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Abstract. The decreased pressure in the cabin of a pressurised aircraft (typically equivalent to ~8000 ft) reduces the oxygen
level so that the blood oxygen saturation of all occupants falls from >97% (normoxia) at sea-level to below 92% (mild hy-
poxia). Although exposure to mild hypoxia does not affect well-learned cognitive and motor performance of aircrew, it has
been proposed that it can affect the performance of some complex cognitive performance tasks involving multiple demands
typical of emergency tasks that may have to be performed by pilots. In order to simulate some of these complex cognitive de-
mands, 25 student volunteers participated in an experiment which assessed performance of complex logical reasoning and and
multiple memory tasks before and after 2 hours of exposure to normoxia and mild hypoxia. Performance for the more difficult
components of the complex reasoning task, especially involving conflict decisions, were marginally significantly degraded by
mild hypoxia. Since the effects were only marginally significant future studies should investigate the effects of mild hypoxia
on more subtle complex decision-making tasks.
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1. Introduction shared tasks, or simulated flight activities [13, 14, 17].

In contrast, some of the early studies and also more

Commercial and military aircrew (as well as pas-
sengers) are exposed to mild hypoxia during normal
flights in pressurised aircraft. The decreased pressure
in the aircraft cabin (equivalent to about
2438m/8000ft) reduces the partial pressure of oxygen
so that on a typical flight a person’s arterial oxygen
saturation is reduced from >97% (normoxia, as at
sea-level) to below 92%. Previous laboratory studies
have shown that exposure to this level of mild hy-
poxia does not affect well-learned cognitive, vigi-
lance and perceptual-motor performance tasks [10,
12, 15, 16, 22]. However several early studies have
reported equivocal findings for the effects of this
level of mild hypoxia on complex, multiple, time
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recent studies have shown that this level of mild hy-
poxia can affect the performance of novel and com-
plex cognitive tasks involving multiple demands [1, 3,
9, 11, 12, 18] including procedural errors in simu-
lated flight [20]. These latter findings are consistent
with real-world observations of acute symptoms of
hypoxia at altitudes below 10,000 ft in operational
helicopter crew [23] and impaired sleep quality in
laboratory studies at 9000 ft [21] and in aircraft cab-
ins at 2438m (8000ft) [19]. Indeed, Denison et al. [3]
reported that learning in complex tasks at altitudes as
low as 1500m (5000ft) was slower than at sea level.
The relevance of this latter finding for aviators was
reinforced by in a ‘review of mild hypoxia and the
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use of oxygen in flight’ by Ernsting [7]. More re-
cently the saliency of these early findings were rein-
forced in a letter to the editor of this journal by Coote
et al. [2], who pointed out that it would ‘appear that
at present cabin altitudes, though the routine cockpit
tasks of pilots can be performed competently, the
learning of a novel task is impaired’.

Although there appears to be increasing evidence
for performance impairment for pilot tasks that are
novel and complex at cabin altitudes of 2438 m
(8000 ft), there has been no change in the general
aviation standard requirement for the use of supple-
mentary oxygen only above a threshold of 10,000 ft.
This could be construed as irresponsible if there were
widespread agreement, based on evidence, that a
lower threshold, such as 8000 ft were more appropri-
ate. There is therefore clearly a need for more dis-
cerning and well- controlled studies of the effects
‘mild hypoxia’ and specifically of the effects of ex-
posure to a ‘cabin’ altitude equivalent to 2438m
(8000ft) on aspects of pilot performance that more
closely reflect the underlying psychological compo-
nents of complex and novel task performance.

The present study examined the effects of expo-
sure to normobaric mild hypoxia (i.e. exposure to an
altitude equivalent to 2438m (8000 ft)) on some psy-
chological tests that we hypothesised were likely to
be affected on account of their complexity and nov-
elty. The tests were chosen because they were cogni-
tively demanding, included aspects of novelty and
conflict - and were basic cognitive capacities that are
drawn on in a wide variety of real-world situations
including aviation piloting procedures. Specifically,
we examined the effects of mild hypoxia on complex
logical reasoning and multiple memory.

2. Methods

25 male student volunteers were recruited for this
study. This study protocol was approved by the
Massey University Human Ethics Committee and
was performed according to the Declaration of Hel-
sinki. Each volunteer provided informed written
consent prior to participating. The study involved a
repeated measures design so females were excluded
in order avoid potential confounding factors associ-
ated with menstrual cycle hormones.

This study employed a balanced cross-over design.
All trials were separated by at least 24 h. During the
trials, subjects were exposed to either normobaric
normoxia or normobaric mild hypoxia intended to

mimic a ‘cabin’ altitude of ~2438 m (8000 ft). This
was accomplished by the subjects breathing via a
mouthpiece, whilst wearing a noseclip, connected
through a one-way valve (Hans Rudolf Inc. Kansas
City, MO, USA, Model 1400) attached to a standard
Douglas bag. The Douglas bag contained either a
normoxic or a hypoxic gas mixture. The mild hy-
poxia gas mixture was accomplished by a hypoxica-
tor device (Biomedtech Pty Ltd, Melbourne, Austra-
lia). The fraction of inspired oxygen (FiO,) during
the normoxia trials was 20.6 = 0.2%, while the FiO,
during the mild hypoxia trials was 14.3 + 0.4%. All
trials were conducted in a moderate ambient envi-
ronment (20.6 £ 1.4°C) at sea level. The barometric
pressure during all trials was 756 + 6 mmHg.

Arterial oxygen saturation (S,0,) was estimated
with a finger pulse oximeter (MD300K, Vacumed,
Ventura, California). The amount of time in which a
sustained reduction of each participant’s S,0, was
achieved was determined in a familiarization session
in which it was found that it took 7 + 2 min for the
normobaric mild hypoxia to reduce the subject’s S,0,
to 90 £+ 1%. Heart rate (HR; Polar Vantage XL, Polar
Electro, Kemple, Finland) and end-tidal CO,
(PerCOy; 0,/CO, Gas Analyzer, ADInstruments,
Bellavista, NSW, Australia) were measured continu-
ously.

The participants carried out ’blocks’ of a complex
logical reasoning task, a multiple memory task and a
simple vigilance psychomotor task before (baseline)
and after 30 and 90 minutes of exposure to each trial
condition (normoxia or mild hypoxia). Self-perceived
risk judgement was assessed immediately before the
end of each trial exposure.

The complex logical reasoning was a belief bias
task (after Evans [8] and De Neys [5]). It involved 12
blocks of logical syllogisms presented on a computer
screen. Participants were required to determine
whether each syllogism was valid or invalid by an-
swering true or false. People find logical syllogisms
difficult when believability of the conclusion con-
flicts with the validity of the argument. Unbelievable
conclusions incline people to think that syllogisms
are invalid. Believable conclusions incline people to
think syllogisms are valid. This behaviour is known
as belief bias. For example the syllogism: All mam-
mals can walk. Whales are mammals. Whales can
walk’ provides a valid conclusion but since it is unbe-
lievable, participants are more likely to indicate it is
invalid. It is a conflict syllogism and therefore harder
to get right. Belief bias makes judging the validity of
conflict syllogisms hard and non-conflict syllogisms
easy. Thus non-conflict valid (NV) syllogisms are
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considered to be ‘easy’, non-conflict invalid (NI)
syllogisms are ‘difficult’, conflict valid (CV) syllo-
gisms are ‘fairly difficult’ and conflict invalid (CI)
syllogisms are ‘the most difficult’.

Each block of syllogisms contained 6 conflict and
6 non-conflict syllogisms. Half were valid and half
were invalid. The accuracy and response time (RT)
for each syllogism were measured. In addition, a rea-
soning quality index (RQI) was obtained in the form
of ‘accuracy per 10 seconds of reasoning time’ by
dividing the accuracy of each item by how long it
took to solve (the RT in milliseconds) and multiply-
ing the outcome by 10,000 in order to generate val-
ues between 0 and 1. Roughly speaking this provides
a measure of ‘proportion correct per 10 seconds.” For
example a score of 0.04 would indicate an improve-
ment in performance of 4%. It should be noted that
scores above 1 are possible when accuracy is high
(90% or more) and mean RT low (less than 10 sec-
onds) although these were rarely obtained. RQI pro-
vides a rough way of dealing with individual differ-
ences in speed/accuracy tradeoffs in the reasoning
task.

The multiple memory task incorporated combined
working memory (based on Daneman and Carpenter
[4]) and prospective memory (based on Einstein et al
[6]) tasks, presented in blocks. Each block contained
60 sentences divided up into 15 clusters, 3 each of
sets of 2 - 6 sentences. Working memory included a
processing component in which an error score for
judgement of the semantic and/or syntactic sense of a
sentence (the sentence error score — out of 60) was
assessed (e.g. "He was a fanatical yellow of football,
rugby and cricket’ does not make sense), and a
memory component which was assessed as recall of
the last word of each sentence set (‘cricket’ in the
example) - a measure of modified reading span [4].
At the end of each block, participants were asked to
recall the last word of each of the sentences in the
block. The outcome measure was a working memory
span score (i.e. correct recall out of 60). Additionally,
10 blocks contained a prospective memory trial in
which participants had to indicate by pressing the
letter ‘F’ on the computer every time they detected
the letters ‘ean’ in a word e.g. ‘Everyone knew his
distinctive purple beanie and shoes’. The outcome
measure was another prospective memory score in
the form of the proportion of items recalled correctly.

2.1. Data analysis

HR, PgrCO; and S,0, were analyzed via a 2-way
(trial x time) repeated measures analysis of variance
(ANOVA). Data were assessed for approximation to
a normal distribution and sphericity, and no correc-
tions were necessary. When the two-way ANOVA
revealed an F test indicating a significant interaction
or effect of time, post hoc pair-wise comparisons
were made incorporating a Bonferroni adjustment.
These data were analyzed using SPSS statistical
software (V. 15, Chicago, IL, USA) with a priori
statistical significance set at P<0.05.

All of the complex logical reasoning and multiple
memory task outcome measures were initially exam-
ined for normality (Shapiro-Wilks test). If normality
was violated, no further analysis was conducted. For
the outcome measures that were normally distributed
the changes from each individual’s baseline (nor-
moxic) score were calculated as the dependent vari-
able and examined using repeated measures
2[Oxygen Condition] x 2[Block] analyses of variance
(ANOVA). The reasoning task analysis included an
additional two factors: Conflict (nonconflict, con-
flict), and Validity (valid, invalid). Reduced perform-
ance was indicated by reductions in all outcome
measures except for response times (i.e. logical rea-
soning response time), where a reduced performance
was indicated by an increase in response time. Since
the sample size was relatively small, effects were
reported up to p< 0.10.

3. Results

Baseline HR (mean + standard deviation) (72 + 14
bpm), PerCO, (43 £ 9 mmHg) and S,0, (97 £ 1%),
were similar (p>0.05) between trials. HR decreased
(p<0.001) similarly (p>0.05) over time in both trials
by 5 bpm (mean final HR: 67 = 11 bpm). However,
PerCO, was maintained similarly (p>0.05) both over
time and between trials (mean: 43 + 9 mmHg). For
normoxia, the mean S,0, (97 + 1%) was maintained
(p>0.05) throughout the trial duration. For mild hy-
poxia, following the baseline measures S,0, was
significantly reduced (p<0.001) to 91 £ 2% and was
sustained (p>0.05) throughout the remainder of the
trial.

Nearly all of the complex logical reasoning accu-
racy data violated normality (Shapiro-Wilks tests
p<0.01). Because violations were in opposing direc-
tions it was not possible to normalise the data with
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transformations. Therefore the accuracy data could
not be analysed by ANOVA. Most of the reasoning

Table 1

response time data and the composite RQI variables
were normally distributed (although a few were non-

Effects of exposure to normoxia and mild hypoxia on complex logical reasoning and multiple memory tasks (see methods for details of meas-
urements). Mean (SD) data (n=25) is shown for baseline and after 30 and 90 minutes of 2 hour exposures

Normoxia Mild Hypoxia
Baseline  After 30 After 90 Baseline After 30 After 90
minutes minutes (normoxia)  minutes minutes
Complex logical reasoning task
Accuracy (proportion correct)
Non conflict Valid syllogisms 0.89 0.88 0.88 0.85 0.83 0.88
(0.19) (0.16) (0.19) (0.24) (0.24) 0.21)
Non conflict Invalid syllogisms 0.75 0.60 0.64 0.68 0.64 0.67
(0.28) (0.32) (0.32) (0.35) (0.30) (0.32)
Conflict Valid syllogisms 0.73 0.77 0.77 0.75 0.79 0.76
(0.24) (0.23) (0.25) (0.24) (0.25) (0.31)
Conflict Invalid syllogisms 0.40 0.53 0.63 0.43 0.57 0.56
(0.35) (0.36) (0.32) (0.34) (0.31) (0.37)
Response time (msec)
Non conflict Valid syllogisms 12285 12221 11262 12799 11950 10727
(4843) (5099) (4052) (6495) (5512) (4047)
Non conflict Invalid syllogisms 17076 14087 12573 15251 14265 12528
(8011) (6673) (4797) (6699) (7436) (6093)
Conflict Valid syllogisms 12034 13303 10006 13102 12363 12595
(5066) (4352) (2813) (8238) (5302) (5318)
Conflict Invalid syllogisms 16541 11631 11138 16133 13497 11889
(6663) (4233) (4043) (9706) (7537) (4921)
Reasoning quality index (accuracy/response time x 10,000)
Non conflict Valid syllogisms 0.85 0.85 0.88 0.82 0.84 0.96
(0.39) (0.39) (0.34) (0.46) (0.47) (0.48)
Non conflict Invalid syllogisms 0.55 0.56 0.58 0.57 0.51 0.59
(0.32) 0.41) (0.42) (0.45) (0.31) (0.31)
Conflict Valid syllogisms 0.73 0.64 0.83 0.78 0.74 0.74
(0.44) (0.28) (0.36) (0.48) (0.40) (0.50)
Conflict Invalid syllogisms 0.24 0.49 0.63 0.31 0.46 0.52
(0.20) (0.38) (0.36) (0.31) (0.25) (0.40)
Multiple memory task
Sentence error score 4.8 4.0 6.1 54 5.0 5.9
(out of 60) (3.6) (3.0) (4.2) (3.0) 3.9) (4.1)
Working memory span score 40.7 42.7 42.8 41.5 441 44.5
(recall out of 60) (11.4) (10.0) (10.8) (10.4) (11.3) (11.2)
Prospective memory score 0.23 0.22 0.19 0.30 0.32 0.25
(proportion of items correct) (0.24) (0.27) (0.25) (0.31) (0.34) (0.24)

normal), so it was possible to perform ANOVAs on
these data. Table 1 shows the data for the complex
logical reasoning and multiple memory tasks.
Complex logical reasoning response time perform-
ance was marginally significantly poorer under mild
hypoxia for invalid (‘difficult’) items but not for valid
(‘easy’) items [Validity x Oxygen Condition interac-
tion [F (1, 24) = 3.14, p = 0.089, Wilks’ Lambda =
0.884] and there was marginally significant im-
provement in response time performance for valid
(‘easy’) items under hypoxia at 30 minutes but not at
90 minutes [Validity x Oxygen Condition x Block

interaction (F (1, 24) = 298, p = 0.097, Wilks’
Lambda = 0.890].

There was also a marginally significant Conflict x
Validity x Oxygen Condition x Block interaction [F(1,
24) =3.74, p = 0.065, Wilks’ Lambda = 0.865]. The
easiest way to understand this interaction is to de-
scribe the patterns of performance across the four
types of syllogism. Non-conflict valid (NV, easy)
syllogisms showed an improvement in response per-
formance from 30 min to 90 min under both oxygen
conditions. However, the improvement was greater
for mild hypoxia. Non-conflict invalid (NI, difficult)
syllogisms also showed an improvement in response
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performance from 30 min to 90 min under both nor-
moxic and hypoxic conditions. However, the effect
was the opposite of that found for NV syllogisms
with the improvement being larger under normoxic
conditions. Conflict valid (CV, fairly difficult) syllo-
gisms showed a slightly greater improvement under
hypoxia at 30 minutes and greater improvement un-
der normoxia at 90 minutes. Conflict invalid (CI, the
most difficult) syllogisms exhibited a similar pattern
to that for NI syllogisms. In summary this marginally
significant interaction indicated that response time
performance tended to be poorer for mild hypoxia for
difficult syllogisms, especially after the longer (90
minute) exposure. However, caution must be taken in
interpreting these results because poorer response
time performance does not necessarily mean a better
overall performance (i.e. more accurate responding).

The RQI analysis provides a better sense of the
ways in which the combination of accuracy and re-
sponse time is affected by mild hypoxia. There was a
marginally significant Conflict x Oxygen Condition x
Block interaction (F(1, 24) = 3.83, p = 0.062, Wilks’
Lambda = 0.862). Thus the main finding for RQI
was that there were smaller increases in performance
for Conflict (‘difficult’) syllogisms (particularly the
CI syllogisms) under hypoxia at 90 minutes than
under normoxia. By contrast the easier nonconflict
syllogisms were either no worse under mild hypoxia
than normoxia or (perhaps) slightly better. These
findings are consistent with the hypothesis that hy-
poxia affects difficult reasoning syllogisms but not
easier ones, especially after a longer exposure. On
closer inspection of the raw data, it was found that
accuracy approached ceiling for some of the
syllogisms, particularly the easier ones, so that any
increase in performance from baseline for these could
not be large. This acted to ‘artificially suppress’the
magnitude of changes for some of the easier
syllogisms. This effectively made the findings
relatively conservative. It therefore provided
additional strength for the finding that performance
for difficult syllogisms tended to be reduced by mild
hypoxia.

In the multiple memory task, a marginally signifi-
cant interaction for Oxygen Condition and Block (F(1,
24)=3.65, p=0.068, Wilks’ Lambda =0.868 indicated
that relative to baseline, sentence error scores were
poorer for mild hypoxia after 30 min but greater for
normoxia after 90 min. This was indicative of a poor-
er performance for mild hypoxia after 30 min and
after 90 min for normoxia. In contrast performance
for working memory span at 30 minutes was a
marginally significantly better for mild hypoxia than

normoxia but the effect reversed at 90 minutes
[Oxygen Condition and Block (F(1, 24)=3.00,
p=0.096, Wilks’ Lambda =0.889). There were no
significant effects of Oxygen Condition on perform-
ance of the prospective memory score. In summary,
mild hypoxia did not appear to impair performance
on the multiple memory task.

4. Discussion

The main finding of this study was that exposure
to acute (two hours) of normobaric mild hypoxia did
not significantly affect performance for complex
logical reasoning and multiple memory tasks in 25
students. However performance for the difficult (i.e.
conflict) and most difficult (i.e. the conflict invalid)
syllogisms were consistently marginally significantly
poorer for mild hypoxia. This finding is consistent
with the view that the more complex (conflict and
novel) aspects of decision-making may be impaired
by exposure to mild hypoxia. It would also explain
why the memory tasks were unaffected by mild hy-
poxia in this study, since they were far less complex
and novel and did not include conflict.

Although the present study, like many previous
similar studies, has failed to demonstrate a clear ef-
fect of mild hypoxia on complex decision-making,
the results provide sufficiently encouraging evidence
to warrant further study. In particular, we believe that
future studies should be extended to include multiple
levels (e.g. 6, 8, 10, 12 and 14, 000 ft) of hypobaric
hypoxia (i.e. be conducted in a hypobaric chamber)
and more discerning tests of complex reason-
ing/decision-making which include aspects of novelty
and conflict decision making. This is easier said than
done. We suggest that future studies should include a
range of tests that tax participants’ performance in
areas such as executive, innovative, creative and flex-
ible thinking, typical of that required in crisis or
emergency management. Some of the behaviours that
characterise this type of thinking include: dealing
with all kinds of novelty; comprehending and coping
with a rapidly changing situation; keeping track of
events and remembering the ‘big picture’( situational
awareness); complex multitasking; decisions about
when to ignore irrelevant information; changing plans
following receipt of new information; producing in-
novative solutions to problems; assessing risks and
anticipating the range of consequences of an action;
showing insight into ones performance; communicat-
ing effectively; behaviour control (avoiding irritable
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outbursts), and: empathy with other people (detecting
subtleties in their behaviour). In addition, in order to
more closely examine the effects of real-world expo-
sures, future studies should examine the combined
effects of mild hypoxia with dehydration, sleep loss,
long continuous working hours and circadian dys-
rhythmia, all of which are common in aviation.

5. Conclusions

The present study showed that exposure to mild
hypoxia (equivalent to 8000ft altitude) did not sig-
nificantly impair complex decision-making and mul-
tiple memory performance in 25 students but sug-
gested that very difficult conflict complex reasoning
may be impaired.
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