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Acute Mild Hypoxic Hypoxia Effects on Cognitive and
Simulated Aircraft Pilot Performance

Fethi Bouak; Oshin Vartanian; Kevin Hofer; Bob Cheung

BACKGROUND: The effects of acute mild hypoxic hypoxia (HH) and physical activity on physiological measures, signs and symptoms,
mood, fatigue, cognition, and performance on a simulated flight task were investigated between 8000 (8K; 2438 m) and

14,000 ft (14K; 4267 m).
METHOD:

In a hypobaric chamber, 16 military helicopter pilots were randomly exposed to 4 altitudes and 3 physical exertion

levels. After each exercise period, participants identified targets on a designated flight path on a desktop simulator and
completed a cognitive test battery. Cerebral regional and finger pulse oxyhemoglobin saturation levels (rSO, and S;,0,),
heart and respiration rates were continuously monitored. Participants indicated their symptoms, mood and fatigue.

RESULTS:

rSO, and S,0, were affected by the increase of altitude and exercise level. Target identification accuracy and latency

within the simulated flight task showed decrements at 8K, 10K (3048 m), 12K (3658 m), and 14K. Cognitive performance
was degraded at 14K. More than 60% of the participants at 8K and 10K and more than 80% at 12K and 14K reported
symptoms. Altitude increased symptoms, negative mood, general fatigue, and physical fatigue.

piscussioN:  Our findings indicate a significant influence of mild HH on a number of outcome measures at altitudes above 10K,
where operational restrictions are well established. In contrast, there was no clear influence of HH on performance at
lower altitudes (i.e., 8K and 10K). The occurrence of HH symptoms and the decrements in target identification latency
and accuracy at 8K and 10K may negatively impact flight performance and require further study.
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ypoxia can cause a number of subjective and objective
signs and symptoms that can have serious and fatal
consequences. At high altitude, the detrimental impli-
cations of hypoxic hypoxia (HH) on operations and flight safety
are well documented in terms of gaseous exchange, times of
useful consciousness, physical reaction, and performance lev-
els.!” In contrast, signs and symptoms onset and performance
impairment below 15,000 ft (15K; 4572 m) are relatively less
well characterized and difficult to quantify. Below 10K (3048 m),
flight performance and safety are generally considered unaf-
fected, and any HH symptoms experienced by aircrew are often
seen as minor with no significant flight risks.*** As a result,
civilian and military authorities consider cabin altitudes below
10K to be safe, such that there is no requirement for supple-
mental oxygen (O,) breathing by aircrew.
Nevertheless, there have been reports of hypoxic events in
unpressurized and rotary-wing flights operating at altitudes
below 10K. For example, Haerkens and Steen® reported that 31%

of the Netherlands military helicopter pilots in Afghanistan
experienced HH symptoms during a mission while 94% were
convinced that reduced vision was likely due to hypoxia. In
Canada, there have been anecdotal reports that physiological
events similar to HH symptoms were experienced by military
rotary-wing aircrew while operating without supplemental O,
just under 10K. In a retrospective survey, Australian Army
helicopter aircrew reported that symptoms consistent with
hypoxia during operations at altitudes up to 10K might arise.”
The incidence was higher for the physically active aircrew such
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as loadmasters when compared to pilots, suggesting that some
of the symptoms might have been related to both the decrease
of partial pressure of oxygen due to altitude and physical exer-
cise, which further reduces arterial oxygenation.!” Smith?*” sug-
gested that physical activity at 7K (2133 m) may produce HH
symptoms similar to that of a pilot resting at altitudes higher
than 12K (3658 m). Thus, there are concerns over the possible
negative effects of unprotected exposures on aircrew perfor-
mance and safety in unpressurized aircrafts below 10K.

In the cognitive domain, a comprehensive literature review
demonstrated that the effects of hypoxia [between 8K (2438 m)
and 15K] on cognitive function extend to both elementary
and higher-order cognitive tasks.'* However, the results were
generally inconsistent and difficult to quantify. The evidence
suggesting a decrement of the pilots flight performance was
extrapolated largely from standard laboratory cognitive and
psychomotor tests rather than from actual flight tasks in a sim-
ulator or in flight.*! In addition, when cognitive performance
was found to be affected by hypoxia, the decrements were rela-
tively small and the operational significance unknown.!**! In
fact, there is no evidence that cognitive tests were validated
in advance as predictors of flight performance at altitude.?®
Recently, Cheung® questioned the usefulness of cognitive tasks
in operational environments, arguing that because perfor-
mance in operational settings is influenced by motivation, resil-
ience, and individual compensatory responses of the aircrew,
any performance decrement from cognitive test batteries would
be difficult to interpret without validation in the opera-
tional environment, perhaps in conjunction with a simulator or
in-flight investigation.

Few hypoxia research studies have been conducted in a
flight simulation setting.'® To our knowledge, the only previous
study to have specifically reported any correlational results at
low and moderate altitudes (i.e., 8K to 15K) found that cogni-
tive decrements using the CogScreen®-Hypoxia Edition test
battery under hypoxic conditions correlated with the degrada-
tion of flight performance at 15K.** Hypoxia studies using a
flight simulator have demonstrated that the lowest altitude that
can be associated with a measured decrease in pilot perfor-
mance was 15K.5%* Nesthus et al.'® found similar and consistent
negative findings in terms of fixed-wing flight performance, but
reported a significant increase in procedural errors due to
hypoxia below 12.5K (3810 m). More recently, Steinman et al.”
reported a significant difference in maintaining flight profile
accuracy between 300 (91.4 m), 10K, and 15K ft in a fixed wing
simulator. However, post hoc analysis revealed no significant
difference in performance between 300 and 10K ft. Given that
to date there has been no reported evidence of any performance
decrement in a flight simulator at altitudes below 10K, it is pos-
sible that the effects of acute mild hypoxia could be subtle and
difficult to detect, likely occurring only during novel and emer-
gency situations.'?

In this study, we attempted to investigate the acute effects
of unprotected exposure to mild hypoxia on heart rate, respira-
tion rate, subjective HH symptoms, subjective evaluation of
mood and fatigue, cognitive performance (short-term memory,
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working memory, executive function), and flight simulator per-
formance at altitudes between 8K and 14K (4267 m) with vary-
ing levels of physical exercise. Along with a decrease of cerebral
oxyhemoglobin saturation due to diminishing oxygen content
with increasing altitude, we hypothesized that cognitive perfor-
mance, flight simulator performance, mood, and fatigue would
be impaired by the increase of altitude from 8K to 14K. However,
based on previous research, we expected that the impairments
would likely be relatively subtle between 8K and 10K.

METHODS

Subjects

The study protocol was approved by the Defense Research
and Development Canada’s (DRDC) Human Research Ethics
Committee. There were 16 male military helicopter pilots [age
(mean = SD): 32.5 * 10.5 yr; weight: 80.1 = 9.6 kg; height: 1.78 =
0.07 m; flying experience: 860 = 1329 h] who gave their written
informed consent for participation as volunteers. A power anal-
ysis conducted prior to our study had indicated that a mini-
mum sample size of 16 was required for testing our hypotheses.”
Stress remuneration complied with the guidelines established
by the Canadian Department of National Defense. All pilots
had medical certification in accordance with Canadian Depart-
ment of National Defense regulations and were screened by a
medical officer for general health, medication use, and history
of any condition that would exclude them from participation.
Smokers were excluded.

Materials

The study was conducted in the DRDC hypobaric chamber at
the Toronto Research Centre (TRC) with an elevation of 650 ft
(198 m) above sea level, which corresponds to the ground
level (GL).

Physiological monitoring. Oxyhemoglobin saturation level was
monitored using pulse oxygen saturation (S,0,) at the fingertip
and regional oxygen saturation (rSO,) oximetry (Equanox by
Nonin, Plymouth, MN) at the forehead. The placement of the
two regional oximetry sensors on the forehead were aligned
with the center of the right and left pupil, respectively. The sam-
pling rate of both oximeters was set at 0.25 Hertz. Oximetry
data were continuously collected throughout the experimental
session, including baseline and post-altitude exposure. Data
windows of 5 min from each of the physical exercise, simula-
tion task, and cognitive testing portions of each signal were
compiled together for 3 exercise intensities and 4 altitude levels
for a total of 36 data windows for each of the 3 oximetry signals.
Heart rate was obtained from pulse oximetry while respiration
rate was obtained by using a strain-gauge across the chest of the
participant (Hildalgo Limited, Cambridge, UK).

Flight simulation task. Flight simulation software developed at
DRDC TRC was used to simulate one of the training mission
profiles for CH-146 Griffon helicopter operation on a desktop

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 89, No.6  June 2018 527

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



PERFORMANCE DURING MILD HYPOXIA—Bouak et al.

computer with a 27" flat panel screen. The software emulated
and displayed flight instrumentation on the screen, and inter-
acted with a physical cyclic control column, a collective, and rud-
der pedals. The participant was required to maneuver the aircraft
along a predetermined route around an island while maintaining
an altitude between 200 and 400 ft (61 to 122 m) above ground
level with air speed maintained between 100 to 120 kn. Both alti-
tude and airspeed were continuously recorded by the software.
During each simulation run, the participants’ task was to detect
and correctly identify a single vehicle that appeared at a predeter-
mined location along the flight route, unbeknownst to the sub-
jects. The latency in detecting the vehicle was automatically
inserted by event markers onto the data file while the accuracy
of identifying the type of vehicle was recorded by the chamber’s
inside observer and the flight director. This flight simulation
task took approximately 7 min to complete.

Cognitive test battery. A 30-min test battery of short-term
memory (STM), working memory (WM), and executive func-
tion were conducted using the Cognitive Test Software (NTT
Systems Inc., Toronto, ON, Canada). The following three tests
were administered to each participant after the physical exer-
cise phase at altitude:

1. The Delayed Matching-to-Sample Test (AMTS) is a classic
measure of STM. It assesses spatial memory and pattern rec-
ognition skills and includes three phases: encoding, main-
taining, and retrieving.!* An 8 X 8 matrix of a red and green
checkerboard pattern was presented for 10 s (encoding),
removed, and then followed by a variable delay of 8 or 16 s.
Two matrices were then presented side-by-side: the original
matrix and a matrix with the color of two squares reversed.
The participants were instructed to select the original matrix
(retrieval) using the left or right arrow key. Accuracy, reac-
tion time, and time-out errors (i.e., when the time of no
response by the participant was reached) were recorded.

2. The adaptive dual n-back is a test of WM function that cor-
relates with WM span.’ The participant was presented with
two types of stimuli: verbal (a series of letters) and on-screen
(a series of positions of a square). He/she was prompted to
report stimuli that were presented at earlier time points in
the series. This task requires the participant to decide, on a
trial-by-trial basis, whether a stimulus presented in the cur-
rent trial matches a target stimulus presented a specific
number of trials earlier in the sequence. The letter ‘0’ denotes
the specific number of trials that separate the current trial
from the target trial. Each session consisted of 10 blocks that
took about 10-12 min to complete. The first block started
with 1-back, but participants progressed forward, based on
their performance, to the next level, ie., to 2-back then
3-back and so on until the completion of 10 blocks, or
remaining at the same level. After progressing forward, par-
ticipants may also regress to a lower level (e.g., from 3-back
to 2-back). For each session, the mean level of n-back (Aver-
age n) achieved by the participants was computed and used
to represent their performance on this task. Each stimulus

was presented for 500 ms. Interstimulus interval was a blank
screen, presented for 2500 ms. Participants pressed the
L-key for the auditory match (letters) and the A-key for the
visual match (position).

3. The Stroop task is a classic task of executive function.’** On
each trial the participant was presented with a word and
instructed to press one of four buttons corresponding to the
color of the presented stimulus (i.e., red, blue, green, or yel-
low). Critically, on incongruent trials there is a mismatch
between the color of the word and the content of the word
(i.e., the word “BLUE” appears in green). In such cases there
is a characteristic increase in reaction time and/or decrease
in accuracy.

Self-reported, paper-and-pencil questionnaires assessing
subjective signs and symptoms of HH, mood, and fatigue were
administered at different stages of each experimental condition.
No measures were collected at GL before altitude exposure.
Their description is as follows.

1. Signs and symptoms (SSQ). Participants reported their sub-
jective rating of hypoxia signs and symptoms using a ques-
tionnaire modeled after Smith.?® In addition to obtaining a
better understanding of the HH effect at altitude, the use of
SSQ ensures that the participant was able to continue with
data collection. The symptoms were grouped under five cat-
egories, each of which comprised of a number of items
(shown within parenthesis): 1) Behavioral (change in mood,
apprehension, euphoria); 2) Cognitive (impaired judgment,
impaired memory/recall, mental confusion); 3) Physical
(fatigue or drowsiness, feeling light-headed, headache, hot
or cold flash, loss of muscle coordination, numbness, tin-
gling of fingers or lips); 4) Psychological/Psychomotor (dif-
ficulty with communications, impaired manual dexterity,
slowed reaction time); and 5) Visual (impaired peripheral
vision, impaired visual acuity). The participant rated each
item using the following scale: 0 for ‘None; 1 for ‘Slight, 2 for
‘Moderate, and 3 for ‘Severe!

2. The Positive and Negative Affect Schedule (PANAS) is a
24-item mood scale consisting of a number of words that
describe different feelings and emotions.*® Participants were
asked to select the word that best described their current state.

3. The Multidimensional Fatigue Inventory (MFI) is a 20-item
questionnaire to assess 5 dimensions of fatigue: General
Fatigue, Physical Fatigue, Mental Fatigue, Reduced Motiva-
tion, and Reduced Activity.”> Participants indicate how they
feel on each of the five dimensions using a scale from 1 to 5.

Procedure

With the exception of the first two participants, all participants
were grouped into pairs. Participants reported to the TRC on 5
consecutive days. On Day 1, they were given a consent form
and were screened by a medical officer specialized in aerospace
medicine. This was followed by a detailed briefing on the exper-
imental protocol, procedures, and instrumentation before a
full familiarization, including one practice session with the
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cognitive test battery and two practice sessions with the flight
simulation task. The first session on the flight simulator was a
familiarization with the flight path without target detection
while the second included both detection and identification of
a vehicle.

Data collection took place on Days 2-5. Participants in pairs
were exposed to four levels of altitude: 8K, 10K, 12K, and 14K ft
(2438, 3048, 3658, and 4267 m, respectively) above sea level on
each of the 4 consecutive days. During each data collection,
three physical exertion levels (Rest: OW; Light: 30W; Moderate:
60W) on a bicycle ergometer (Monark, Model 818, Stockholm,
Sweden) were employed, which correspond to the American
College of Sports Medicine’s “light” and “moderate” physical
activity.?> During physical exertion participants were instructed
to maintain a target pedal rate of 30 = 5 rotations per minute
for 7 min. A single-blinded, within-subject design was employed.
The order of presentation of the four levels of altitude was ran-
domly assigned to each pair of participants, as was the
sequence of presentation of the three levels of physical exertion
to each participant during each altitude exposure. The random
sequences for altitude and physical exertion were generated
using the Research Randomizer software (www.randomizer.
org). Fig. 1 shows the sequence and the duration of each activ-
ity during Days 2-5. Data collection for all participants began at
approximately the same time each day and was completed after
approximately 4 h. The participants were instructed to refrain
from actual flying between experimental sessions and for 24 h
after completion of all sessions.

Each day upon arrival for the experimental session, partici-
pants completed a questionnaire on their daily physical activity,
health condition, fatigue, and food and beverage intakes during
the last 24 h. Physiological sensors were placed on the partici-
pants. As shown in Fig. 1, physiological measures were col-
lected at GL for 15 min before and after hypoxic exposure. The
participant was given a preflight briefing, including a review of
the flight route. To check the participants’ ear and sinuses, the
chamber was depressurized to 5000 ft (1524 m) in 1 min then
pressurized at 3000 ft/min (914 m/min). Upon reaching the
randomly selected target altitude, participants remained at rest
(denoted as ‘Restl’ in Fig. 1) for 15 min before commencing
physical exercise, followed by an assessment phase at rest
(denoted as ‘Rest2 + Assess’). The assessment included the
flight simulator task, cognitive test battery (CTB), and subjec-
tive questionnaires. A single flight simulator was used, which
necessitated creating two schedules to limit delays and potential
visual distractions as participants completed iterations of the
assessment phase inside the hypobaric chamber. For example,
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having two computers for CTB allowed both participants to
complete portions of the CTB concurrently. However, at spe-
cific times, according to the schedules, Participant #1 would
pause from the CTB and begin the simulation task while Par-
ticipant #2 continued on with the CTB. Pauses from the CTB
always occurred upon the completion of one of the three CTB
tests. Upon completion of their tasks the participants switched,
i.e., Participant #1 returned to his computer and continued with
the CTB while Participant #2 paused from the CTB and began
the simulation task. The two schedules were continuously alter-
nated over the 12 assessment phases across Days 2-5. The entire
activity sequence of ‘Restl; ‘Exercise; and ‘Rest2+Assess’
(referred as ‘Period” in Fig. 1) was repeated three times and was
completed in approximately 1 h. The first two periods were fol-
lowed by a recovery sequence of 7 min in which the partici-
pants breathed 100% O, via an aircrew oro-nasal mask (Gentex,
MBU 12/P, Simpson, PA).

Statistical Analysis

A 4 (Altitude) X 3 (Exercise) repeated-measures Analysis of
Variance (ANOVA) was used to analyze the effects of HH on
each dependent variable (e.g., rSO, for oximetry, symptoms
count, accuracy for dMTS, reaction time for Stroop, Average n
for n-back, positive mood, and general and physical fatigue).
When main effects for Exercise were not detected, the depen-
dent variables were averaged across the three exercise levels and
pooled at each altitude. The resulting means were compared
using paired-samples t-tests across Altitude. Paired ¢-tests were
used to examine the difference between GL and Altitude as well
as between ‘Before’ and ‘After’ hypoxia exposure on all physio-
logical measures. When the normality test failed, we used the
Wilcoxon signed-ranks test or the Friedman repeated-measures
ANOVA on ranks. The number of participants reporting HH
symptoms was analyzed using McNemar’s test. The correlation
coefficient between cognitive performance and flight simula-
tor performance was calculated using a Spearman’s correlation
test. Statistical significance was accepted at P < 0.05. All data
are presented as mean * SE of means (SEM).

RESULTS

All participants were able to complete the 5-d study. Their com-
plete data sets were used in the analysis. Aside from reports of
HH signs and symptoms (presented and discussed here), there
were no appreciable issues or adverse effects reported during
any of the experimental sessions.

Regional Oximetry

Fig. 1. Activity sequence and duration for each of the four altitude sessions.
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SO, is reported in this paper. The difference between daily base-
line values and the difference between baseline and post-alti-
tude exposure values for each day were not significant (Table I).
Our results demonstrated a significant decrease in rSO, with
increase in altitude from GL to any of the altitude levels (P <
0.001). Not surprisingly, a repeated measures ANOVA revealed
a main effect of Altitude [F(3, 45) = 56.4, P < 0.001, partial
Mm% = 0.79] and a main effect of Exercise [F(2, 30) = 83.8, P <
0.001, partial m? = 0.85]. The decrease in oxyhemoglobin satu-
ration levels was amplified during the increase of either Exer-
cise or Altitude. Once supplemental O, was administered, rSO,
significantly increased beyond the corresponding values at GL
(P = 0.002), Restl (P < 0.001), and Rest2+Assess (P < 0.001).
Similar to rSO,, 5,0, (see Table II) significantly decreased
with the increase of altitude from GL (P < 0.001). At altitude, a
repeated measures ANOVA revealed main effects of Altitude
[F(3, 45) = 219.0, P < 0.001, partial m?> = 0.94] and Exercise
[F(2, 30) = 26.5, P < 0.001, partial n* = 0.64]. S,0, signifi-
cantly increased with O, breathing at altitude (O, vs. Restl: P <
0.001 and O, vs. GL: P < 0.001,). Heart rate increased with the
increase of altitude and exercise (Table II). Specifically, there
were significant increases from GL to altitude (P < 0.05), except
between GL and 8K at Rest. At altitude, there were main effects
of Altitude [F(3, 45) = 5.5, P < 0.003, partial ?> = 0.27] and
Exercise [F(2, 30) = 65.7, P < 0.001, partial m> = 0.81].

Hypoxic Hypoxia Signs and Symptoms

Our analysis was based on the cumulative (i.e., sum of ) reported
symptoms count (XS,,) over the 18 items of HH signs and symp-
toms regardless of the rating level. Participants gave their sub-
jective ratings of HH at three conditions: ‘End-Rest1’ (before
exercise), ‘End-Assess’ (after exercise, on completion of the test
battery), and ‘End-O,’ (during O, breathing) (Fig. 1). As shown
in Table III, HH was reported at all altitudes and exercise levels.
At End-Restl, XS, increased with Altitude, however, there were
no significant Altitude effects, except between 10K and 12K or
10K and 14K (P < 0.021). There was a main effect between
End-Restl and End-Assess such that PR increased (P < 0.020)
and then decreased (P < 0.021) to the level of End-Rest1 values
with the administration of supplemental O,. A Friedman
repeated measures ANOVA on ranks of XS, at End-Assess

Table l. Mean (SEM) Regional Blood O, Saturation (rSO,) for All Conditions.

indicated that there was a main effect of Altitude [x?(3) = 19.3,
P < 0.001], but showed no effect of Exercise at each altitude. To
further investigate the effect of Altitude regardless of Exercise,
XS, was averaged across the three exercise levels and pooled at
each altitude. The resulting means were compared using a series
of Wilcoxon signed-ranks tests which showed that XS, at End-
Assess was significantly higher at 12K and 14K than at 8K or
10K (Table III). In contrast, there was no difference in S,
between 8K and 10K. We also analyzed the number of partici-
pants reporting HH signs and symptoms (N,)) and the total
count of their symptoms (S_,,) for each of the following catego-
ries: Behavioral, Cognitive, Physical, Psychomotor, and Visual.
To compare S_, between the five categories, we normalized S_,,
by the number of symptoms in each category and then divided
the result by the total count of symptoms across the five catego-
ries to obtain the percentage of reported symptoms by category.
As shown in Fig. 2 and Fig. 3, more participants (P < 0.001)
reported more symptoms (P < 0.001) in each category at End-
Assess than at End-Rest1. Physical symptoms were more com-
mon (P < 0.001) at End-Restl while cognitive symptoms were
more common (P < 0.001) at End-Assess regardless of the alti-
tudes. N, at End-Assess was significantly higher at 12K and 14K
than at 8K and 10K (P < 0.001).

Flight Simulation Task and Cognitive Performance
The helicopter simulator task and CTB were performed during
‘Rest2+Assess, after physical exertion (Fig. 1). Each task was
administered 12 times across Days 2-5. Table IV shows the mean
(SEM) data for flight performance, target identification measure-
ments, and the three cognitive tasks at GL and the four altitudes.
Initial analysis indicated that there was no evidence of an order
effect for any of the tasks. Friedman repeated measures ANOVA
on ranks showed that the variables for which there were any sta-
tistical significant effects between GL and any of the altitude lev-
els were the accuracy of target identification [x*(4, 16) = 14.9,
P = 0.005] and the latency (i.e., time between detection and
identification) [x*(4, 16) = 27.1, P < 0.001]. At altitude, neither
the increase of Altitude from 8K to 14K nor Exercise had any
effects on the accuracy of target identification and the latency.
Low scores on the dMTS, n back, and the accuracy of
the Stroop task indicate greater impairments for short-term

ALTITUDE
GL BASELINE REST1 EXERCISE REST2 + ASSESS 0, BREATHING GL POST-EXPOSURE
8K 736 (0.8) 706 (0.9)* 30W: 69.7 (0.8)** 714 (08)* 779 (1.5)%* 733 (1.0)
60W: 68.6 (1.0)% F#
10K 736 (1.0) 689 (0.9)* 30W: 67.2 (1.1)*x*+ 69.6 (0.9)*** 76.7 (1.5)%* 729(1.2)
GOW: 65.9 (1.0)%** 4
12K 737 (09) 664 (0.8)*** 30W: 63.6 (0.9)%** 1+ 66.8 (0.8)**** 77.1 (1.5)%* 736 (1.0)
60W: 62.3 (1.0)*x*f 44
14K 73.7(0.8) 63.0 (1.7)xx%0IT 30W: 59.3 (1.7)x*xbiTE 63.0 (1.1)xxx b1t 762 (1.8) 737 (1.1)
60W: 57.9 (-I )*** ARREEC

GL: ground level; Rest1: rest phase 1; Rest2 + Assess: rest 2 and assessment phase; 8K, 10K, 12K, 14K: four levels of altitude in thousands of feet; 30W, 60W: two levels of exercise in Watts.
* Significant difference from GL values (baseline and post-exposure) (P < 0.01); **significant difference to corresponding value at 8K (P < 0.01); 'significant difference to corresponding
value at 10K (P < 0.01); significant difference to corresponding value at 12K (P < 0.01); *significant difference to corresponding value at Rest1 before exercise (P < 0.05); **significant

difference to corresponding value at 30W (P < 0.05).
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Table Il. Mean (SEM) for Pulse Blood O, Saturation (5,05 and Heart Rate (HR) for All Conditions.

ALTITUDE
EXERCISE

GL BASELINE REST1 30W 60W 0, BREATHING GL POST-EXPOSURE
8K SHeH 96.7 (0.3) 91.8(0.3)* 914 (04)* 91.0 (04)** 986 (0.1)** 96.7 (0.2)
HR 749 (2.6) 752 (2.2) 9.7 Q.7)%* 1094 (4.8)**+* 706 (2.1)%* 73.7 (2.6)
10K S50, 96.9(0.3) 89.4 (0.4)*** 88.1 (0.6)*** 87.0 (0.6)*%* 98.7 (0.1)** 97.0(0.2)
HR 754 (2.4) 77.7 2.1)* 94.3 3.0)** 112.8 (5.5)**#* 716 Q.1)%* 750 (2.1)
12K SHeR 96.8(0.2) 85.7 (0.5)*x*" 82.5 (0.9)+**1# 81.9 (0.9)**1# 98.7 (0.1)** 96.8(0.2)
HR 76.2 (2.9) 788 (2.7)%** 95.3 34)** 1144 (5.3)%++* 718 (2.6)** 77.2(3.2)
14K SHeH 964 (0.3) 813 (0.9)x*x 774 (1.0xxtitE 768 (0.8)x*x it 984 (0.2)** 965 (0.2)
HR 772 (2.6) 84.2 (2.7)xxxtitt 105.9 (3.7)%x*tit# 115.2 (6.3)** 740 2.6)%* 77.5(2.3)

GL: ground level; Rest1: rest phase 1; 8K, 10K, 12K, 14K: four levels of altitude in thousands of feet; 30W, 60W: two levels of exercise in Watts.
* Significant difference from ground level (GL) values (baseline and post-exposure); **significant difference to corresponding value at 8K; significant difference to corresponding value at
10K; "significant difference to corresponding value at 12K; *significant difference to corresponding value at Rest1 before exercise; *significant difference to corresponding value at 30W.

memory, working memory, and executive functions, respec-
tively. High scores on the reaction time of the Stroop task are
indicative of reduced executive functions. dMTS data were ana-
lyzed using a within-subjects ANOVA where Altitude and
Exercise were entered into the analysis as repeated-measures
variables. The dependent variable was accuracy (i.e., number
correct out of 25 trials). There were no effects of Altitude or
Exercise on accuracy. To further investigate the effect of Alti-
tude on accuracy, performance was averaged across the three
exercise levels, pooled at each altitude level, and compared
using paired-samples t-tests across Altitude. As shown in Table
IV, the results demonstrated that accuracy at 14K was signifi-
cantly worse than accuracy at 10K [#(15) = 2.19, P = 0.045].
Working memory data involving the adaptive dual n-back task
were analyzed using a within-subjects ANOVA where Altitude
and Exercise were entered as repeated-measures variables into
the analysis. The dependent variable was Average n across all
blocks in each session. Exercise had no effect on Average n.
There was, however, a significant main effect for Altitude
[F(3, 45) = 3.15, P = 0.034, partial n° = 0.17]. To further
investigate the effect of Altitude on Average n, we averaged
performance for each altitude level across the three exercise
levels, and compared the means using paired-samples t-tests
across Altitude levels. The results demonstrated that Average n at
14K was significantly worse than Average n at 8K [£(15) = 2.67,
P =0.017] and 10K [£(15) = 2.31, P = 0.035]. In other words,
there are no significant differences at the lower altitudes of
8K and 10K. Stroop data were analyzed using a within-subject
ANOVA where Altitude, Exercise, and Congruency (congruent,
incongruent) were entered as repeated-measures variables into

the analysis. The dependent variable was accuracy (i.e., percent
correct). Exercise and congruency had no effects on accuracy.
There was, however, a significant main effect for Altitude
[F(3, 45) = 2.81, P = 0.050, partial n* = 0.16].

Subjective Measures of Affect (PANAS) and Fatigue (MFI)

These two questionnaires were administered during the assess-
ment period, after physical exercise. A Friedman repeated-
measures ANOVA on ranks of mood and fatigue data indicated
that there was a main effect of Altitude on positive mood and
general and physical fatigue (P < 0.001), but showed no effect
of Exercise at each altitude. To further investigate the effect of
Altitude regardless of Exercise, both mood and fatigue data
were averaged across the three exercise levels and pooled at
each altitude (Table III). Participants reported significantly
lower positive mood (P < 0.001) and significantly greater gen-
eral and physical fatigue as a function of Altitude (P < 0.05). A
series of Wilcoxon signed-ranks tests between altitude levels
demonstrated that whereas there was no difference in positive
mood and general fatigue between 8K and 10K, those two levels
exhibited significant differences vs. 12K and 14K (P < 0.05 for
either dependent variable), which in turn did not differ among
themselves. Physical fatigue was significantly lower at 8K com-
pared to 12K (P < 0.02) and 14K (P < 0.02).

DISCUSSION

The main findings from this study is that mild HH significantly
increased signs and symptoms and general and physical aspects

Table lll. Mean (SEM) Data for Cumulative Count of HH Symptoms (ZSP) Per Participant, Positive Mood, and Fatigue (Both General and Physical).

HH SIGNS AND SYMPTOMS (3S;,)

END-REST1 END-ASSESS END-O, POSITIVE MOOD GENERAL FATIGUE PHYSICAL FATIGUE
8K 0.7(03) 1.8(04) ™ 0.7 (0.2) 345 (2.0) 6.7 (04) 6.1(0.5)
10K 05(02) 1.8(05) 7+ 0.5(02) 347 (2.1) 7.1(0.5) 6.5(0.5)
12K 12(03)** 38(0.7)**1* 08(0.3) 31.9 (2.1)%** 8.3 (0.6)*** 7.0 (0.6)*
14K 16 (0.4)** 42 (0.8)rxt# 12(03) 328 (2.2)*** 8.3 (0.6)*** 7.3 (06)*

HH: hypoxic hypoxia; End-Rest1: end of rest phase 1; End-Assess: end of assessment phase; End-O,: end of recovery/oxygen-breathing phase; 8K, 10K, 12K, 14K: four levels of altitude in

thousands of feet.

* Significant difference to corresponding value at 8K (P < 0.05); **significant difference to corresponding value at 10K (P < 0.05); 'significant difference to corresponding value at Rest1

before Exercise (P < 0.05); *significant difference to corresponding value at End-O, (P < 0.05).
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End-Rest1 (Pre-Exercise)

End-Assess following all altitude exposures

Physical

(8-14K). Cerebral regional oxim-
etry provides a convenient and
noninvasive method in tracking

changes in cerebral tissue oxy-
genation during hypoxia, and

offers a more sensitive measure of
oxygen level than pulse oximetry,
notwithstanding certain limita-
tions and assumptions.*
Although participants reported
significantly fewer symptoms at
8-10K compared to 12-14K, they

Cognitive ;
o ! f : 5
o ! H
g’ Psychomotor ! [
% - |
(5] ' i
Behavioural : 014K :
; 12K !
: 010K =
Visual ! msK E E

0% 20% 40% 60% 80% 0% 20% 40% 60%

Participants with symptoms

Fig. 2. Percentage of participants with HH symptoms in each category at the end of the rest period (left) and at the

end of the assessment period (right).

of fatigue and decreased positive mood at 12-14K. More than
60% of the participants at 8K and 10K and more than 80% at
12K and 14K reported symptoms. These findings are similar to
that found by Legg et al.,'> who reported a reduction of vigor
and an increase of fatigue at 12K. In the simulated flight task,
target identification accuracy and latency were significantly
affected between GL and altitude (8-14K). Cognitive perfor-
mance was significantly degraded at 14K only. As expected, our
results showed a significant reduction of S,0, and rSO, at alti-
tude, and this reduction was exacerbated with physical exercise
in all conditions (except between 10K and 8K at rest for rSO,,
and between rest and 30W at 8K and 30W and 60W at all
altitudes for §,0,). With oxygen content of the atmosphere
diminishing with increasing altitude, rSO, and §,0, levels
were consistent with published data, suggesting that the hypoxic
environment in this study was appropriate.'®?%*! On average,
all oxygen saturation data returned to baseline levels 5-10 min

Participants with symptoms

did nevertheless report some
symptoms at 8-10K as well. The
increase of the reported HH
symptoms during the rest period
after altitude exposure was simi-
lar to the increase during the rest
period after exposure to exercise. Current findings confirm the
anecdotal and surveyed reports of the occurrence of classic HH
signs and symptoms by Royal Canadian Air Force and other
helicopter pilots at low altitude levels,””® and are consistent
with published studies.>*! Regardless of altitude or exercise
level, more participants reported a higher number of symptoms
after the assessment activity (End-Assess) vs. the symptoms
reported before exercise (End-Restl). There are two likely
explanations. First, given that the second set of symptoms was
reported 50 min later, we suspect that a host of possible reasons,
including physical exertion, fatigue, time-on-task tiredness,
and boredom may have led to the negative effects, generating
more symptoms that are comparable to HH symptoms. The
second explanation is that the participants may have actually
been affected by staying longer at altitude given that symptoms
were significantly less frequent after only 6 min of breathing
supplemental O, at altitude (the SSQ questionnaire was admin-
istered at the 6" minute of the
7-min period of supplemental

80%

End-Rest1 (Pre-Exercise)

End-Assess 0,). We suggest that the combi-

nation of these two reasons may
have contributed to the current
findings.

The helicopter simulation task
designed for this study was an
attempt to elucidate the effects of
mild hypoxia on specific aspects
of cognition hypothesized to be
required for task performance.
Simulated flight performance
measures (maintaining altitude
and air speed) showed no statis-
tically significant differences

I 1 H H
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'y E i : : i
=] ' ] ] ]
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Fig. 3. Percentage of reported HH symptoms count in each category (S, at the end of the rest period (left) and at

the end of the assessment period (right).
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Table IV. Mean (SEM) Data for the Flight Simulator Task and the Cognitive Test Battery.

GL 8K 10K 12K 14K
Flight Performance:
Percentage of time in maintaining correct airspeed 74 (3) 713 72 (3 72 (3) 713)
Percentage of time in maintaining correct altitude 77 (3) 81 (2 78 (3 79 (2) 76 (3)
Target Detection and Identification:
Accuracy in target identification (%) 100 (0) 88 (5)* 90 (4)* 81 (6)* 77 (6)*
Misses — no detection, no identification (%) 0.0 0.0 0.0 83 (4.8) 63 (34)
Latency: Time between detection and identification (s) 16.4 (4.0) 33.1(5.6)* 436 (14.8)* 763 (24.7)* 628 (22.7)*
dMTS: Accuracy (Max = 25) 203(0.3) 20.0(04) 194 (0.6) 189 (04)"
Adaptive Dual n-back: Average n 28(0.1) 2.7(0.1) 2.7(0.1) 2.5 (0.0t
Stroop:
Accuracy (%)
Congruent 98.1 (0.5 982 (04) 98.1 (04) 969 (0.7)**Hft
Incongruent 98.1(03) 983(03) 975 (0.5 97.4(05)"
Reaction time (s)
Congruent 0.81(0.03) 0.79 (0.03) 0.80(0.03) 0.82(0.03)
Incongruent 0.86 (0.03)* 0.85 (0.04)* 0.86 (0.04)* 0.90 (0.04)*

GL: ground level; 8K, 10K, 12K, 14K: four levels of altitude in thousands of feet.

*Significant difference from Ground Level (GL) values (P < 0.05); **significant difference to corresponding value at 8K (P < 0.05); Tsignificant difference to corresponding value at 10K
(P < 0.05); "significant difference to corresponding value at 12K (P < 0.05); *significant difference between congruent and incongruent data at the same altitude (P < 0.01).

speed within a range appeared not to have been affected by the
degree of hypoxia induced in this study. Although target identi-
fication appeared to be significantly affected between GL and
altitude, there were no significant differences between levels of
altitude; however, trends were observed which showed decre-
ment in target performance may exist with the increase in alti-
tude. While only a small number of studies have reported a
clear hypoxia-related performance deficit in the flight simula-
tor,>**?! none of these studies have demonstrated any signifi-
cant effects between GL and altitudes below 15K. Although
Nesthus et al.'’® found no difference in simulated flight perfor-
mance between GL and altitudes below 12.5K, they reported a
noticeable rise of unsafe and high risk flying errors during the
cruise phase and the descent phase of flights from 10K and
12.5K. In our study, the only procedural errors that we consis-
tently captured were ‘target misses’

In this study we combined three cognitive tasks (i.e., dAMTS,
n-back, and the Stroop) that broadly covered various aspects of
cognitive function to assess performance decrements due to
hypoxia at low altitude. Two interesting results are worth men-
tioning. First, none of the tasks exhibited any significant change
due to hypoxia between 8K and 10K, or between these two alti-
tudes and 12K in WM. Second, the results suggest that the alti-
tude that appears to bring about performance decreases is found
between 10K and 12K for STM and WM, and between 12K and
14K for executive functions. Our findings are consistent with
many previous studies described in the introduction in that they
showed only a slight or no effect of mild hypoxia on cognitive
performance at altitudes lower than 12K. It is possible that differ-
ent aspects of cognitive function may be susceptible to impair-
ments at different altitudes, in turn contributing to a diversity of
results across studies linking HH to cognition. The presence
and significance of hypoxia on cognitive impairment at or below
10K or 12K remain contentious and inconsistent for various rea-
sons, including the use of different types of cognitive tests, train-
ing and or exposures durations, and individual compensatory

mechanisms, among others.'” In addition, the type of cognitive
tests that were used in laboratory studies have not been validated
against performance tasks that are employed in simulated and
actual flight environments.” It has been suggested that the lack of
impaired cognitive performance during mild hypoxia exposure
may be due to less demanding tests that are insufficiently suscep-
tible to low altitudes.'"'>*° Another explanation could be the
relatively small sample sizes in most studies.

To arrive at a clearer picture of the relationship among vari-
ous outcome measures, correlations were computed to assess
the relationship between performance measures from the flight
simulator and cognitive tests, and between subjective measures
of HH symptoms, mood, and fatigue. There were correlations
between the flight simulator task and WM, between mood
measures and STM, and between HH symptoms and both STM
and MFI measures. Specifically, increases of the mean percent-
age of correct target identification were correlated with
increases of Average n (P = 0.005) in the WM task. However,
count of HH signs and symptoms (XS,) at End-Assess were
negatively correlated with correct matching (P = 0.009) while
positively correlated with general fatigue (P = 0.015). Finally,
increases of positive mood were correlated with increases in
correct matching (P = 0.046) and decreases of both general and
physical fatigue (P < 0.001 for general and P < 0.001 for physi-
cal). With the exception of the correlations between positive
mood and fatigue, all the other correlations coefficients were
low and weakly predictive of one another.

Limitations and Recommendations

Limitations of this study include primarily 1) the lack of com-
parison between GL and Altitude in some of the subjective and
cognitive measurements; 2) not monitoring acute hypoxic ven-
tilatory response known to manifest between 8K and 18K
where there is a complex interplay between hypoxia, hyperven-
tilation, hypocapnia, cerebral blood flow responses, and cog-
nitive performance; and 3) small sample size. We offer the
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following considerations for the interpretation of our findings.
First, no conclusion can be drawn regarding any impairment of
cognitive function, or increase of HH signs and symptoms,
negative mood, or fatigue between GL (both pre- and postex-
posure) and Altitude. With respect to HH signs and symptoms,
participants were only asked about their physical activities,
alcohol consumption, food, medication, fatigue level, and any
concern when they first reported to the chamber each morning.
None of the participants reported any concerns at GL. How-
ever, Pilmanis et al.*! showed that minor to no differences in
symptoms was found between GL and 8K, while differences
between GL and 12K were found to be significant. Balldin at al.?
observed a significant increase in reported hypoxia and acute
mountain sickness symptoms at 10K vs. those reported at GL.
In comparing mood between baseline and altitude (8K and
12K), Legg et al.'? observed significant changes of fatigue and
vigor at 12K only. Baseline subjective measures at GL should be
included in future empirical investigations.

Second, with respect to the small sample size, our power anal-
ysis had indicated that this number was the minimum adequate
for this type of experiment, and our resources and timing for the
experiment did not allow us to have additional participants. A
larger sample size would have enabled us to explore individual
differences in a way that was not feasible with our rather limited
sample size."!*?! In addition, our sample size was relatively
“homogeneous” as all the participants were male helicopter
pilots. The use of different genders and roles (e.g., flight engi-
neers) could contribute to our understanding of the impact of
mild hypoxia on different populations. Third, physical exertion is
known to lower the altitude at which hypoxia effects manifest.
Except for the physiological measures, this study did not find any
statistically significant effects of physical exertion on the other
dependent measures at altitudes 8-14K. One of the reasons could
be that the different tasks were not administered during exercise
but only postexercise, at which point the effects of exertion may
have diminished. To replicate cockpit workload, future studies
could be extended to have the participants exercising during the
different performance evaluations. In addition, flying and proce-
dures errors should be explicitly captured to investigate HH
effects on flight performance. More demanding and realistic sce-
narios should be used in a flight simulator that includes advanced
features, such as better visual flight performance variables.

In conclusion, our findings indicate significant effects of
mild HH on a number of subjective and objective measures at
altitudes at 12-14K compared to 8-10K. At lower altitudes (i.e.,
8-10K), our results are consistent with previous studies for
the physiological measures and reported HH symptoms. The
absence of baseline measurements at GL does not enable us to
draw any additional conclusion for the cognitive tasks in com-
parison to any altitude level.
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