest that smokers performed some of the
MATB sub-tasks less accurately and required more
time for responses than was shown by the nonsmok-
ers. The group by altitude interactions provide mini-
mal support for the differential effects thar were
initially predicred for this study. Although, the resules
were not definitive, sufficient evidence exists for a
continuation of research into these factors to betrer
determine the altitudes for which recommendations
should be made for smokers to use supplemental
oxygen for better hypoxia protection.

In summary, the physiological parameters affirmed
a consistent simulation of the altitude hypoxia at-
tempted in this study. The levels of hypoxia experi-
enced by our subjects were all quite mild and were not
expected to produce much cognitive or psychomotor
performance impairment. Cognitive performance
impairment at these levels of hypoxia is often difficult
to demonstrate due, in part, to individual subject
tolerances, lack of measurement sensitivity, and be-
havioral compensation. No previous data were avail-
able for the Multi-Artribute Task Barctery to establish
its sensitivity to our stressor conditions, although the
complexity of the battery and its surface validity for
flight task operations were aspects thar we believed
would contribute 10 demonstrating some level of
hypoxic petformance impairment.

Differences were found in our physiological mea-
sures distinguishing the 2 groups of subjects in this
study. Additional dara distinguishing the groups were
found with the MATB performance measures and
some of the subjective measures. Differential group
responses to our experimental altitude conditions
were scarce, though sufficient, to suggest further ex-
perimentation. Strong evidence suggesting an alti-
tude for which supplemental oxygen should be required
was not found in this study. However, in view of the
highly variable tolerances and responses to hypoxia
and the need to safely proteceall flight crew (including
theleast tolerantindividuals), a conservative approach
to the use of supplemental oxygen is recommended.
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DESCRIPTIONS OF SUBJECTIVE MEASURES

NASA TLX

Participants were asked to rate subjective workload levels by using the NASA Task Load Ind=x (TLX; Hare
& Staveland, 1988). The TLX measures subjective workload by requiring the participant to rate the experience
of workload on six subscales: Mental Demand, Physical Demand, Temporal Demand, Performance, Effort, and
Frustration, These ratings are averaged to produce a single workload score ranging from 0 (very low) to 100 (very
high). The TLX has been used successfully to assess workload in a variery of laboratory and field settings (Hart
& Staveland, 1988).

Environmental Symptoms Questionnaire (ESQ-III)

The ESQ was originally designed to measure symptoms in subjects at high altitudes (Kobrick & Sampson,
1979). It has since been modified to assess symptoms occurring during other stressor conditions (ESQ—I1;
Sampson & Kobrick, 1980). The ESQ-III consists of 68 adjectives. During administration subjects were asked
to rate how applicable each term was to how they felr at that moment. Six responses were possible from the
lowest, 1: (Noz at AlD), vo the highest, 6: (Extremely).

Factor analysis conducted in previous rescarch identified 9 factors describing an intercorrelational pattern
that appears to reflect environmental and organismic conditions consistent with exposures to altitude
(Sampson, Cymerman, Burse, Maher, & Rock, 1983; Shukitt, Banderet, & Sampson, 1990). The 9 facrors
included: cerebral Acute Mountain Sickness (AMS); respiratory AMS; Ear, Nose and Throat (ENT); cold stress;
distress; alertness; exertion stress; muscular discomfort; and fatigue. Cold stress symptoms were nonexistent
during this study and essentially summed to zero. Hence, it was dropped from our analysis. Item weights
determined by the previous research were applied to our ESQ data and a severity index score was computed for
both the cerebral and respiratory AMS factors as defined in Sampson, et al., {1983).

MOOD 11

The automated MOOD 1I scale comprises 36 items from che following six subscales: activity, anger,
happiness, fear, depression, and fatigue. As in the ESQ-III, subjects were asked to respond to a list of adjectives
as to how well each described their current feeling. Possible responses ranged from 1 (Yes or Mostly) 10 3 (No,
Not at Ally. The MOOD scale was originally developed by Ryman, Biersner, and LaRocco (1973). The
automated version used in this study was derived from the Walter Reed Performance Assessment Barttery

(Thorne, et al., 1985).

Stanford Sleepiness Scale

The Stanford Slecpiness Scale consists of 7 statements that describe different levels of sleepiness, ranging from
1 (Feeling very alert, wide awake, and energetic) to 7 (Sleep onset soon, losing struggle ro remain awake) . Subjects
were asked to select the statement that best described their current feeling, The scale was originally developed
by Hoddes, Zarcone, Smythe, Phillips, and Dement (1973). The automated version used in this study was
derived from the Walter Reed Performance Assessment Battery (Thorne, et al. 1985).
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APPENDIX B
NASA TLX:
SUBJECTIVE WORKLOAD SCALE
FIGURES
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NASA TLX Workload Scale
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Mental Demand, Temporal Demand, and Frustration Subscales

TLX Subscales - 12.5K

100
80 ] Smokers Nonsmokers
60 1 O Mental
W Temporal
40 + _ .
i Frustration
Medium Low High Medium Low High
Trial
TLX Subscales - 8K
100 +
80 Smokers Nonsmokers
O Mental
8 Temporal
l:. B Frustration
Medium Low High Medium Low High
Trial
TLX Subscaies - 5K
100 +
80 Smokers Nonsmokers
80 + OMental
40 . B Temporal
0 W Frustration
20 +
o 4 t |1 ; m
Medium Low High Medium Low High
Trial

B6




Mental Demand, Temporal Demand, and Frustration Subscales
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Physical Demand, Performance, and Effort Subscales
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Physical Demand, Performance, and Effort Subscales
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APPENDIX C

ENVIRONMENTAL SYMPTOMS QUESTIONNAIRE (ESQ-III)
FIGURES
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Environmental Symptoms Questionnaire
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APPENDIX D
MOOD II:
SUBJECTIVE MOOD SCALE
FIGURES
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MOOD Subscales - Smoking Baseline
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APPENDIX E

STANFORD SLEEPINESS SCALE
FIGURE
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