SHORT COMMUNICATION

Lingering Altitude Effects During Piloting and
Navigation in a Synthetic Cockpit

Jeremy Beer; Bria Morse; Todd Dart; Samantha Adler; Paul Sherman

INTRODUCTION:

A study was performed to evaluate a cockpit flight simulation suite for measuring moderate altitude effects in a

limited subject group. Objectives were to determine whether the apparatus can detect subtle deterioration, record
physiological processes throughout hypobaric exposure, and assess recovery.

METHODS:

Eight subjects trained to perform precision instrument control (PICT) flight and unusual attitude recovery (UAR) and

completed chamber flights dedicated to the PICT and UAR, respectively. Each flight comprised five epochs, including
ground level pressure (GLP), ascent through altitude plateaus at 10,000, 14,000, and 17,500 ft (3050, 4270, and 5338 m),
then postexposure recovery. PICT performance was assessed using control error (FSE) and time-out-of-bounds (TOOB)
when pilots exited the flight corridor. UARs were assessed using response times needed to initiate correction and to
achieve wings-level attitude. Physiological indices included S,0,, heart rate (HR), end tidal O, and CO, pressures, and

respiration metrics.
RESULTS:

Seven subjects completed both flights. PICT performance deteriorated at altitude: FSE increased 33% at 17,513 ft and

21% in Recovery vs. GLP. Mean TOOB increased from 11 s at GLP to 60 s in Recovery. UAR effects were less clear, with
some evidence of accelerated responses during and after ascent.

CONCLUSIONS:

The test paradigm was shown to be effective; piloting impairment was detected during and after exposure.

Physiological channels recorded a combination of hypoxia, elevated ventilation, and hypocapnia during ascent,
followed by respiratory slowing in recovery. Findings indicate precision piloting and respiration are subject to changes
during moderate altitude exposure and may remain altered after S0, recovers, and changes may be linked to

hypocapnia.
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oderate hypoxia presents a particular challenge in

aviation safety since its effects are not necessarily

conspicuous or related to self-observed symptoms:'*
if subtle hypoxia—perhaps below the threshold where the pilot
recognizes it—increases control error only slightly, impairment
could be dangerous precisely because of this subtlety, as in Type
I spatial disorientation. This challenge is amplified by the vari-
ety of cognitive components in aviation. Whereas hypobaric
and normobaric (ground-level) hypoxia reliably induce physio-
logical effects, including increased heart rate (HR), decreased
oxygen saturation (S,0,), and changes to cerebral oxygen
delivery,'>?° the range of reported cognitive manifestations
has been varied. Declines in executive and auditory processing,
speeded arithmetic, and vigilance have been reported,*
whereas certain other components, including simulated

aviation control metrics, can remain relatively unscathed
during mild or moderate exposure (up to 13,999 ft/4267 m).>
In the realm of normobaric exposure, breathing mixtures at
more severe hypoxia levels ranging from 18,000-25,000 ft
(5486-7620 m) equivalent altitude increased control error in
simulated flight,'*!® and in a multiple-exposure paradigm,
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initial exposure to 25,000 ft (7620 m) equivalent hypoxia
reportedly caused piloting impairment during subsequent mild
exposure.'

Additional concern arises from reports that pilots are
vulnerable to a “hypoxia hangover” comprising lingering
impairment during posthypoxia recovery.'® In this hypothesis,
returning the pilot to pre-exposure oxygen levels—either O,
breathing concentrations or peripheral § ,0,—might not restore
proficiency immediately. To date, studies have employed diverse
tasks (simulated sorties,'* synthetic workstation,® psychomotor
vigilance,* and simple and choice reaction tasks®) to examine
the persistence of impairment following hypoxia, with some
identifying continuing impairment and others reporting none
or only equivocal hangover effects.>!” This divergence indicates
a need for further investigation to characterize the prevalence,
duration, and nature of postexposure impairment.

Because of the potential danger of creeping control ragged-
ness, the need to detect subtle impairment using flight-relevant
tasks, and the additional hazard if posthypoxia effects emerge,
we saw a need to develop an affordable platform to assess
piloting during and after exposure to moderate altitude condi-
tions. This exploratory study was performed to verify the
effectiveness of a synthetic environment and test concept
incorporating a model cockpit, a visual simulator, physiological
monitoring, and hypobaric exposure. The test paradigm was
designed to employ control and navigation tasks relevant to
aviation during progressive ascent through moderate hypo-
baric plateaus. Since aviation takes place in a pressure-varying
environment and the physiological and phenomenal effects of
normobaric vs. hypobaric exposure are not necessarily
identical,!” the cockpit was situated in a hypobaric chamber. A
physiological monitoring suite including oximetry, respiration,
and gas analysis was employed, and testing included a recovery
period against which baseline performance was compared.

The study’s primary objective was to determine whether this
apparatus could identify moderate altitude effects in a small
group of volunteers who were not career aviators but would
train to proficiency on tasks with manifest face validity. These
tasks were employed to test whether exposure would render the
pilots susceptible to ragged control or impaired directional
corrections as physiological metrics were recorded. The first,
precision instrument control (PICT) task, resembled tasks in
earlier studies'*'*!® wherein subjects maintained altitude, air-
speed, and heading while countering simulated disturbances.
A second task presented unusual attitude recoveries (UAR):
pilots must level the aircraft after being placed in a scenario
depicting unpredictable bank and pitch states. Subjects com-
pleted two identical hypobaric ascents (hereinafter called
“flights”): one for PICT and one for UAR. Both flights pro-
gressed through five 10-min epochs: baseline ground-level
pressure (GLP) equivalent to 659 ft (201 m) above sea level,
then equivalent pressure altitudes of 10,000 ft (3050 m),
14,000 ft (4270 m), and 17,500 ft (5338 m), and finally a
Recovery epoch following return to GLP.

Two hypotheses were tested to validate the sensitivity of
the apparatus and paradigm for assessing piloting at altitude,

and to determine effect sizes to inform future studies examin-
ing moderate exposure. The first null hypothesis was that
altitude exposure would not affect performance, measured
using PICT control error and UAR response times and with
emphasis on the comparison between baseline GLP and
17,500 ft (5338 m). The second null hypothesis was that no
difference would emerge between performance recorded
during Recovery vs. GLP.

METHODS

Subjects

The study protocol was approved by the AFRL 711" HPW
Institutional Review Board. A total of eight nonsmoking, U.S.
Air Force active-duty volunteers ages 33-40 (seven men, one
woman) enrolled with written informed consent. Subjects were
screened to a 20/20 distance vision criterion, with two
participating wearing vision correction. All were encouraged to
forego participation if they were not well rested or had con-
sumed alcohol or excessive caffeine in the day before testing.
Subjects completed three training sessions. After introducing
the subject to flight controls and PICT in session 1, sessions 2
and 3 presented instruction on both PICT and UAR. During
UAR training, subjects were encouraged to correct bank before
pitch and apply throttle to facilitate recovery. Subjects then com-
pleted two flights at least 44 h apart: one each for PICT and
UAR. Flight presentation order was counterbalanced across sub-
jects to the extent possible; three subjects completed the PICT
flight first and four completed UAR first. One subject, scheduled
to complete PICT first, experienced physiological difficulties,
including discomfort from a poor mask fit in both flights, and
was removed.

Flights

In the PICT flight, subjects performed the task for 10 min at
GLP and then the chamber executed controlled decompres-
sions, ascending to three successive 10-min altitude plateaus at
10,000, 14,000, and 17,500 ft (3050, 4270, and 5338 m). The
chamber then returned to GLP and a 10-min Recovery epoch
ensued. Chamber pressure ascents and descents were executed
at 5000 ft (1524 m) - min ™ unless the subject experienced ear or
sinus pain upon descent, in which case descent rate was reduced.
Subjects breathed air (21% O,) throughout all five epochs.

The same five-epoch profile was executed in the other flight;
in this case, each epoch contained one block of eight UAR trials.
After completing each block, the subject was instructed to
return to the straight-and-level indicated state of 15,000-ft
(4572-m) altitude, 350-kn airspeed, and 090° heading for the
remainder of the epoch.

Equipment and Tasks

A cockpit mockup (Sage Cheshire, Inc., Lancaster, CA, USA) was
situated in Hypobaric Chamber E of the Brooks Aerospace
Environment Protection Laboratory. The cockpit, which dupli-
cates the interior dimensions of a U-2, incorporates a Hyundai
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P224W LED monitor (1680 x 1050 pixels; 52 x 41°) for the pilot-
ing display and Thrustmaster® Warthog flight controls.

During flights, subjects wore an HGU-55/P helmet and
breathed through an MBU-20/P mask and CRU-60 connector.
A CRU-73 regulator was used to deliver filtered air at demand
(not safety) pressure continuously. A Fleisch pneumotacho-
graph, standardized daily against a calibrated flowmeter, was
interposed between regulator and mask. Mask gases and pres-
sure were sampled using tap lines connecting the mask to an
Extrel MAX300-LG mass spectrophotometer (Process Insights,
Houston, TX, USA) and Validyne (Northridge, CA, USA) pres-
sure transducer. Spectrophotometer and pressure transducer
were calibrated daily against high-purity sample gases and
independently calibrated instruments, respectively.

Respiration and gas data channels (mask inflow, pressure,
%0,, %CO,, chamber altitude) were recorded at 100 Hz via
LabVIEW script. §,0, and HR were recorded at 1 Hz using a
Nonin (Plymouth, MN, USA) Wrist-Ox® 3150 oximeter with
8000R sensor on the left temple. Peripheral §,0, and HR were
also monitored for safety via displays outside the chamber,
using a Masimo (Irvine, CA, USA) SET® Rainbow oximeter on
the left hand or an Athena GTX® (Johnston, IA, USA) HSPro on
the left arm. Data recording devices were synchronized before
each flight.

The PICT was presented using a laptop running an F/A-18F
aircraft model in X-Plane V11 (Laminar Research, Columbia,
SC, USA). Presentation was controlled using a LabVIEW
script to set conditions and record data. The visual simulation
depicted overcast instrument conditions and a head-up display
(HUD) incorporating a horizon, climb-dive ladder, altitude
(feet), airspeed (knots), and heading indicators. Below this, a
synthetic panel displayed head-down instruments and engine
settings. In the PICT, the subject was instructed to maintain a
straight flight path at altitude 15,000 ft (4572 m), 350 kn indi-
cated airspeed, and heading 090°. Performance was assessed in
part by recording how continuously subjects could maintain
corridor values between 14,800-15,200 ft (4511-4633 m),
340-360 kn, and 088-092°, respectively. Task difficulty was
added by incorporating a time-varying disturbance in the
aerodynamic model: a prevailing 10-kn wind was added to the
surrounding airmass in a vector whose direction changed con-
tinuously at 4°/s. As a result, maintaining target airspeed
required continual throttle modulation, with attendant effects
(via nonconstant lift and drag) on altitude and heading.
Aircraft states and flight control settings were recorded in
LabVIEW at a sampling rate of approximately 39 Hz. Tracking
performance was calculated across the last 7 min of each epoch
to allow subjects time at the start to establish straight-and-level
flight. Altitude, airspeed, and heading tracking were assessed
using root-mean-square (RMS) error:

where (x; —x) is the deviation from each parameter’s target
value and » is the number of samples in the epoch. Each
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component RMS error value was normalized by dividing by
the target value: altitude 15,000, airspeed 350, heading 090.
The mean of the three normalized RMS values was then calcu-
lated to represent overall piloting error within each epoch. This
overall performance metric is named flight-sim error (FSE).'
PICT performance was also assessed using a time-out-of-
bounds (TOOB) metric comprising the camulative time during
which the subject permitted any of the three flight parameters
to deviate from the corridor boundaries. TOOB was recorded
across the last 7 min of each epoch.

The UAR was also presented via LabVIEW script using
XPlane. This task assessed subjects’ ability to perceive and cor-
rect an unusual attitude state as might occur during situational
distraction. UAR presented eight far-from-level attitude states
in random order, comprising all possible combinations of
upward and downward 30° pitch with left and right bank states
of 45° and 135°. In each trial, the script reset XPlane to display
a dark screen and then restored the display with the aircraft
placed in one of the above states. The subject was instructed to
use the flight controls and HUD indicators to correct bank and
then pitch to regain straight-and-level flight. UAR performance
was assessed using three metrics: total response time (RT'T)
from trial start until the subject stabilized attitude for 2 s con-
tinuously, keeping pitch within +10° of the horizon and bank
within +5° from level; initial response time (RTI) recorded
from trial start until the subject’s first joystick deflection beyond
10% in the bank dimension; and correct response time (RTC)
from trial start until the subject’s first joystick deflection beyond
10% in the correct direction (e.g., leftward when the trial pres-
ents a right-banked attitude).

Statistical Analysis

FSE and TOOB were analyzed using one-way repeated measures
ANOVA (SPSS Version 19, IBM, Armonk, NY, USA) including
one independent variable called Epoch with five periods: GLP,
10,000 ft (3050 m), 14,000 ft (4270 m), 17,500 ft (5338 m),
and Recovery. Datasets were screened for normality using
Kolmogorov-Smirnov tests. Where Mauchly’s test identified
departures from sphericity, Greenhouse-Geisser (G-G) correc-
tion was applied to degrees of freedom. Least significant differ-
ence contrasts (equivalent to two-tailed #-tests; a = 0.05) were
used to detect differences between 5338 m vs. GLP and Recovery
vs. GLP epochs. To increase sensitivity with this small sample,
contrasts did not employ multiple-comparison correction, which
slightly increased the chance of Type I error. UAR RTT, RTI, and
RTC ANOVAs employed additional parameters, Bank and Pitch,
to identify effects of aircraft state on attitude recovery, yielding a
three-way, 5 x 2 x 2 repeated measures design.

Mean values for §,0, and HR were calculated across each
epoch and averaged across flights. Respiration metrics were cal-
culated in postprocessing using temporal analysis of flow and
spectrophotometric data. Time boundaries for each breath
were assigned at the minima of recorded flow into the mask.
Each breath was assigned a time stamp at the time of maxi-
mum inhalation flow. Respiration rate (f) was calculated in
breaths/min using time elapsed between successive breaths.
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Inhalation tidal volume (V. ) was recorded in L/breath by inte-
grating mask flow across breath duration. Ventilation (VE) in

L - min™' comprised the product of f and V. A peak-finding
algorithm was applied to the spectrophotometric mask data to
identify end-tidal minimum O, and maximum CO, concentra-
tions within each breath. These were entered in a conversion
equation, which accounts for water vapor pressure (not regis-
tered by the spectrometer) using an assumed value of 47 mmHg
to calculate end-tidal partial pressures (Py0, and Py .co,).
(Note that assuming this fixed vapor pressure introduces some
imprecision to Py;0, and P,,co, calculations.) Mean f, V., Vg,
Pp;0,, and Py co, values were calculated across breaths within
each epoch and averaged across flights.

RESULTS

Pilot performance metrics are shown in Table I. Among PICT
metrics, Epoch influenced FSE [F(4, 24) = 4.0, P < 0.02], with
contrasts identifying greater normalized piloting error during
17,500 ft (5338 m) and Recovery than GLP. TOOB varied with
Epoch [F(4, 24) = 4.6, P < 0.01], with subjects exceeding corri-
dor boundaries longer during 5338 m and Recovery than GLP,
though the former difference missed significance (P = 0.057).
Fig. 1 illustrates FSE and TOOB means by Epoch.

Among UAR metrics, RTT varied with Pitch [F(1, 6) = 17.0,
P <0.01], but not Bank [F(1, 6) = 4.5, P = 0.078] or Epoch [F(4,
24) = 2.0, P = 0.121], though a contrast identified shorter RTT
at 17,500 ft (5338 m) vs. GLP; a Bank*Pitch interaction was
identified [F(1, 6) = 13.8, P < 0.02] whereby the gain from
starting pitch-down was greater with shallower bank. The
nondirectional RTI metric varied with Epoch [F(4, 24) = 5.8,
P < 0.003] and Pitch [F(1, 6) = 10.2, P < 0.02], with faster
initial responses recorded during Recovery vs. GLP, and no
interaction. With correct response direction considered in the

Normalized Pilot Error (FSE) and Time Out of Bounds (TOOB)
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Fig. 1. Mean precision piloting error metrics recorded across five altitude
epochs. FSE represents RMS error across altitude, airspeed, and heading
parameters (metric is normalized and dimensionless). TOOB represents

total duration of all data intervals in which a subject permitted any of the
parameters to exit the corridor boundaries. Bars represent the standard error
of the mean in each epoch.
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RTC metric, only the Pitch effect remained [F(1, 6) = 7.3,
P <0.05]; subjects responded sooner in pitch-up attitudes, with
no interactions or Epoch effect identified. We note that while
analyses of variance are typically robust against nonnormality,
the Kolmogorov-Smirnov test detected some departure from
normality in the UAR metrics.

Physiology metrics also exhibited nonnormality, but never-
theless showed striking variation among altitude conditions
(TableIl). S0, varied with Epoch, with lower values at 17,500 ft
(5338 m) than GLP. HR varied with Epoch, with higher values
at 17,500 ft (5338 m) than GLP and lower values during
Recovery. Mean respiration rate remained largely uniform from
GLP throughout exposure, but decreased during Recovery (see
Fig. 2, which also illustrates S,0,). Vy and Vy varied across
Epoch, with subjects inspiring more L/breath and more L/min
at 17,500 ft (5338 m) vs. GLP. P,;0, decreased at altitude vs.
GLP. Prco, also decreased at altitude, with lower means at
17,500 ft (5338 m) and in Recovery.

DISCUSSION

The primary study objective was accomplished: the apparatus
was shown to be effective for measuring moderate hypoxia
effects. While the study’s limited scope marks findings as pre-
liminary, the paradigm proved sufficiently sensitive to detect
performance changes, associated mainly with piloting preci-
sion, in a hypoxia regime where measured effects are typically
subtle,>!® while continuously monitoring a meaningful group
of physiological metrics. In PICT, the normalized FSE and tem-
poral TOOB metrics both indicated effects of progressive
hypoxia, whereby piloting error increased with altitude and
remained elevated relative to baseline levels. Observed findings
extended from psychophysical to physiological domains and
included both direct and indirect hypoxia markers. Hypobaria
elicited a classic altitude response in which subtle piloting
impairment was accompanied by indicators of hypoxia
(decreased S0, and P;0,, elevated HR), hyperventilation (ele-
vated V.; and V), and hypocapnia (decreased Prco,).

UAR findings were more complex; while the task offers a
promising instrument, no coherent configuration of effects
emerged, and our observations suggest that subjects required
more training and were distinguished by individual perfor-
mance differences. In RTT, attaining stability from pitch-up
probably took longer because controls responded sluggishly
on a slowing aircraft model. Conversely, faster initial RTT and
RTC responses in pitch-up trials could be explained percep-
tually: since pitch-up HUD symbology is solid, it might be
processed faster than the dashed pitch-down indicators. The
effect of Epoch on UAR was ambiguous; responses were not
slowed during exposure and contrasts indicated accelerated
responses at altitude in RTT and during recovery in the non-
directional RTI response. It is possible that subjects contin-
ued to learn throughout UAR testing, accelerating responses
in later epochs. Alternatively, these contrasts resemble an
earlier observation of decreased RT in executive tasks during
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Table Il. Physiological Metrics: Means by Epoch.

METRICS GLP 3050 m 4270 m 5338 m RECOVERY
O, saturation (5,0,; %) 97.9(0.5) 92.1(0.7) 85.7(1.2) 79.5 (1.6) 97.7 (04)
Heart rate (HR; bpm) 79.1 (5.0) 83 9(5.1) 88 1(5.2) 93 0(5.3) 76.2 (4.9)
Respiration rate (f; breaths/min) 14.9 (0.6) 8(0.6) 1(0.5) 9(0.7) 12.2(0.9)
Tidal volume (V;; L/breath) 0.699 (0.027) 0. 742 (0.029) 0. 806 (0.037) 0. 929 (0.059) 0.859 (0.091)
Ventilation (VE; L/min) 104(03) 0(03) 1(0.5) 7(0.6) 10.3(1.1)
End-tidal O, (PP P¢;0,; mm) 108.0 (5.0) 65.8 (4.3) 535 (3.9) 450 (3.5) 104.2 (6.5)
End-Tidal CO, (PP Pgco,; mm) 325 (4.4) 304 (4.0) 283(3.7) 259 (34) 29.0 (4.1)

Marginal means are listed followed by standard errors of the mean in parentheses.

hypoxia,? which could be explained as a speed-accuracy
trade-off. This could be tested in future studies incorporating
more training and larger sample sizes to determine whether
subjects recovering from altitude execute corrections sooner
and with less inhibition.

The persistent elevation in PICT error metrics bears com-
parison to various findings of post-hypoxic impairment, which
have been referred to as “hypoxia hangover” Lingering impair-
ment has been reported in paradigms where §,0, recovered
rapidly, suggesting that 5,0, might not be the only predictor of
postexposure performance and that other, slower-recovering
factors such as cortical perfusion, inflammation, or axonal
potentiation be considered.*!* Here, metrics of precision pilot-
ing error remained elevated after exposure even as S,0, recov-
ered swiftly. Seeking to explain this, we observe that V
increased with altitude as P;co, decreased, embodying a com-
bination of hyperventilation (a hypoxia sequela) with hypocap-
nia (depressed CO,), which can induce respiratory alkalosis, "
cognitive deficits,”® and attendant chemoreceptor responses
that could require 45-100 min for recovery.*®

To account for effects during recovery, the most parsimoni-
ous explanation is that hypobaria, combined with progressive
hypoxia-induced hyperventilation of considerable duration—
atleast 33 min above 10,000 ft (3050 m)—resulted in respiratory
alkalosis that recovered more slowly than S,0,. Consistent with

Respiration Rate (f) and O, Saturation (Sp0O,)
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Fig. 2. Mean respiration rate (f) and percentage of oxygenated hemoglobin
(Spoz) recorded across five altitude epochs. Bars represent the standard error
of the mean in each epoch.
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this, persistently ragged piloting could be an indicator of
incomplete neurocognitive recovery while compensatory respi-
ratory inhibition engaged to counter the effects of hypocapnia.
Future studies should investigate with greater temporal resolu-
tion indicators of delayed psychomotor recovery, including
elevated FSE, and physiological indicators, including Pgco,
and respiration rate.

The primary limitation of this exploratory study is its
modest statistical power. In recognition of this, these find-
ings justify a robust subsequent effort to refine this paradigm
for measuring piloting impairment and recovery. Future
studies can incorporate larger samples (Table I recommends
sample sizes to guide specific comparisons) and counterbal-
anced presentation. Future UAR applications should also
include more training.

Existing findings regarding hypoxia and hypocapnia etiol-
ogy and recovery indicate that moderate altitude exposure
induces changes in executive processing, early perception, and
auditory performance which may persist after blood O, satura-
tion has recovered but CO, concentration may not have. This
study demonstrates a hypobaric test paradigm to characterize
altitude-related changes in a broad range of additional con-
structs, including precision piloting and respiration.
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