RESEARCH ARTICLE

INTRODUCTION:

METHOD:

RESULTS:

Cumulative Cyclic Exposures to 8000-ft Pressurization
Equivalence and Attention Network Responses

Jennifer E. Thropp; Paul W. Buza

The literature is equivocal regarding the degree of cognitive impairment incurred at the 8000-ft (2438 m) maximal cabin
pressure altitude equivalence for commercial aircraft. This study elaborates upon the investigation of the 8000-ft limit by
introducing the cumulative effects of repeated daily exposures thereof.

Pilots completed four daily high-altitude chamber flights at both sea level and 8000 ft. During each chamber flight,
attentional processing and executive function were assessed using the Attention Network Test and the antisaccade task.

Antisaccade task performance likely reflected a learning effect at both altitudes. Attention Network Test results,
however, exhibited sensitivity to the fatigue and altitude interaction. Orienting network scores were affected by fatigue
differently depending on altitude, with superior efficiency at 8000 ft compared to sea level (M = 44.9,SD = 25.0vs. M =
29.0,SD = 18.1) in the last flight of the exposure cycle. Conflict network performance, however, suggested that while
fatigue increasingly compromised executive control at both altitudes, marginally worse overall executive efficiency was
observed at 8000 ft compared to sea level, notably in the last flight of the exposure cycle (M = 98.3,SD = 19.8 vs. M =

87.8,SD = 21.7).
DISCUSSION:

Executive control function, as measured by inhibition of interference in reconciling conflicting stimuli, degraded as a

function of cumulative exposures to mild hypobaric hypoxia, though adaptive measures possibly compensated to
preserve performance to a degree. This study serves as a baseline against which longer 8000-ft exposures, including

long-haul flight, can be measured.
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he partial pressure of oxygen at a typical cruise altitude
(e.g., 11,000 m or 36,000 ft) is severely inadequate for
survival relative to that which occurs at sea level (e.g., 4.7
kPa vs. 21 kPa) and must be reconciled by the aircraft’s onboard
environmental control system.?! U.S. Federal Aviation Regula-
tion 25.841 requires commercial aircraft to be equipped to pro-
duce a maximal cabin altitude (CA) of 2438 m (8000 ft) under
normal operating conditions,'>*! a level judged to best sat-
isfy both the physiological and cognitive requirements of the
human and the structural and fuel requirements of the aircraft.!
In practice, however, CA may range from 6000-9000 ft (1828-
2743 m), in which aircrew blood oxygen saturation (5,0,) has
been found to range from an average minimum of 88.6% to an
average maximum of 97%.°
The degree of cognitive impairment resulting from the mild
level of hypoxia incurred at lower altitudes such as 8000 ft has
been regarded as controversial.'® Reported impairments include

es to 8000-ft pressuri.

quivalence and at

network responses. Aerosp Med Hum Perform.

increased response time on signal detection tasks, impaired
learning, visual degradation under scotopic conditions, and
self-reported symptoms that could jeopardize safe flight (e.g.,
impaired calculations and confusion)."** Conversely, adaptive
mechanisms may be responsible for some task improvements
that have been noted, such as faster performance on card-
sorting tasks and improved logical reasoning.** Simulated flight
research has showed that while mild hypoxia might not pro-
duce significant deviations in maintaining headings and altitudes
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or very high frequency (VHF) omni-directional range (VOR)
tracking, more procedural errors can result.” Further, marginal
impairment on complex decision-making tasks involving con-
flict resolution has been reported in subjects assessed at 8000
ft,'® an effect that could have adverse implications for the cogni-
tive flexibility necessary for handling unanticipated events in
flight. Thus, well-learned cognitive, vigilance, and perceptual-
motor tasks appear to remain intact, whereas effects on com-
plex cognition are less certain.'®

A well-established paradigm of attentional networks theorizes
a system of neural substrates linked to the engagement of three
different types of attention in task performance.'® Alerting is nec-
essary for achieving and maintaining attentiveness to impending
stimuli and may involve frontal and parietal regions of the right
hemisphere, which are activated during continuous performance
and vigilance tasks. Orienting involves selecting appropriate
information from sensory input as distributed in space and
responding to cues indicating where to attend for pertinent infor-
mation. It has been linked to the parietal and frontal lobes, fron-
tal eye fields, superior colliculus, midbrain, and thalamus.*
Executive control is elicited in resolving conflict among contra-
dicting stimuli or responses, decision-making, detecting errors,
and response inhibition and is linked to the anterior cingulate
and lateral prefrontal cortex.!” The Attention Network Test
(ANT)™ is a combination of the cued reaction time test and the
flanker task and measures the efficiencies of these three atten-
tional networks, thereby providing a means for assessing several
neural structures. While the ANT has indicated adverse effects of
extreme environments in prior studies,>® there is a lack of such
research regarding acute, mild hypoxia exposures.”’

Executive control is also measured by the antisaccade task,"?
in which the subject must suppress a reflexive, automatic
response (i.e., a prosaccade) toward a peripheral task-irrelevant
stimulus in favor of executing a voluntary command to look
in the mirror-opposite periphery (i.e., an antisaccade) toward
a task-relevant stimulus.?’ Such inhibition of a dominant
response is necessary for resistance to disruption or interfer-
ence by task-irrelevant stimuli or responses. Task failure, how-
ever, is a result of inhibition that is too weak relative to the
dominant saccadic response or is executed too slowly.” Sac-
cades activate the posterior parietal cortex and the frontal and
supplementary eye fields, though antisaccades do so to a greater
degree than do prosaccades, and the prefrontal cortex and pos-
terior parietal cortex are particularly tasked in generating the
command to look in the direction that opposes a reflex.?

Administering the ANT and antisaccade task in the context
of acute hypoxic exposure would assess vulnerabilities of early
stages of visual information processing, attentional control, and
executive functioning, which are fundamental for flight perfor-
mance. The present protocol administered these two tasks to
experienced pilots at an 8000-ft altitude equivalence and fur-
ther induced the stressor of repeated daily exposures to this
consequential mild hypoxia, as would be incurred by regional
aircrew flying several times per day. These repetitive exposures
were assumed to also induce a degree of fatigue. To our knowl-
edge, the cumulative effects of cyclic exposures to an 8000-ft

equivalence on attention and behavioral control have not yet
been reported. Adverse effects on task performance, notably in
executive function at 8000 ft, with exacerbation in later expo-
sures, were anticipated. However, given the relatively small alti-
tude difference between the two conditions, the effects were
expected to be small.

METHODS

Subjects

Subjects were 24 pilots (21 men, 3 women) with a mean age of
25.5 yr (SD = 8.1) and an average of 745.2 total flight hours
(SD = 992.6). All subjects had an FAA-valid medical certifi-
cate and were screened for additional confounding or disquali-
fying health issues. Neither dietary nor lifestyle restrictions
were imposed prior to participation. The study protocol was
approved in advance by the Embry-Riddle Aeronautical Uni-
versity institutional review board and all subjects provided
written informed consent before participating.

Equipment

The high-altitude chamber used to produce the altitude condi-
tions was a Class D multilock hypobaric chamber (Victoria
Machine Works, Inc., Victoria, TX) measuring 3 m (10 ft) in
diameter and 9.75 m (32 ft) in length. The mean temperature
and humidity readings inside the chamber were 25.8°C (78.5°F)
and 58.1% at sea level, and 25.6°C (78°F) and 53.3% at 8000 ft.
CO, remained stable at 1.5 mBar. 5,0, was measured during
each flight using finger pulse oximetry sampling at a rate of
once per 5 s. The tasks were administered on laptop computers
(1280 X 720 display) with responses made via keyboard.

Procedure

A within-subjects design was used, assessing two repeated-
measures independent variables: simulated altitude (sea-level
equivalence, termed “SL”; and 8000-ft equivalence used to rep-
resent cabin altitude, termed “CA” for the purpose of this study)
and flight number (a sequence of four chamber flights at each
altitude, referred to as “flights”), thereby generating eight flights
termed SL1, SL2, SL3, SL4, CA1, CA2, CA3, and CA4. The SL
flights served as the control condition. The mean S,0, across all
four flights was 98% (SD = 0.09%) at SL and 93.3% (SD =
2.7%) during CA flights.

In the CA condition, the pressure inside the chamber was
gradually reduced at a rate of approximately 457 m (1500 ft) per
minute until approximately 2438 m (8000 ft) equivalence was
attained, at which point subjects began the tasks. All other con-
ditions inside the chamber were consistent between altitudes.
The control flights at SL were performed with the chamber
doors closed and the chamber was flown to 500 ft with ventila-
tion maintained for the same time duration as were the CA
flights to minimize the perceptible difference between altitudes
and blind subjects to the current altitude condition.

Each subject completed four 45-min chamber flights per day
(35 min at each altitude) with a different altitude condition on
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each day. The order of altitude conditions was counterbalanced
between the 2 d such that half of the subjects were tested in the
CA condition on Day 1 and SL on Day 2, while the other half of
the subjects were tested in the SL condition on Day 1 and CA on
Day 2. Subjects were seated at individual laptop computers
inside the chamber. Six subjects were inside the chamber at one
time, in addition to one medically trained chamber tender and
an experimenter. There was a break of approximately 60 min
between flights. The computer-based ANT and antisaccade task
were administered during each flight. The order in which the
tasks were administered in each flight was counterbalanced
such that the number of times each task was presented first was
equally distributed among subjects as well as among each com-
bination of altitude order and flight number.

In each trial of the ANT (see Fan et al.!® for further detail),
subjects were instructed to maintain their gaze upon a central
fixation point which appeared for a variable duration. One of
four warning cue types appeared and then the target appeared
along with one of three flanker types. The target was an arrow
pointing either left or right and appearing with spatial uncer-
tainty (i.e., either above or below the central fixation point).
Subjects were instructed to respond as quickly and accurately as
possible by pressing the arrow key that corresponded with the
target arrow direction.

The alerting and orienting networks were manipulated
through the presentation of four different cue types (an asterisk
shape) which warned of the target onset differentially:

1. No cue: Only the fixation point was visible; no alerting was
provided.

2. Center cue: One asterisk appeared at the fixation point, pro-
viding a nondirectional alert; therefore, no spatial informa-
tion regarding target location was provided.

3. Double cue: Two asterisks appeared simultaneously, one
directly above and another directly below the fixation point;
alert was therefore nondirectional, but the two cues together
created a larger attentional field.

4. Spatial cue: One asterisk appeared in the same location as
the impending target, thereby providing an alert with spatial
information to orient attention accordingly.

To manipulate the conflict network, each target arrow was
accompanied by one of three types of flanker congruence:

1. Congruent: horizontal lines with arrowheads pointing in the
same direction as the target arrow.

2. Incongruent: horizontal lines with arrowheads pointing in
the direction opposing that of the target arrow, thereby cre-
ating conflicting information.

3. Neutral: horizontal lines without arrowheads.

The ANT began with a practice block of 24 trials that pro-
vided response time (RT) and accuracy feedback. The task
consisted of three experimental blocks, each consisting of 96
trials equally comprised of the following stimulus condition
combinations presented in random orders: 4 cue types X 3
congruence types X 2 target locations X 2 target arrow
orientations.

CABIN ALTITUDE & ATTENTION—Thropp & Buza

The efficiency of each attention network was calculated
using the follow mean RTs (mRTs):

Alerting effect = mRT of No Cue conditions - mRT of Double
Cue conditions (i.e., improvement from knowing when the
target will appear).

Orienting effect = mRT of Center Cue conditions - mRT of
Spatial Cue conditions (i.e., improvement from knowing
when and where the target will appear).

Conflict effect = mRT of Incongruent Flanker conditions -
mRT of Congruent Flanker conditions (i.e., cost incurred
from conflicting information).

For alerting and orienting effects, larger values indicate
greater efficiency through responding more quickly by using
the cues. In the conflict effect, a larger value indicates greater
time required to resolve conflict and therefore signals
inefficiency.

In the antisaccade task (see Hallett'® for further detail) sub-
jects were instructed to maintain their gaze upon a central fixa-
tion point appearing for 800 ms. A peripheral stimulus (7.5 cm?
box) appeared on either the left or right side of the fixation
point. Subjects were instructed to quickly look on the opposite
side of the fixation point, where a second peripheral box (7.5
cm?) would then appear 250 ms later. This second box con-
tained the target, an arrow, which was visible for 150 ms before
being masked with a hash mark pattern. The target arrow was
pointing in one of four directions (up, down, left, or right). Sub-
jects were tasked with indicating the correct arrowhead direc-
tion as quickly as possible by pressing the corresponding arrow
key. Failure to successfully and quickly suppress the reflexive
prosaccade toward the first stimulus box and execute the anti-
saccade resulted in missing the arrow in the second stimulus
box. The two boxes were separated by 17.5 cm, which ensured
that subjects could not simultaneously distinguish the contents
of both without executing a proper antisaccade. A practice
block of 32 trials with accuracy and RT feedback preceded the
task, which consisted of 90 trials.

Following the tasks in each flight, subjects completed the
Samn-Perelli Crew Status Check,** in which they rated their
fatigue on a scale of 1 (“fully alert, wide awake”) to 7 (“com-
pletely exhausted, unable to function properly”). They also
completed an abbreviated version of the Raw NASA Task Load
Index,'* in which they rated their subjective workload using a
scale of 0 (“low”) to 100 (“high”) on six subscales (mental
demand, physical demand, temporal demand, performance,
effort, and frustration). On the performance subscale, high
scores indicated high appraisal of task performance success.
Overall workload was calculated as the average of subscale
scores. Fig. 1 shows the schematics of the ANT and antisaccade
task.

Statistical Analysis

For both tasks, RT was defined as the interval [in milliseconds
(ms)] between stimulus onset and response via key press and
was only calculated for correct trials. Accuracy was proportion
of trials with correct responses.
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Attention Network Test

Spatial

|

For statistically significant
rmANOVAs (defined as a P-value

ik + None  Center Double [

\ of < 0.05), pairwise comparisons

*

* +

were adjusted for multiple com-
parisons using Sidak post hoc
tests. P-values smaller than 107%
are presented as P << 0.0000001.
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Fig. 1. Top: ANT sequence of stimulus presentation: 1) Fixation cross (400-1600 ms); 2) one of four cue types appears
(100 ms); 3) fixation cross returns (400 ms); 4) target appears in one of the eight possible locations and flanker combina-
tions (maximum of 1700 ms). Bottom: Antisaccade task sequence of stimulus presentation: 1) fixation cross (800 ms); 2)
first peripheral box appears, signaling to the subject to look to the opposite side; 3) second peripheral box containing
target arrow appears 250 ms later for a duration of 150 ms; 4) arrow is obscured by mask.

For the ANT, four-way 2 (Altitude: SL, CA) X 4 (Flight: 1, 2,
3, 4) X 4 (Cue: no cue, center cue, double cue, spatial cue) X 3
(Congruence: incongruent, neutral, congruent) repeated mea-
sures ANOVAs (rmANOVAs) were conducted on accuracy and
RT. Two-way rmANOVAs [2 (Altitude) X 4 (Flight)] were
computed for each attention network efficiency. The efficiency
of each network was reported in milliseconds.

For the antisaccade task, two-way 2 (Altitude) X 4 (Flight)
rmANOVAs were conducted on overall accuracy, bivalent
accuracy, RT, and bivalent RT. Overall accuracy reflected cor-
rect indication of the arrowhead direction, while bivalent accu-
racy reflected correct indication of the orientation of the entire
target arrow as either horizontal or vertical (e.g., indicating
either up or down for an arrow pointing up was scored as cor-
rect). Responses exceeding 2000 ms were considered extreme
and excluded from analyses.

Y Post-task subjective fatigue indi-
cated a main effect of Flight
[F(3,45) = 3.659, P = 0.019,
,qu = 0.196] with ratings that
were higher for flight 3 than flight
1 (P = 0.047). The Altitude X
Flight interaction was marginal
[F(3,45) = 2.497, P = 0.072,
'Y]p2 = 0.143]; ratings for SL2,
SL3, and SL4 exceeded that of
SL1 (all P < 0.01), but were sta-
ble across CA flights.

Overall subjective workload
ratings (Table I) indicated a mar-
ginal Flight X Altitude interac-
tion [F(1.661,34.871) = 2.969,
P = 0.073,m,> = 0.124], indicat-
ing that at SL, subjective workload
generally increased across flights,
with SL2 (P = 0.068) and SL3
(P = 0.051) marginally exceeding
that of SL1, while it was stable
across CA flights. There was a sig-
nificant main effect of Flight on the physical workload subscale
[F(3,63) = 5.457, P = 0.002, T]PZ = 0.206], with flight 3 (P =
0.024) and flight 4 (P = 0.017) exceeding flight 1. In subjective
ratings of performance, the Altitude X Flight interaction was sig-
nificant [F(3,63) = 3.126, P = 0.032, ”r]pz = 0.130]; appraisal of
SL2 was marginally higher than SL3 (P = 0.052) and SL4 (P =
0.060), and SL1 was marginally higher than SL3 (P = 0.069).
Appraisal of CA3 exceeded that of CA2 (P = 0.035).

Neutral

Attention Network Test

For the alerting and orienting networks, higher scores indicate
better efficiency. The alerting network indicated a significant
main effect of Flight [F(3,69) = 9.210, P = 0.000015, "r]pz =
0.283]. The mean alerting efficiencies for flight 4 (P = 0.0003),
flight 3 (P = 0.0018), and flight 2 (P = 0.00038) all exceeded
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Table I. Subjective Measures by Altitude and Flight.
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0.005), and double cues were

ALTITUDE X FLIGHT MEAN (SD)

more accurate than center cues

POST-TASK WORKLOAD (NASA-TLX)

(P = 0.001). When flankers

were neutral, spatial cue accu-

FLIGHT POST-TASK FATIGUE OVERALL PHYSICAL PERFORMANCE
St 238(12) 38 2(115) 257(189) 716(120) racy exceeded that of the no cue
SL2 331(1.2) 10129) 30.7 (206) 725 (156) condition (P = 0.014).
SL3 331(14) 43 5 (145) 346 (24.3) 643 (19.5) The main effect of Cue was
sL4 338(14) 435 (160) 322(230) 652 (204) significant for accuracy [F(3,69)
CA1 294(13) 1(156) 246(19.7) 659 (188) _ _ 2
= 5.831, P = 0.001, m,~ =
CA2 3.13(1.7) 405(154) 304 (21.8) 650 (164) oo, ” P
CA3 3.06(1.5) 1016.1) 30.7 (234) 702 (10.2) 0.202]; spatial cue accuracy
CA4 313(18) 408 (200) 325 (236) 657 (169) exceeded no cue (P = 0.026) and
MAIN EFFECTS MEAN (SE) center cue (P = 0.010) accura-
S 309 (027) 418(26) 308 (43) 684 (29) cies, and double cue accuracy
cA 3.11(035) 40.1 33) 295 (44) 667 (2.6) marginally exceeded center cue
Flight 1 266 (0.25) 396 (24) 251(37) 688 (2.7) . The mai
Flight 2 322(034) 413029) 305 (4.0) 688 (3.1) accuracy (P = 0.079). The main
Flight 3 3.19(030) 408 (3.1) 326 (50) 673(27) effect of Congruence was sig-
Flight 4 3.34(0.37) 422 (36) 324 (4.8) 65.5(37) nificant [F(1.073,24.673) =

SL: sea level; CA: cabin altitude.

that of flight 1. The orienting network indicated a significant
Altitude X Flight interaction [F(3,69) = 4.229, P = 0.008,
m,” = 0.155]; the mean orienting efficiency in CA4 was higher
than in SL4 (P = 0.010).

For the conflict network, higher scores indicate worse effi-
ciency. The main effect of Altitude was marginal [F(1,25) =
3.882, P = 0.061, T]P2 = 0.144], with the conflict effect at CA
exceeding that of SL. A pairwise comparison using least signifi-
cant differences indicated that the mean conflict score at CA4
was significantly greater than in SL4 (P = 0.017). There was a
significant main effect of Flight [F(3,69) = 9.543, P = 0.000024,
n,> = 0.293]. Flight 3 (P = 0.010) and flight 4 (P = 0.001) both
had greater conflict effects than flight 1. Flight 3 (P = 0.029)
and flight 4 (P = 0.012) had greater conflict effects than flight 2.
Fig. 2 shows the pattern of attention network efficiencies per
altitude and flight number.

There was a significant Cue X Congruence interaction for
accuracy [F(3.978,91.502) = 6.289, P = 0.00016, ,qu =0.215].
When flankers were incongruent, spatial cue accuracy
exceeded that of the center and no cue conditions (both P <

Attention Network Efficiencies

—4#—Alerting —#—Orienting —&—Conflict

100

EfficiencyScore (ms)
&
ﬁ:)

40
B———M -
20
0
SL1 SL2 SL3 SL4 CAl
Flight

Fig. 2. Attention network efficiencies by altitude and flights. Higher alerting and orienting scores indicate greater

efficiencies, while higher conflict scores indicate lower efficiencies.

56.735, P < 0.0000001, T]P2 =

0.712]; congruent and neutral
flanker accuracies exceeded incongruent flanker accuracy
(both P < 0.0000005).

There was a marginal Flight X Congruence interaction for
accuracy [F(3.477,79.981) = 2.477, P = 0.059, npz = 0.215]
that had been significant (P = 0.026) prior to using the Green-
house-Geisser test. The accuracy difference was greatest
between flights when flankers were incongruent, with flight 1
exceeding flight 4 (P = 0.016), flight 3 (P = 0.078), and flight 2
(P = 0.013). When flankers were neutral, flight 1 accuracy
exceeded flight 2 (P = 0.030) and flight 4 (P = 0.053) accura-
cies. When flankers were congruent, flight 1 accuracy was only
marginally higher than both flight 2 (P = 0.057) and flight 4
(P = 0.062) accuracies.

The main effect of Flight for accuracy was marginal
[F(1.479,34.006) = 2.345, P = 0.081, npz = 0.093]; accuracies
in flight 4 (P = 0.073) and flight 2 (P = 0.070) were marginally
lower than in flight 1. However, after using the Greenhouse-
Geisser test, this effect became nonsignificant (P = 0.124). Fig. 3
shows the mean accuracy for each cue and congruence type for
each flight in the SL and CA conditions.

For RT on the ANT, a signifi-
cant Cue X Congruence interac-
tion [F(6,138) = 32381, P <
0.0000001, npz = 0.585] indi-
cated that the RTs of all four cue
types significantly differed from
each other within each congru-
ence type (all P < 0.002). There
was a significant Flight X Con-
gruence interaction for RT
[F(6,138) = 7.266, P < 0.0000001,
'Y]p2 = 0.240]. In all flights, the
RT of the incongruent flankers
exceeded those of the neutral
and congruent flankers (all P <
0.0000001), with increasing dif-
ferences as flights advanced.

CA2 CA3 CA4
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Accuracy at Sea-Level Across Flights

% Correct
S o O ¢
& 0
B
P e

0.92
09 = - .
X e > L e D e S e >
& & P S & S G
5 &
< d,f.\ Q°° f—,Q’b < (} Q°° %Qfo B (3’(\ 00\5 (_)Q'b < C"’Q ooo %Q'a
SL1 SL2 SL3 SL4
Accuracy at Cabin Altitude Across Flights
0.98 ‘ | i
g o ‘ |
g 094 | ‘ | |
£ 092 | | -
! | | J
2 5 e D e > e D (2 S e D
& & X & P P & AN
J &* & J
S & & S (gf\ 0c:“' & < (35‘ & & & F & &
CAl CA2 CA3 CA4

W Incongruent @ Neutral O Congruent

Fig. 3. Accuracy (in proportion correct) for flights at SL (top) and CA (bottom).

Additionally, congruent flanker RT exceeded neutral flanker
RT in all four flights (all P < 0.00001).

There was a significant Flight X Cue interaction for RT
[F(4.825,110.971) = 3.402, P = 0.007, T]Pz = 0.129]. In flight 1,
spatial cue RT was less than those of the other three cue condi-
tions. In flights 2, 3, and 4, all cue pairs were significantly differ-
ent (all P < 0.003), in addition to center cue RT exceeding
double cue RT (P < 0.006).

A significant main effect of Flight [F(2.360,54.286) = 5.699,
P = 0.004, m,> = 0.199] indicated that RTs of flight 3 (P =
0.036) and flight 4 (P = 0.010) both exceeded flight 1 RT. A
significant main effect of Cue [F(2.007,46.152) = 212.604, P <
0.0000001, np2 = 0.902] indicated that the RTs of all pairs of cue
conditions differed (all P < 0.0005). A significant main effect of
Congruence [F(2,46) = 566.150, P < 0.0000001, ,qu = 0.961]
indicated that the RTs of all pairs of congruence conditions dif-
fered (all P < 0.0000001).

Table II shows the descriptive statistics for each attention
network efficiency, in addition to overall mean accuracy and
RTs for each flight at each altitude. Fig. 4 shows the mean RT
for each cue and congruence type for each flight in the SL and
CA conditions. Finally, Table ITI shows mean accuracy and RT
values for the Congruence X Cue interaction, Flight X Con-
gruence interaction, and main effects of Cue and Congruence.

Antisaccade Task

For overall accuracy, there was a significant main effect of Flight
[F(1.798,41.347) = 21.828, P < 0.0000001, T]pz = 0.487]. The
mean accuracies for flight 2 (P = 0.00004), flight 3 (P =

0.00009), and flight 4 (P = 0.00024) all exceeded flight 1 accu-
racy. Bivalent accuracy also indicated a significant main effect
of Flight [F(1.460,33.571) = 4.267, P = 0.033, 1> = 0.156],
where flight 2 exceeded flight 1 (P = 0.037). Overall RT indi-
cated a significant main effect of Flight [F(3,69) = 10.965, P =
0.000006, np2 = 0.323]. The mean RTs for flight 2, flight 3, and
flight 4 were all lower than that of flight 1 (all P < 0.005). Table
IV shows mean accuracy and RT values for each flight at each
altitude, as well as for each altitude and flight overall on the
antisaccade task.

DISCUSSION

Atboth altitudes, the alerting network was characterized by ini-
tial improvement across flights before plateauing, possibly
reflecting a learning effect, which is consistent with prior
research involving fatigue.'® Examination of Fig. 4 shows that
after flight 1, RT for the no cue condition increased more
sharply than double cue RT, suggesting that subjects benefitted
from the larger attentional field created by the double cues as
fatigue accrued.

Orienting scores were affected by fatigue differently depend-
ing on altitude, with superior efficiency in CA flights in the last
flight of the daily cycle. At SL, center cue processing leveled off
at SL3 while spatial cue processing continued to slow. Con-
versely, at CA, spatial cue processing quickened in the midst
of decelerating center cue processing. Thus, ability to take
advantage of spatial information to efficiently direct attention
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Table Il. ANT Network Efficiencies and Overall Performance.

CABIN ALTITUDE & ATTENTION—Thropp & Buza

ALTITUDE X FLIGHT MEAN (SD)

FLIGHT ALERTING ORIENTING CONFLICT OVERALL ACCURACY OVERALL RT
SL1 46.0 (34.9) 335(17.2) 71.0(20.8) 0.981 (0.020) 502 (82)
SL2 614(31.8) 350(21.6) 80.0 (27.0) 0.966 (0.040) 523 (93)
SL3 62.2(31.0) 444 (23.5) 90.0(19.7) 0.960 (0.083) 538 (94)
SL4 61.0 (36.4) 29.0(18.1) 87.8(21.7) 0.975(0.019) 538 (96)
CA1 37.9(29.5) 34.5(15.8) 764 (29.8) 0.982 (0.014) 507 (76)
CA2 594 (27.5) 38.2(226) 80.5(22.3) 0.974 (0.019) 514 (72)
CA3 56.9 (30.7) 36.0(24.3) 94.4(24.1) 0.973(0.014) 521 (84)
CA4 596 (34.7) 449 (25.0) 98.3(19.8) 0.970(0.027) 520(72)
MAIN EFFECTS MEAN (SE)
SL 57.7 (6.1) 354 (2.6) 82.2(3.0) 0.971 (0.007) 525(17)
CA 53.5(4.7) 384 (3.2) 874(3.7) 0.975 (0.003) 516 (15)
Flight 1 420 (5.0) 34.0(2.7) 73.7 (4.6) 0.981 (0.003) 504 (16)
Flight 2 604 (4.5) 36.5(3.3) 80.3 (4.1) 0.970 (0.005) 519(16)
Flight 3 59.6 (5.6) 40.2 (4.0) 92.2(3.8) 0.967 (0.009) 530(18)
Flight 4 60.3 (4.7) 370(3.5) 93.0@3.7) 0.972 (0.004) 529 (16)

ANT: Attention Network Test; RT: reaction time; SL: sea level; CA: cabin altitude.

appeared more vulnerable to fatigue at SL, which contradicts a
learning effect observed in orienting in prior research.'® How-
ever, subjects’ use of spatial cues improved under mild hypoxia,
possibly due to short-term compensatory or adaptive measures
used to maintain performance. The relative stability of subjec-
tive measures (e.g., fatigue, workload) across CA flights may
support this theorized compensation.

Conflict network efficiency, in contrast, generally degraded
across flights, signaling that fatigue increasingly compromised
executive control. At SL, executive function degraded until pla-
teauing at SL3. There was, however, worse efliciency in CA
flights in general, wherein executive function steadily declined

as a function of flight number, driven by slower processing of
incongruent flankers relative to increased speed of processing
congruent flankers, especially in the last flight of the day.
Specifically, it appeared that in CA flights, RT was stable if
not slightly expedited for congruent flankers, but gradually
increased for incongruent flankers, thereby generating a high
conflict network score. Across SL flights, however, RT generally
increased for both flanker types. Further, the means in Fig. 3
illustrate a trend for decreasing incongruent flanker accuracy
across CA flights, with the worst accuracy in CA4, whereas
a U-shaped trend can be observed over time for SL flights.
Mild hypoxia results in physiological compensation, which is

RT at Sea-Level Across Flights
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Fig. 4. RT (in ms) for each flight at SL (top) and CA (bottom).
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Table lll. Mean Accuracy and RT on the ANT for the Interactions and Main Effects of Congruence, Cue, and Flight.

ACCURACY
PER CUE X CONGRUENCE PER FLIGHT X CONGRUENCE
CUE FLIGHT

NONE CENTER DOUBLE SPATIAL CONGRUENCE OVERALL 1 2 3 4
Neutral 0.984 0.987 0.985 0.990 0.986 Neutral 0.992 0.985 0.980 0.989
Congruent 0.987 0.990 0.990 0.988 0.989 Congruent 0.995 0.988 0.982 0.990
Incongruent 0.938 0.931 0.947 0.954 0.942 Incongruent 0957 0.937 0.938 0.938
Cue Overall 0.969 0.970 0.974 0.978

PER FLIGHT X CUE
Flight 1 0.980 0979 0.983 0.984
Flight 2 0.967 0.968 0971 0975
Flight 3 0.962 0.964 0.968 0972
Flight 4 0.969 0.968 0.974 0.980
RT
PER CUE X CONGRUENCE PER FLIGHT X CONGRUENCE
CUE FLIGHT

NONE CENTER DOUBLE SPATIAL CONGRUENCE OVERALL 1 2 3 4
Neutral 531 467 457 436 473 Neutral 462 470 480 480
Congruent 550 498 489 469 502 Congruent 489 503 508 507
Incongruent 618 598 586 545 587 Incongruent 563 584 601 600
Cue Overall 566 521 511 483

PER FLIGHT X CUE

Flight 1 543 505 501 470
Flight 2 567 519 506 482
Flight 3 577 531 519 491
Flight 4 578 529 518 491

RT: reaction time; ANT: Attention Network Test.
All SEs for accuracy are 0.01 or less. All SEs for RT are between 14-20 ms.

sympathetic-mediated,” and sustained sympathetic stimulation
can result in fatigue, as seen in the general adaptation syn-
drome.”® Thus, under mild hypoxia, compensatory mecha-
nisms (see Petrassi et al.”®) used to sustain performance may
have been adequate for maintaining congruent flanker process-
ing, but less so for the more difficult incongruent flanker pro-
cessing. This pattern may serve as preliminary evidence for
mild executive control inefficiency under mild hypoxia incurred
at 8000 ft, consistent with previous research.!® Further, the deg-
radation observed in the present study appeared to be exacer-
bated by accruing exposures to altitude, a possible reflection of

Table IV. Antisaccade Task Performance.

prefrontal cortex circuitry. The basal ganglia, which projects to
the prefrontal cortex,'® is a substrate of cognitive fatigue and
vulnerable to hypoxic insults.'

Moreover, these results may indicate that the conflict and
orienting networks have partially separate stores of attentional
resources, an arrangement that particularly manifests under the
duress of cumulative exposures to hypoxia, which diminish the
already limited resources. Despite executive function appearing
the most taxed in the last CA flight of the cycle, orienting con-
comitantly improved and was thus not encumbered by inten-
sive simultaneous executive processing. In support of this

ACCURACY RT

FLIGHT OVERALL MEAN (SD) BIVALENT MEAN (SD) OVERALL MEAN (SD) BIVALENT MEAN (SD)
SL1 0.835(0.159) 0.960 (0.058) 61869 (122.47) 643.33 (124.62)
SL2 0.887 (0.138) 0.969 (0.053) 578.19(99.75) 59147 (109.34)
SL3 0.889(0.137) 0.969 (0.051) 59837 (116.85) 61226 (117.62)
SL4 0.885 (0.127) 0.959 (0.073) 585.75 (131.74) 602.36 (135.96)
CA1 0.803 (0.153) 0.952 (0.064) 614.16 (111.28) 634.11 (120.10)
CA2 0.870(0.104) 0.974 (0.031) 576.10 (84.85) 594.99 (87.64)
CA3 0.898 (0.104) 0.969 (0.044) 562.01 (94.53) 579.98 (99.87)
CA4 0.890 (0.121) 0.970 (0.047) 560.57 (86.68) 575.22 (96.60)
MAIN EFFECTS MEAN (SE) MEAN (SE) MEAN (SE) MEAN (SE)
SL Overall 0.874 (0.027) 0.964 (0.011) 595.25 (22.79) 612.36 (23.53)
CA Overall 0.865 (0.022) 0.966 (0.008) 578.21(18.36) 596.08 (19.64)
Flight 1 Overall 0.819(0.024) 0.956 (0.009) 61642 (20. 90) 638.72 (21 39)
Flight 2 Overall 0.878 (0.021) 0.971 (0.007) 577.14(18.11) 593.23(19.17)
Flight 3 Overall 0.894 (0.021) 0.969 (0.008) 580.19 (20 59) 596.12 (21.19)
Flight 4 Overall 0.888 (0.023) 0.964 (0.010) 573.16 (21.83) 588.79 (23. 30)

RT: reaction time; SL: sea level; CA: cabin altitude.
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theory is prior neuroimaging research, which has attributed
orienting and executive functioning to differing neural
substrates.

Decremented inhibition of interference in response to
fatigue was also reported by Heaton et al.,,'> who administered
the ANT three times within a 26-h period to sleep-deprived
military personnel, and by Holtzer et al.' in their assessment of
older adults. In contrast, however, Ishigami and Klein'” admin-
istered the ANT once daily for 10 d (at approximately 8.6-d
intervals) to young adults and reported learning effects in the
conflict network as evidenced by shortened RTs for incongru-
ent flankers over time.

Studies on the effects of acute hypoxia exposure on ANT
performance are lacking, but long-term exposures have been
assessed. Zhang et al.”® reported that individuals who were
raised at 4200 m (13,780 ft) exhibited impaired orienting and
improved conflict efficiencies relative to those of subjects raised
at lower altitudes of 2900 m and 3700 m (9514 and 12,139 ft).
However, individuals raised at or near SL were not sampled for
comparison. Barkaszi et al.> administered the ANT once per
6-wk cycle to subjects stationed in Antarctica (3233 m/10,607
ft). Over time, RTs decreased, which was attributed to practice;
the alerting effect continually increased, indicating improve-
ment in the use of cues; and the conflict effect decreased, indi-
cating improved inhibition of interference. The attention
networks may therefore respond differently to acute altitude
exposures compared to longer exposures that permit adapta-
tion. Further, changes in the conflict network over time appear
to differ as a function of the interval between ANT administra-
tions, in which multiple administrations per day may elicit deg-
radation through fatigue, while greater spans can accommodate
improvements through learning.

Consistent with Fan et al.,'’ incongruent flankers interfered
with target processing to impair accuracy in general. The pres-
ent results, however, further included a main effect for cue and
an interaction between cue and congruence, possibly due to the
added experimental stressors of fatigue and altitude. The inter-
action between cue and congruence indicated that in trials fea-
turing the more difficult incongruent flankers, the informative
spatial cues provided a significant accuracy benefit, and the
double cue condition, which generated a larger attentional field,
promoted higher accuracy over the center cue condition. These
cue benefits waned, however, under the easier neutral and con-
gruent flanker conditions. This interaction may suggest a degree
of dependence among attention networks, as the influence of
attentional field size and spatial cueing was greater when execu-
tive control was the most taxed. Finally, across cue and flanker
conditions, accuracy somewhat declined as a function of expo-
sure, an effect that has been similarly observed in prior fatigue
research.!>16

Consistent with previous studies,'>!” the results for RT indi-
cated main effects of cue and congruence and an interaction
between them. Resolution of incongruent flankers was espe-
cially protracted, notably when cues did not provide spatial
information. These effects were consistent between SL and CA
flights, and thus the dependence among networks suggested by

CABIN ALTITUDE & ATTENTION—Thropp & Buza

this interaction appears robust to altitude and fatigue manipu-
lations. RT globally increased as a function of fatigue, especially
in resolving incongruent stimuli, an effect that was the most
pronounced in the last two flights of the daily cycle. Conflicting
information thus increasingly burdened the central executive as
fatigue intensified. Together, the greater RT and reduced accu-
racy for incongruent flankers demonstrate that the conflict
interfered with target processing and that among congruence
conditions, incongruent flankers yielded the highest degree of
difficulty.

The interaction between flight and cue indicated that as
flights progressed, the larger attentional field generated by dou-
ble cues may have provided an RT benefit over the central cues.
Thus, when fatigued, the operator may benefit from distribut-
ing attentional resources across the entire field of possible target
locations as opposed to directing attention to a specific location
once the target appears.

In contrast to the ANT, performance generally improved on
the antisaccade task as a function of time. A learning effect
appears evident at both altitudes, wherein accuracy signifi-
cantly improved after the first administration, with a trend of
plateauing earlier in SL flights. While accuracy at SL1 was supe-
rior to CA1, accuracies in CA4 and SL4 were comparable, indi-
cating a greater improvement under mild hypoxia as a function
of time, though accuracy was slightly lower in CA flights over-
all. RTs also tended to shorten across flights, especially in CA
flights. Flexible behavioral control in terms of saccadic move-
ment was thus not vulnerable to mild hypoxia or fatigue in this
task and, further, subjects appeared to refine skill despite these
stressors. In an administration of a similar antisaccade assess-
ment to subjects who had rapidly ascended to 3459 m (11,348
ft), Faull et al.'! found no differences in saccadic latency. Both
accuracy and latency have also shown imperviousness to 20 h
of sleep deprivation.”

Most components of the ANT appear to have been mini-
mally prone to practice or learning effects, but sensitive enough
to render this instrument a generally useful measure of fatigue
and hypoxia in aviators. Though some of the outcomes observed
could imply the potential for compromised attentional alloca-
tion in flight, it is important to consider that these results were
derived from a task that was purposefully designed for brevity
and simplicity. An applied, flight deck-specific approach to
assessing conflict resolution during the progression of cyclic
8000-ft exposures would serve as an informative next step in
this line of research. Impairment of executive control could
hinder resistance to distraction and other task interferences,
timely decision-making, and reconciliation of discordant infor-
mation (e.g., trusting instruments and automation decisions
that disagree with beliefs or the senses). There thus exists par-
ticular application to responses to emergency scenarios, and the
present results may contribute to our understanding of precipi-
tating factors leading to accidents. Further, small effects found
in this baseline study could become substantial in the context of
other environmental and task factors. Finally, replicating this
study using measures of cognitive adaptability to varying task
requirements (e.g., card-sorting task) may also contribute to

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 90, No.6  June 2019 521

SS900E 93l} BIA €1-G0-GZ0g 1e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq



CABIN ALTITUDE & ATTENTION—Thropp & Buza

our understanding of decision-making during novel situations
under cyclic hypoxia.

The protocol of four flights performed within 8 h was
designed to model regional airline profiles where pilots often fly
multiple short flights in a given shift. Prior studies involving
long-haul flight with mild hypobaric hypoxia have shown dis-
ruption of circadian rhythm, possibly via disturbance of the
pineal gland, as measured with melatonin and cortisol levels.’
Future studies to assess the attention networks during longer
exposures (e.g., long-haul flight) would be of benefit to better
understand the physiological effects of fatigue. Further, an
interesting consideration is that 8000 ft has been proposed as
the pressure altitude equivalent for future suborbital spacecraft
cabins,” and this understanding of baseline attentional perfor-
mance may serve as an informative foundation in planning
mission and cabin design characteristics with respect to the
added complications imposed by extreme acceleration forces.

Limitations of this study include the possibility that the sub-
jects, who were experienced pilots, might have been able to dis-
tinguish the pressure differences between the altitude conditions,
and such awareness could have influenced motivational factors.
Also, while the subjective assessments indicate increased fatigue
as flights progressed, actual fatigue cannot be determined with
the present experimental protocol. However, cognitive fatigue
has been defined as failure of the sustained attention required for
optimal task performance,® which was evidenced by most aspects
of ANT performance across flights and, further, self-reported
fatigue has been linked with degraded executive control perfor-
mance in terms of speed and accuracy.'® Finally, it has been
argued that because both the alerting and orienting networks are
elicited by cues which precede flanker presentation in the ANT,
the variances of the attention network efficiencies may not be
fully separable.!” While the present investigation involved a
visual version of the ANT, the ANT-Interactions employs audi-
tory cues to manipulate the alerting network,!” which might
modulate the suspected learning effect observed and mitigate
dependencies among the networks.

Mild hypoxia and fatigue are two pervasive stressors
incurred by human operators in the aerospace environment.
However, given the small difference between the simulated alti-
tudes, coupled with previous research showing inconsistent
effects of mild hypoxia exposure on cognition, it is reasonable
that small and sometimes no differences were observed between
altitude conditions. Subtle effects detected in this protocol,
however insidious, could be potent in flight and other contexts.
Fatigue can be demonstrated by a decline in performance over
time,'® which was evident in the orienting and conflict net-
works as flights progressed. Executive control function, as mea-
sured by proficiency of inhibiting interference to reconcile
conflicting information, appears to be further degraded, albeit
mildly, by frequent exposures to mild hypoxia. This study mod-
eled what is seen in regional commercial aviation where pilots
fly numerous short-leg flights within a given shift, which can
modulate the overall factors that contribute to fatigue. Recreat-
ing an 8000-ft pressurization altitude equivalence in a high-
altitude chamber further contributes to previous studies related

to fatigue and serves as a fundamental baseline against which
longer exposures, including long-haul flight, can be measured.
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