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Cabin Pressure Altitude Effect on Acceleration  
Atelectasis After Agile Flight Breathing 60% Oxygen
Henry Tank; Gareth Kennedy; Ross Pollock; Peter Hodkinson; Rebecca-Anne Sheppard-Hickey;  
Jeffrey Woolford; Nicholas D. C. Green; Alec Stevenson

	 INTRODUCTION:	A  flight trial was conducted to determine whether breathing 60% oxygen during high performance flight maneuvers 
using contemporary pilot flight equipment induces atelectasis and to explore whether cabin altitude had any influence 
on the extent of atelectasis identified.

	 METHODS:	 On 2 separate days, 14 male aircrew flew as passengers at High [14,500–18,000 ft (4420–5486 m)] and Low [4000–6000 ft 
(1219–1829 m)] cabin pressure altitude in a Hawk T Mk1 aircraft breathing 60% oxygen. Sorties comprised 16 maneuvers 
at +5 Gz, each sustained for 30 s. Lung volumes (spirometry), basal lung volume (electrical impedance tomography, 
EIT), and peripheral oxygen saturation during transition from hyperoxia to hypoxia (pulmonary shunt fraction) were 
measured in the cockpit immediately before (Pre) and after (Post) flight.

	 RESULTS:	 Forced inspiratory vital capacity (FIVC) was significantly lower Postflight after High (−0.24 L) and Low (−0.38 L) 
sorties, but recovered to Preflight values by the fourth repeat (FIVC4). EIT-derived measures of FIVC decreased after 
High (−3.3%) and Low (−4.4%) sorties but did not recover to baseline by FIVC4. FIVC reductions were attributable to 
decreased inspiratory capacity. Spo2 was lower Postflight than Preflight in High and Low sorties.

	 DISCUSSION:	 Breathing 60% oxygen during flight results in a 3.8–4.9% reduction in lung volume associated with a small decrease in 
blood oxygenation and an estimated pulmonary shunt of up to 5.7%. EIT measures suggest persisting airway closure 
despite repeated FIVC maneuvers. There was no meaningful influence of cabin pressure altitude. The operational 
consequence of the observed changes is likely to be small.

	 KEYWORDS:	 atelectasis, forced inspiratory vital capacity, acceleration, altitude.
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Pulmonary acceleration atelectasis may account for some 
currently unexplained symptomatic in-flight physiologi-
cal events.7 In the United Kingdom, aircrew question-

naires have suggested that acceleration atelectasis has occurred 
during sorties in the Hawk T2 fast jet trainer.20 The main factors 
associated with the development of acceleration atelectasis are 
sustained head-to-foot (+Gz) acceleration, anti-G trouser infla-
tion, and high inspired oxygen concentrations (hyperoxia).8,17 
Common manifestations include postflight urge to cough, par-
oxysmal coughing, shortness of breath, chest tightness, and sub-
sternal discomfort on inspiration.4,8,25 This is associated with 
marked attenuation of postflight vital capacity (VC)16,17,25 by up 
to 60%.24 The attenuation in VC is often reversed by deep breaths 
and, to provide a surrogate for the degree of atelectasis present, 
an inspiratory measure, rather than the more usual expiratory 
measure of VC, is typically used. This minimizes any atelectasis 

clearance prior to the VC measure. Forced inspiratory vital 
capacity (FIVC) is usually seen to revert to normal with repeti-
tion of the maneuver or following coughing or deep breathing. 
Research on the centrifuge has also demonstrated that a 
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significant pulmonary shunt can develop,10 a phenomenon 
known to be associated with atelectasis.14

The mechanism underlying development of acceleration 
atelectasis is understood to be absorption of gas trapped in the 
alveolar space when distal airways become occluded.13,18,24 
Exposure to +Gz exaggerates intrapleural pressure gradients,8 
while anti-G trouser inflation splints the diaphragm and limits 
caudal expansion of the lung bases.13 If alveolar gas contains a 
high concentration of oxygen that is rapidly absorbed once the 
airways close, the residual gas pressure can become inadequate 
to prevent alveolar collapse. It is generally accepted that retain-
ing at least 40% inert gas (i.e., nitrogen) in the breathing supply, 
equivalent in practice to limiting the fractional inspired oxygen 
concentration (FIo2) to a maximum of 60%, prevents the devel-
opment of meaningful atelectasis.6 Previous research15 expos-
ing centrifuge subjects to a 4.5-min simulated air combat 
maneuver (SACM) consisting of +4.5 Gz peaks interspersed 
with +3 Gz nadirs monitored FIVC pre- and post-centrifuge 
undertaken with FIo2 varying from 21–100%. Postexposure 
FIVC, reported as a percentage of pre-exposure values, was 
decreased by 11%, 18%, 24%, and 26% with an FIo2 of 70%, 
82.5%, 95%, and 100%, respectively, while no reduction was 
seen with an FIo2 of 50%. Based on a linear regression between 
FIo2 and the reductions in FIVC reported, a 5% fall in FIVC 
might be expected with an FIo2 of 60%.

There is a limited range of possible reasons why acceleration 
atelectasis reported in flight might result in a greater decrease 
in FIVC. The FIo2 could be higher than expected or, alterna-
tively, the G profiles being flown may be more conducive to 
atelectasis formation in some aircraft types. Alternatively, 
evolving aircraft capabilities and newer designs of anti-G  
protection systems might predispose to the development of 
acceleration atelectasis, such as the use of full coverage anti-G 
trousers (FCAGT) with more efficient abdominal compression 
and splinting of the diaphragm. The improved G protection 
afforded by these garments22 also means that pilots can sustain 
high levels of +Gz acceleration for longer, potentially without 
recourse to the anti-G straining maneuver (AGSM), which is 
known to be effective at inhibiting atelectasis formation.24 

It is possible that other features of the flight environment 
may affect atelectasis, such as the reduced ambient pressure.3 
Ernsting5 reported the kinetics of trapped gas absorption in 
the dog lung, which followed a two-phased profile. Initially, 
absorption of oxygen from alveoli distal to closed airways was 
rapid, determined principally by gas solubility (independent of 
the presence of nitrogen); thereafter, the rate of absorption was 
proportional to regional blood flow and became slower with 
higher nitrogen concentrations. At altitude, the rate of the first 
phase was more rapid, while the second phase was slower. 
Ernsting concluded that the overall effect of altitude was to 
slow the rate of alveolar collapse and thereby impede atelecta-
sis formation.

The aims of the current study were to determine whether 
breathing 60% oxygen (balance 40% nitrogen) during high per-
formance flight maneuvers induces atelectasis and to explore 
whether cabin altitude had any influence on the extent of 

atelectasis identified. Measures were taken before and after (but 
not during) flight. The presence (and extent) of atelectasis was 
inferred from changes in FIVC and indices derived from  
electrical impedance tomography (EIT), which provides a sur-
rogate measure of regional (basal) lung volume. Blood oxygen 
saturation and a derived estimate of pulmonary shunt were also 
recorded. The null hypotheses were that breathing 60% oxygen 
would prevent atelectasis development and there would be no 
influence of cabin altitude.

METHODS

Subjects
Recruited were 14 healthy male aircrew. All aircrew held a cur-
rent flight medical and had previous fighter aircraft experience 
on platforms such as Alpha Jet, Hawk, Talon, Tornado, Tutor, 
and Typhoon. The study protocol was approved by the UK 
Ministry of Defense Research Ethics Committee and adhered 
to the principles outlined in the Declaration of Helsinki. 
Informed written consent was provided by all participants.

Equipment
Flights were conducted in a modified Hawk T Mk1 aircraft  
flying from Boscombe Down, Wiltshire, United Kingdom. For 
this trial the participant sat in the rear seat while the front seat 
was occupied by a safety pilot who handled the aircraft during 
maneuvers. Typhoon aircrew equipment assemblies (AEA) 
were worn by both the participant and safety pilot, and included 
a flying coverall, FCAGT, flight jacket (incorporating chest 
counterpressure; CCP), aircrew boots, an Mk 10 helmet, and 
P/Q oxygen mask. FCAGT pressurization, pressure breathing 
for G protection (PBG), and CCP inflation were provided from 
a Typhoon breathing and anti-G regulator (aircrew services 
package; ASP). FCAGT pressurization commenced at +2 Gz 
(±0.3 G), increasing by 10 kPa · G−1. PBG began at +4 Gz, 
increasing at 1.6 kPa · G−1 with the CCP inflated to an equiva-
lent pressure (±1.3 kPa). All AEA was fitted by a qualified  
Survival Equipment Technician on the first day of testing and 
proper fit was verified prior to each trial flight.

Protocol
Each participant underwent two flights on separate days. The 
flight sorties were, in so far as practicable, identical, only differ-
ing in the cabin altitude (ALT) to which the participant and 
safety pilot were exposed. The low altitude sortie (Low) was 
flown at flight altitudes where the target cabin altitude remained 
between 4000–6000 ft (1219–1829 m) pressure altitude (PA) 
(609–656 mmHg). The high-altitude sortie (High) was flown at 
flight altitudes where the target cabin altitude remained between 
15,000–18,000 ft PA (4420–5486 m; 380–429 mmHg). The 
upper limit of 18,000 ft PA was selected to minimize risk of 
decompression sickness and the range represents the highest 
likely cabin altitudes during dynamic maneuvering in a 
high-performance fighter. Due to aircraft performance limita-
tions with the Hawk T Mk1, the high-altitude sortie (High) was 
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undertaken with the cockpit depressurized so that a higher 
cabin altitude could be achieved. This allowed the G profiles  
to be flown at a lower flight altitude than would otherwise be 
necessary to achieve the required 18,000-ft PA cabin altitude 
[the cabin altitude remained 1000–2000 ft (305–610 m) lower 
than the aircraft altitude due to the effects of aircraft speed on 
cabin ram air flow]. To achieve and sustain the acceleration 
profiles for the High sorties, the safety pilot had to perform the 
turn in a descending spiral, starting at a flight altitude of around 
20,000 ft PA (6096 m; 349 mmHg). Aircraft altitude for maneu-
vers in the Low sorties where the cabin was pressurized were 
around 6000 ft (609 mmHg). Cabin pressure data were not 
recorded in flight due to limitations with instrumentation, but 
cabin altitude was confirmed using aircraft instrumentation 
and recorded manually on the crew’s kneeboard.

Performance limitations of the Hawk T1 placed greater con-
straints on the High sortie and risked limiting the number of G 
exposures that could be completed. Accordingly, the High sor-
ties were flown first by all participants so that their total +Gz 
exposure could always be replicated accurately during their 
subsequent Low sortie. Matching +Gz exposures between sor-
ties was prioritized over the possibility of introducing an 
order effect.

Preflight measurements were undertaken immediately prior 
to donning a flight helmet and again 15 min before takeoff. 
Soon after takeoff, a series of G exposures were performed as a 
subject ‘warm-up’ and to confirm operability of the anti-G sys-
tem. This comprised a rapid onset rate turn to +4 Gz for 15 s 
followed by +6 Gz for the same duration. The trial maneuvers 
began 10–15 min after takeoff and within 30 min of preflight 
measurements. Trial maneuvers consisted of 16 repeats at +5 Gz 
maintained at this acceleration level for approximately 30 s, 
each attained using rapid acceleration onset rates (>6 G · s−1). 
The G profiles were separated by approximately 90 s of level 
flight. In addition, participants were instructed to avoid using 
the AGSM during the test G profiles if possible and apply lower 
body muscle tensing only to augment their G protection as 
required. Throughout all flights, participants breathed a 60% 
oxygen (balance nitrogen) gas mix, supplied from a series of 
compressed gas cylinders via the Typhoon ASP. After landing, 
the aircraft taxied to the apron, powered down, and was towed 
into the hangar where the measurements made pre-exposure 
were repeated. The time between landing and the performance 
of the postflight measurements was ∼15 min and from the last 
+Gz maneuver around 30 min.

Pre- and Postflight Measurements
Before (Pre) and after each flight (Post) a series of measure-
ments were made in the aircraft hangar. For these measures the 
aircrew were fully clothed in their AEA and remained seated 
and harnessed in the ejection seat of the aircraft. Tests were 
undertaken using a standard respiratory mask (Hans Rudolph 
Inc., Shawnee, KS, USA) to which a pneumotachograph 
(Fleisch type, No. 2) and differential pressure transducer  
(Celesco low cost variable reluctance, 0–2 cm H2O; Celesco 
Transducer Products, Inc., Chatsworth, CA, USA) had been 

fitted. Inspiratory and expiratory valves were housed in a 
machined plastic t-piece fitted upstream of the pneumotacho-
graph. The mask inspiratory hose was connected to a set of 
manual valves which selected the breathing gas: either air, 100% 
oxygen, or a 14% oxygen (balance nitrogen) gas mix. The latter 
two were bottled gases supplied to the participant via an inde-
pendent pressure demand regulator. The flowmeter was cali-
brated across a range of flows before testing began and 
immediately after the measurements had been performed using 
a calibration syringe. Following Pre measurements, participants 
immediately donned their oronasal P/Q oxygen mask and flight 
helmet and start-up procedures were commenced. Upon return 
to the hangar postexposure, participants again donned the test 
mask as soon as their oronasal P/Q oxygen mask and flight hel-
met had been removed.

While breathing air through the test mask, the participant 
was instructed to expire to their normal end-expiratory posi-
tion and to indicate when this was reached. An experimenter 
then selected 100% oxygen, which the participant breathed 
until the expired nitrogen concentration fell below 1%. The 
participant was then supplied with the hypoxic gas mix (14% 
oxygen, balance nitrogen); when a stable end-tidal oxygen con-
centration was achieved, they completed four FIVC maneuvers 
(i.e., FIVC1, FIVC2, etc.) separated by periods of tidal breathing 
(around 45 s). Each FIVC comprised forceful emptying of the 
lungs followed by a maximal inspiration in accordance with 
current guidelines.9

Inspired and expired partial pressures of nitrogen, oxygen, 
carbon dioxide, and argon were initially measured using a 
respiratory mass spectrometer (MSX-671, Ferraris-Respiratory 
Europe Ltd., Hertfordshire, UK). However, a technical fault 
meant that in eight subjects, measurements of partial pressures 
of oxygen and carbon dioxide were made using a laser gas ana-
lyzer (O2Cap, Oxigraf Inc., Sunnyvale, CA, USA). Peripheral 
arterial oxygen saturation (Spo2) was determined using a pulse 
oximeter (Model 3900, Datex-Ohmeda, Madison, WI, USA) 
fitted to the ear lobe. Ambient temperature, pressure, and 
humidity were recorded daily (WMR86A Backyard Pro 
Wireless Weather Station, Oregon Scientific, High Wycombe, 
UK). A further temperature measurement was made within the 
mask housing using a thermocouple (T-type, AD Instruments, 
Dunedin, New Zealand). All data were recorded using an 
analog-to-digital converter and PC-based acquisition system 
(PowerLab 16/30, AD Instruments, Dunedin, New Zealand).

In addition, changes in a surrogate measure of regional lung 
volume were investigated using EIT. This technique exploits  
the principle that with increasing air volume the lung paren-
chyma present greater resistance to the flow of an electrical  
current. By applying an imperceptible alternating current 
between successive pairs of electrodes and measuring the resul-
tant voltage distribution circumferentially around the chest, 
cross-sectional imagery of thoracic impedance can be gener-
ated. At high temporal resolution changes in impedance with 
the breathing cycle can be visualized and quantified, for the 
whole section or a region of interest, and may be particularly 
sensitive to changes affecting basal lung regions. For this study 
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a Pulmovista®500 device (Dräger, Lübeck, Germany) was used 
with a 16-electrode belt fitted at the fifth intercostal space. 
Adhesive electrode gel (Tensive, Parker Labs, Fairfield, NJ, 
USA) was applied to the dry electrodes to improve skin contact 
and reduce movement of the belt; a form fit foam pad was used 
to ensure the electrodes across the back retained good contact 
with the skin, especially along the anatomical indentation 
formed by the thoracic spinous processes.

Data Analysis
Inspired and expired volumes were derived by integration of 
the inspired and expired flow, respectively. Tidal volume (VT) 
and FIVC were identified using a cyclic peak/nadir detection 
algorithm available in the data analysis software. Respiratory 
rate (RR) and VT were averaged over a 2-min period 30 s prior 
to commencement of the first FIVC while breathing the hypoxic 
(14% O2) gas mix. Inspiratory capacity (IC) and expiratory 
reserve volume (ERV) were computed as the difference in the 
mean end-tidal volume from 3–5 tidal breaths prior to each 
FIVC and the minimum and maximum volumes during the 
expiratory and inspiratory phases of the FIVC, respectively. 
Reported volumes are all corrected to Body Temperature and 
Pressure, Saturated conditions (BTPS). For measurements 
made by EIT, equivalent impedance measures of FIVC  
(FIVCEIT) were derived. All impedance changes were refer-
enced to the minimum impedance recorded during the FIVC 
maneuvers and, therefore, represent increases from residual 
volume. The reported end-tidal partial pressures of oxygen 
(PETo2) and carbon dioxide (PETco2) are those recorded during 
the expiratory phase of the FIVC maneuver, presented as the 
average across all four repeats. Mean Spo2 were extracted over a 
2-min period while breathing air immediately after donning 
the test mask (Spo2 normoxia), during the final period breathing 
100% oxygen (Spo2 hyperoxia), and 30 s before commencing the 
first FIVC maneuver while breathing the hypoxic gas mix  
(Spo2 hypoxia). Pulmonary shunt (to the nearest percent) was  
estimated using techniques described elsewhere;19 briefly, the 
relationship between the expired fractional end-tidal oxygen 
concentration (FETo2) and Spo2 during the transition from 
hyperoxia to hypoxia was compared with standard curves  
generated from an established model of gas exchange with 
varying shunt fractions.21

Statistical Analysis
The principal comparative measure used to determine sample 
size was the measurement of FIVC. This is the only metric 
where previous data of the effect of atelectasis are available. We 
considered an effect size of greater than a Cohen’s d of 1 as an 
important effect (i.e., the difference in FIVC with atelectasis 
should be larger than the between subject variation in FIVC 
normally observed). FIVC is approximately 5 L in adults with a 
standard deviation of 0.6 L. Given that field measurements of 
FIVC are likely to demonstrate a greater variability than those 
performed in the laboratory, based on a power of 80%, alpha of 
0.05, a correlation between repeated measurements of 0.70 
(determined from previous measurements of FIVC using the 

nitrogen washout technique by one of the experimenters), and 
an SD of 0.75 L to detect a meaningful pre-post flight difference 
(i.e., Cohen’s d = 1), 10 participants were required. In order to 
account for participant dropout, 14 participants were recruited. 
Datasets were assessed for a normal distribution using the 
Shapiro-Wilks test. First, to guide subsequent analysis, the 
baseline (Pre) FIVC data (FIVC#) before the two sorties (Day) 
were compared using repeated measures analysis of variance 
(rmANOVA), interrogating main effects of Day vs. FIVC# vs. 
Subject. Subsequently, the differences between corresponding 
FIVC measurements (delta Pre-Post) across the two altitude 
(ALT) conditions were evaluated using rmANOVA for main 
effects of ALT vs. Subject vs. FIVC#. Specific post hoc pairwise 
comparisons to explore changes in FIVC# were conducted 
using paired t-tests. The outcomes of FIVC analyses guided 
parallel analyses of IC and ERV. EIT measures were analyzed 
within each ALT condition, as it was not possible to precisely 
replicate electrode placement between the two flights. EIT data 
were analyzed for main effects of Subject vs. FIVC#. Data for 
VT, RR, and Spo2 were subject to rmANOVA to assess main 
effects of +Gz (Pre/Post) vs. ALT (High/Low) vs. Subject. 
Specific post hoc comparisons employed paired t-tests and Wil-
coxon signed rank tests for nonparametric data. For data pre-
sentation mean and 95% confidence interval after correction 
for between subject variability1 are shown. IBM SPSS Statistics 
v.22 (Chicago, IL, USA) was used for the statistical analyses 
with significance for main effects of rmANOVA set at P < 0.05.

RESULTS

Demographic information on the 14 male study participants is 
shown in Table I. Cabin altitude at the start of maneuvering in 
the High condition was 18,000 ± 50 ft (5486 ± 1.5 m) PA and 
mean finishing altitude was 14,430 ± 1265 ft (4398 ± 386 m) PA. 
In the Low condition, the cabin altitude achieved was 4300 ±  
800 ft (1311 ± 244 m) PA. The mean Gz level reached across 
the acceleration exposures successfully registered by the flight 

Table I.  Demographic Data of 14 Male Participants.

SUBJECT AGE (yr) HEIGHT (cm) WEIGHT (kg)
TOTAL FLYING 

HOURS (h)
1 48 175 75 1471
2 34 178 89 2000
3 50 173 85 6500
4 55 176 88 3850
5 44 171 66 3200
6 37 182 65 2050
7 46 173 68 4365
8 23 174 80 180
9 23 182 77 450
10 41 193 80 3000
11 28 173 65 210
12 40 190 90 3000
13 35 180 81 2800
14 38 173 80 3500
Mean 39 178 78 2613
SD 10 6 9 1891
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recorder (N = 175) was +4.8 ± 0.1 Gz. The mean duration of the 
+Gz exposures was 33 ± 6 s. Mean G levels (Z = 1.96, P = 0.14) 
were not significantly different between the High and Low  
conditions; G durations were longer in the High than Low con-
ditions (Z = 1.96, P < 0.001) by a short interval (35 vs. 32 s).

Lung volume and EIT data are summarized in Table II. For 
ease of comparison, group FIVC data are also shown in Fig. 1, 
including all four repeats performed before (Pre) and after 
(Post) each flight for both the High and Low cabin altitude con-
ditions. The graph indicates that FIVC was decreased postflight 
on both days, but that measures tended generally to be higher, 
including preflight baseline data, on the day of the lower cabin 
altitude sortie. The rmANOVA examining baseline (Pre) FIVC 
data for the 2 d confirmed a significant difference between 
baseline FIVC values for the High and Low cabin altitude con-
ditions (5.1 ± 0.65 vs. 4.9 ± 0.64, P = 0.036). Thus, rmANOVA 

to assess the influence of cabin altitude on FIVC was conducted 
using the differential values for corresponding pre- and post-
flight FIVCs, indicating a main effect of FIVC# (P = 0.048), but 
no effect of cabin altitude (P = 0.25). Post hoc paired compari-
sons highlighted that the first FIVC performed following the 
sortie was lower than mean baseline FIVC for both the High 
(P = 0.039) and Low cabin altitude conditions (P = 0.002), con-
firming an effect of flight to decrease FIVC. This recovered fully 
by FIVC4 such that, for both High and Low cabin altitudes, 
lung volume at FIVC4 was not significantly different from base-
line (Table II). The changes in FIVC were due to a fall in IC, 
which was decreased from baseline on FIVC1 in both the High 
(P = 0.02) and Low (P = 0.002) cabin altitude conditions, but 
had recovered by FIVC4. In contrast, ERV was unaffected (see 
Table II). Changes in FIVCEIT were similar, with a decrease 
from baseline seen postflight for both the High (P = 0.003) and 

Table II.  Absolute and Differential (Δ) Data for Repeated Measures Taken Pre- and Postflight at High and Low Altitude.

High Low

Pre Post Pre Post

VARIABLE CTRL FIVC1 FIVC4 CTRL FIVC1 FIVC4

FIVC 
(L BTPS)

Absolute 4.87 ± 0.18 4.64 ± 0.33* 4.80 ± 0.27 5.08 ± 0.21 4.70 ± 0.25* 4.97 ± 0.31
Δ CTRL – −0.24 ± 0.18* −0.07 ± 0.36 – −0.38 ± 0.37* −0.10 ± 0.35

IC 
(L BTPS)

Absolute 3.57 ± 0.25 3.35 ± 0.20* 3.62 ± 0.28 3.81 ± 0.20 3.37 ± 0.34* 3.67 ± 1.16
Δ CTRL – −0.22 ± 0.31* 0.05 ± 0.31 – −0.44 ± 0.4* −0.14 ± 0.34

ERV 
(L BTPS)

Absolute 1.34 ± 0.14 1.37 ± 0.14 1.33 ±0.31 1.32 ± 0.17 1.38 ± 0.25 1.35 ± 0.30
Δ CTRL – 0.03 ± 0.19 −0.01 ± 0.33 – 0.06 ± 0.32 0.02 ± 0.29

FIVCEIT 
(Impedance %)

Absolute 21.1 ± 7.5 17.8 ± 7.9* 19.2 ± 7.7* 27.7 ± 11.4 23.3 ± 13.1* 25.2 ± 12.8*
Δ CTRL – −3.3 ± 2.6* −1.9 ± 2.6* – −4.4 ± 4.1* −2.4 ± 3.3*

CTRL data are the means of four baseline Preflight FIVCs; Δ CTRL represent changes from this mean during Postflight FIVC 1 and FIVC 4. Data (N = 14) are mean ± the 95% 
confidence interval after correction for between-subject variability.
*Denotes statistical significance on post hoc paired t-tests (P ≤ 0.05).

Fig. 1.  Forced inspiratory vital capacity measured four times before (Pre; black circles) and after (Post; white circles) the High (left) and Low (right) cabin  
altitude sortie. Data (N = 14) are mean ± the 95% confidence interval after correction for between-subject variability.
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Low (P = 0.002) altitude condition (see Table II). However, 
unlike measures of FIVC, regional (basal) EIT lung volume had 
not recovered to baseline values at FIVC4. EIT data were only 
available from 10 and 13 subjects in the High and Low condi-
tion, respectively. Loss of data was typically due to improper 
electrode contact, which was measured as part of the systems 
signal quality assessment prior to recordings with registration 
of data only possible if all 16 electrodes presented electrode-to-
skin contact impedance below a predetermined threshold.

Spo2 was lower postflight than preflight for all of the three 
oxygen gas mixes inspired (P < 0.05), with no differences found 
between the High and Low cabin altitude conditions (see 
Table III. The lower oxygen saturations resulted in an increase 
in the estimated pulmonary shunt from 1.9 ± 2.5% to 4.9 ± 
3.3% (P = 0.011) and from 1.9 ± 2.3% to 5.7 ± 3.3% (P = 0.003) 
in the High and Low cabin altitude conditions, respectively. 
Changes in the estimated shunt fraction were comparable 
between the two cabin altitude conditions. VT and RR were 
unaffected by exposure to high +Gz flight breathing 60% 
oxygen following either High or Low cabin altitude sorties. 
There was also no effect on postflight PETo2, but PETco2 was 
significantly decreased following both High (P = 0.021) and 
Low (P = 0.008) cabin altitude sorties (Table III).

DISCUSSION

This study investigated whether a minimum 60% oxygen 
(balance 40% nitrogen) breathing induces acceleration atelecta-
sis in pilots during high +Gz flight and explored whether cabin 

altitude had any influence on the extent of atelectasis identified. 
This gas mix was chosen because most combat aircraft using 
onboard oxygen generator technology supply around 60% 
oxygen to the crew at cabin altitudes where dynamic Gz maneu-
vering is conducted, so it is representative of real-world conditions.

Change in FIVC was used as the primary measure of atelec-
tasis in this study. Multiple exposures to +5 Gz while breathing 
60% oxygen were found to be associated with mean reductions 
in FIVC of 4.9% (−0.24 L) and 3.8% (−0.17 L) when FIVC1 was 
compared with the mean preflight FIVC in the High and Low 
cabin altitude sorties, respectively. These findings are consistent 
with previous research;14 one unpublished study reported a 4.3% 
decrease in FIVC after exposing subjects to 75 s at +4 Gz while 
breathing 60% oxygen.11 When using contemporary pilot flight 
equipment and life support systems, the current study therefore 
demonstrates that an FIo2 of 60% is still sufficient to moderate 
the development of acceleration atelectasis, although a reduc-
tion in lung volume still occurs. As expected, postflight FIVC 
recovered with successive breathing maneuvers. Symptoms were 
not formally assessed in the current study, but a cough, or an 
urge to cough, was seen during postflight FIVCs (illustrated in 
Fig. 2) with relatively few symptoms reported in flight. The 
reduction in FIVC is attributable to inspiratory limitation, with 
a loss of inspiratory capacity that broadly matches the reduction 
in FIVC (rather than loss of functional residual capacity).

Placement of EIT electrodes in this study was used to  
measure changes within the lower lobes of the lungs,23 and so, 
the decrease in magnitude of the impedance change with lung 
inflation during the postflight FIVCs suggests that there was a 
reduction in basal lung volume. The fall in FIVCEIT as a percent-
age of pre-exposure values was much larger than accompanying 
changes in FIVC (5 vs. 15%) and did not recover to pre-exposure 
values at FIVC4. This suggests that basal lung regions remain 
resistant to re-expansion and the discrepancy with normalized 
estimates of FIVC demands further consideration.

It is possible that the ‘recovery’ in overall lung volume actu-
ally represents recruitment of lung regions known as a 
Pendelluft phenomenon.12 Alternatively, artifacts caused by 
changes in impedance at the electrode-to-skin interface, for 
example by increased sweating, could be present. However, EIT 
measures were relative, representing a change from that 
recorded at residual volume (RV), so any offset in voltage at the 
electrodes would have largely been negated. EIT derived mea-
sures of VT and FIVC are repeatable,2,23 but the effects of cabin 
altitude could not be compared with this technique as identical 
electrode placements could not be guaranteed on consecutive 
days. Nevertheless, good correlation was observed between Pre 
measurements on each test day (r2 = 0.87). EIT data in Table II 
and Fig. 2 show three FIVC maneuvers of a symptomatic sub-
ject pre- and postexposure. The first Post FIVCEIT was approxi-
mately 24% lower than Pre and toward the end of inspiration 
the subject coughed (depicted as a double peak in the impe
dance trace). FIVC end-expiratory impedance then increased, 
indicating recruitment of lung tissue clearly visible in the EIT 
images. Successive FIVC maneuvers were higher but did not 
recover to preflight values.

Table III.  Data for: Spo2 Measurements Whilst Breathing Air, Hyperoxic Gas 
(100% O2), and Hypoxic Gas (14% O2); Tidal Volume (L · s−1) and Respiratory 
Rate (Breaths per Minute) During Pre-FIVC Hypoxia; and End-Tidal Partial 
Pressures of O2 (PETo2) and CO2 (PETco2) during FIVC.

Pre Post
Spo2 normoxia (%)
  High 97.7 ± 0.6 96.2 ± 0.8*
  Low 97.6 ± 0.7 96.5 ± 0.7*
Spo2 hyperoxia (%)
  High 99.1 ± 0.6 98.7 ± 0.6*
  Low 99.3 ± 0.8 98.6 ± 0.5*
Spo2 hypoxia (%)
  High 94.1 ± 0.9 92.3 ± 0.8*
  Low 94.5 ± 1.0 92.7 ± 0.9*
Tidal Volume (L · s−1)
  High 1.21 ± 0.30 1.11 ± 0.15
  Low 1.02 ± 0.16 1.03 ± 0.13
RR (bpm)
  High 11.9 ± 1.2 12.1 ± 1.1
  Low 13.7 ± 1.4 13.6 ± 1.3
PETo2 hypoxia (mmHg)
  High 68.4 ± 3.8 68.0 ± 3.1
  Low 70.4 ± 2.8 69.2 ± 3.5
PETco2 hypoxia (mmHg)
  High 40.2 ± 1.7 38.2 ± 1.7*
  Low 38.6 ± 1.6 36.4 ± 1.7*

Data (N = 14) are mean ± the 95% confidence interval after correction for 
between-subject variability.
*Denotes significance (P ≤ 0.05) on post hoc paired data pre- and postflight.
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The postflight reduction in peripheral arterial oxygen satu-
ration was consistent between subjects under the conditions 
investigated (Table III). The decrease observed in this study, 
although highly statistically significant, is modest and unlikely 
to have operational relevance. It does, however, indicate impair-
ment of blood oxygenation. It is possible that mild atelectasis 
(as evidenced by the decrease in FIVC) was sufficient to result 
in a small pulmonary shunt. The reduction in arterial oxygen 
saturation lends support to the possibility suggested by the EIT 
data of a persistent functional impairment that is not reflected 
by overall measures of lung volume. Persistent reduction in 
arterial oxygen tension has been demonstrated following 75-s 
exposure to +4 Gz on the centrifuge, providing the subject 
avoided deep breathing.10 A flight trial involving a series of 
maneuvers at +5.5 Gz sustained for 30–40 s over a total sortie 
duration of 30–40 min has also demonstrated postflight reduc-
tions in Spo2 (breathing air) that are of similar magnitude to 
those reported in the current study.14 These findings suggest 
compromised lung function and blood oxygenation postflight, 
possibly due to atelectasis. However, it is widely accepted, and 
supported here, that the provision of 60% oxygen is sufficient to 
prevent gross atelectasis formation and will, in any case, pro-
vide adequate oxygenation during flight. Further studies using 
different FIo2 may still be required to delineate the mecha-
nism and to determine whether more significant postflight 
reductions, potentially of operational relevance, occur with 
higher FIo2.

One of the aims of the study was to investigate whether 
cockpit pressure altitude had a protective effect on the develop-
ment of acceleration atelectasis. In this study we found no dif-
ference in outcomes between flights carried out at cockpit 
pressure altitudes of 4000 and 18,000 ft (1219 and 5486 m), a 
maximum difference in barometric pressure of approximately 
276 mmHg. It is possible that a different outcome might result 
with a higher FIo2, which could result in greater development of 
acceleration atelectasis.

In prioritizing consistent +Gz exposures across both condi-
tions, due to performance limitations of the Hawk T Mk1 air-
craft, possible order effects could not be controlled out. The 
statistically significant difference in baseline FIVC on the two 
flight days indicates that this introduced a systematic, method-
ological confound, which is nonetheless of interest. Preflight 
baseline FIVCs were consistently greater on the second day of 
testing (Low cabin altitude) (P = 0.036). It is possible that the 
initial fit of specific AEA garments may have relaxed following 
the first sortie and thus afforded greater expansion of the lungs 
during maximal inhalation. This perhaps warrants further 
study to examine how garment fit changes with repeated use 
and if there are implications to G protection. Notably, however, 
if any slackening of AEA fit did occur, the magnitude of changes 
in lung volumes during flight was unaffected.

Further limitations of the study, additional to the control of 
exposure orders, include delays between laboratory measure-
ments and +Gz exposures. Despite endeavors to minimize this 

Fig. 2.  Images of regional lung impedance acquired by electrical impedance tomography (EIT) over time for the whole image during the performance of 
three forced inspiratory vital capacity (FIVC) maneuvers (each separated by a period of tidal breathing) performed pre- (left) and postflight (right) in participant 
5 (low altitude sortie). The top row of images is that recorded at maximal inspiration and the bottom at the end of a normal breath (i.e., functional residual 
capacity; FRC). To visualize changes a greater gain was used for images at FRC (×4.5) than at maximal lung volume, therefore comparison of images can only 
be made within each row. The dashed lines represent the impedance recorded at average end expiration, end expiration plus mean impedance change 
during tidal breathing, and peak impedance during a maximal breath preflight. Images were referenced as changes from the image recorded at residual 
volume and thus scales are configured to contrast relative changes in impedance. Note that this subject coughed during the performance of the first FIVC 
postflight (observed in the impedance trace as a double peak).
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interval, mandatory in-aircraft pre- and postflight procedures 
could not be shortened. Additionally, a nonflying control condi-
tion was not included and, therefore, could not be compared 
with postflight data. The acceleration exposures were not fully 
representative of air combat in magnitude or duration but were 
repeatable and within aircraft capability at both altitudes studied.

The major findings from this study are: a small reduction in 
postflight lung volume occurred, but recovered with repeated 
maximal inspirations, suggesting limited development of atel-
ectasis; regional surrogate measures of basal (caudal) lung vol-
ume by EIT also decreased but did not recover to preflight 
values; peripheral arterial oxygen saturation was decreased 
postflight, suggesting formation of a small (5–6%) pulmonary 
shunt; and none of the measurements were influenced by cabin 
altitude. In summary, postflight measurements of FIVC and 
FIVCEIT indicate that mild degrees of atelectasis can occur fol-
lowing multiple in-flight exposures to +5 Gz while breathing 
60% oxygen at low and high cabin altitudes. FIVCEIT data imply 
that mildly atelectatic regions may not fully resolve with simple 
postflight breathing maneuvers.

ACKNOWLEDGMENTS

The authors would like to acknowledge the pilots who took part in this study 
and the RAF CAM Aviation Medicine Flight and QinetiQ personnel at  
Ministry of Defence Boscombe Down who supported the trial.

Financial Disclosure Statement: The authors have no competing interests to 
declare.

Authors and Affiliations: Nicholas D. C. Green, D.Av.Med., Ph.D., M.B.B.S., and 
Gareth G. Kennedy, MCGI, RAF Centre of Aviation Medicine, Henlow, 
Bedfordshire, United Kingdom; Henry D. R. Tank, BSc., MSc., and Alec T. 
Stevenson, Ph.D., Flight Physiology, Human Performance, QinetiQ, 
Farnborough, United Kingdom; Peter Hodkinson, M.B.Ch.B., Ph.D., and Ross 
D. Pollock, Ph.D., and Rebecca-Anne F. Sheppard-Hickey, M.B.Ch.B., Centre 
for Human and Applied Physiological Sciences, King’s College London, 
London, United Kingdom; and Jeffrey S. Woolford, M.D., M.P.H., MBA, 175th 
Medical Group, 175th Wing, Maryland Air National Guard, Warfield Air 
National Guard Base, Middle River, MD, USA.

REFERENCES

	 1.	 Atkinson G. Analysis of repeated measurements in physical therapy 
research: multiple comparisons amongst level means and multi-factorial 
designs. Phys Ther Sport. 2002; 3(4):191–203.

	 2.	 Caruana LR. Global tidal variations, regional distribution of ventilation, 
and the regional onset of filling determined by electrical impedance tomog-
raphy: reproducibility. Anaesth Intensive Care. 2017; 45(2):235–243. 

	 3.	 Dale WA, Rahn H. Rate of gas absorption during atelectasis. Am J Physiol. 
1952; 170(3):606–615. 

	 4.	 Dussault C, Gontier E, Verret C, Soret M, Boussuges A, et al. Hyperoxia 
and hypergravity are independent risk factors of atelectasis in healthy sit-
ting humans: a pulmonary ultrasound and SPECT/CT study. J Appl 
Physiol. 2016; 121(1):66–77. 

	 5.	 Ernsting J. Influence of alveolar nitrogen concentration and environmen-
tal pressure upon the rate of gas absorption from non-ventilated lung. 
Aerosp Med. 1965; 36(10):948–955. 

	 6.	 Ernsting J, Miller RI. Advanced oxygen systems for aircraft. Advisory 
Group for Aerospace Research & Development; 1996. DTIC ADA306996. 
[Accessed 9 May 2022]. Available from https://apps.dtic.mil/sti/citations/
ADA306996.

	 7.	 Flottman J. Acceleration atelectasis in F-22 Raptor: return of an old friend 
[Abstract]. Aviat Space Environ Med. 2013; 84(4):428.

	 8.	 Glaister DH. The effects of gravity and acceleration on the lung. Advisory 
Group for Aerospace Research and Development NATO, Technivision 
Services; 1970. DTIC AD0882903. [Accessed 9 May 2022]. Available from 
https://apps.dtic.mil/sti/citations/AD0882903.

	 9.	 Graham BL, Steenbruggen I, Miller MR, Barjaktarevic IZ, Cooper BG,  
et al. Standardization of spirometry 2019 update. An official American 
Thoracic Society and European Respiratory Society technical statement. 
Am J Respir Crit Care Med. 2019; 200(8):e70–e88. 

	10.	 Green I. The degree of pulmonary arterial to venous shunt produced by 
breathing 100% oxygen during increased positive acceleration whilst 
wearing an anti-g suit. Proc Phys Soc. 1963; 169:96P–97P.

	11.	 Green I. Synopsis of recent work done on the problem of pulmonary 
atelectasis associated with breathing 100% oxygen and increased positive 
G. Farnborough (UK): RAF Institute of Aviation Medicine; 1963. 
Report No. 230.

	12.	 Greenblatt EE, Butler JP, Venegas JG, Winkler T. Pendelluft in the bron-
chial tree. J Appl Physiol. 2014; 117(9):979–988. 

	13.	 Grönkvist M, Bergsten E, Eiken O, Gustafsson PM. Inter- and intra-
regional ventilation inhomogeneity in hypergravity and after pressuriza-
tion of an anti-G suit. J Appl Physiol. 2003; 94(4):1353–1364. 

	14.	 Hachenberg T, Brüssel T, Roos NJ, Lenzen H, Möllhoff T, et al.  
Gas exchange impairment and pulmonary densities after cardiac surgery. 
Acta Anaesthesiol Scand. 1992; 36(8):800–805. 

	15.	 Haswell MS, Tacker WA, Balldin UI, Burton RR. Influence of inspired 
oxygen concentration on acceleration atelectasis. Aviat Space Environ 
Med. 1986; 57(5):432–437. 

	16.	 Hormeño-Holgado AJ, Clemente-Suárez VJ. Effect of different combat jet 
manoeuvres in the psychophysiological response of professional pilots. 
Physiol Behav. 2019; 208:112559. 

	17.	 Hyde AS, Pines J, Saito I. Atelectasis following acceleration: a study of 
causality. Aerosp Med. 1963; 34:150–157. 

	18.	 Jones JG, Clarke SW, Glaister DH. Effect of acceleration on regional lung 
emptying. J Appl Physiol. 1969; 26(6):827–832. 

	19.	 Lockwood GG, Fung NLS, Jones JG. Evaluation of a computer program 
for non-invasive determination of pulmonary shunt and ventilation- 
perfusion mismatch. J Clin Monit Comput. 2014; 28(6):581–590. 

	20.	 Monberg R. Acceleration atelectasis - an old problem in a new setting 
[abstract]. Aviat Space Environ Med. 2013; 84(4):427.

	21.	 Olszowka AJ, Wagner PD. Numerical analysis of gas exchange. In: West 
JB, editor. Ventilation, blood flow and diffusion, Vol. 1. London: Academic 
Press; 1980:263–306.

	22.	 Pollock RD, Firth RV, Storey JA, Phillips KE, Connolly DM, et al. 
Hemodynamic responses and G protection afforded by three different 
anti-G systems. Aerosp Med Hum Perform. 2019; 90(11):925–933. 

	23.	 Reifferscheid F, Elke G, Pulletz S, Gawelczyk B, Lautenschläger I, et al. 
Regional ventilation distribution determined by electrical impedance 
tomography: reproducibility and effects of posture and chest plane. 
Respirology. 2011; 16(3):523–531. 

	24.	 Tacker WA, Balldin UI, Burton RR, Glaister DH, Gillingham KK, Mercer 
JR. Induction and prevention of acceleration atelectasis. Aviat Space 
Environ Med. 1987; 58(1):69–75. 

	25.	 York E. Post-flight discomfort in aviators: aero atelectasis. Aerosp Med. 
1967; 38(2):192–194. 

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-14 via free access

https://doi.org/10.1054/ptsp.2002.0123
https://doi.org/10.1177/0310057X1704500214
https://doi.org/10.1152/ajplegacy.1952.170.3.606
https://doi.org/10.1152/japplphysiol.00085.2016
https://apps.dtic.mil/sti/citations/ADA306996
https://apps.dtic.mil/sti/citations/ADA306996
https://apps.dtic.mil/sti/citations/AD0882903
https://doi.org/10.1164/rccm.201908-1590ST
https://doi.org/10.1152/japplphysiol.00466.2014
https://doi.org/10.1152/japplphysiol.00612.2002
https://doi.org/10.1111/j.1399-6576.1992.tb03568.x
https://doi.org/10.1016/j.physbeh.2019.112559
https://doi.org/10.1152/jappl.1969.26.6.827
https://doi.org/10.1007/s10877-014-9554-x
https://doi.org/10.3357/AMHP.4927.2019
https://doi.org/10.1111/j.1440-1843.2011.01929.x

	Cabin Pressure Altitude Effect on Acceleration 
Atelectasis After Agile Flight Breathing 60% Oxygen
	METHODS
	RESULTS
	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


