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ABSTRACT: Several publications have reported effects of hypobaric conditions in
patients with chronic obstructive pulmonary disease. To the current authors’
knowledge, similar studies concerning patients with restrictive lung disease have not
been published.

The effect of simulated air travel in a hypobaric chamber on arterial blood gases,
blood pressure, and cardiac frequency during rest and 20 W exercise, and the response
to supplementary oxygen in 17 patients with chronic restrictive ventilatory impairment
has been investigated.

Resting oxygen tension in arterial blood (Pa,0,) decreased from 10.4+1.6 kPa at sea
level to 6.5t1.1 kPa at 2,438 m simulated altitude, and decreased further during light
exercise in all patients (5.11+0.9 kPa). Pa,0, at this altitude correlated positively with
sea-level Pa,0, and transfer factor of the lung for carbon monoxide (7L,c0O), and
negatively with carbon dioxide tension in arterial blood (Pa,C0,). Pa,0, increased to
acceptable levels with an O, supply of 2 L-min™ at rest and 4 L-min™' during 20 W
exercise.

In conclusion, most of the patients with restrictive ventilatory impairment developed
hypoxaemia below the recommended levels of in-flight oxygen tension in arterial blood
during simulated air travel. Light exercise aggravated the hypoxaemia. Acceptable
levels of oxygen tension in arterial blood, with only a minor increase in carbon dioxide
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tension in arterial blood, were obtained by supplementary oxygen.
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Federal aviation regulations specify rules for
commercial aircraft of a maximal cabin altitude of
2,438 m (8,000 feet) in order to avoid hypoxaemia in
crew and passengers [1, 2]. The oxygen saturation
(S2,0,) in healthy subjects will exceed 90% at this
cabin altitude and only a slight reduction in mental
performance will be observed [3-5].

Passengers with chronic obstructive pulmonary
disease (COPD) may experience a severe decrease in
arterial blood oxygen content at a cabin altitude of
2,438 m [6, 7]. Three medical guidelines for COPD
patients conclude that in-flight O, supplementation
should be considered if the O, tension in arterial blood
(Pa,0,) at 2,438 m altitude is <6.7 kPa (50 mmHg) [8,
9] or 7.3 kPa (55 mmHg) [10], respectively, since
hypoxaemia below these levels is considered to be
associated with increased risk of medical complica-
tions [11, 12]. Several studies concerning preflight
evaluation of COPD patients have suggested screen-
ing criteria based on sea-level blood gases, spirometry,
and exercise capacity [8-10, 13-16]. However, to the
current authors’ knowledge, similar studies concern-
ing hypobaric conditions on patients with restrictive
ventilatory impairment have not previously been
performed.

The present investigation was carried out to study

the influence of low atmospheric pressure on arterial
blood gases in patients with chronic restrictive
ventilatory impairment. In addition, the authors
wanted to evaluate the effect of supplementary O,
on arterial blood gases and cardiovascular function
under these conditions, both at rest and during light
exercise. The exercise tests were performed because it
is recommended that passengers take brief walks
during long distance flights to avoid thromboembolic
complications. Seventeen patients with chronic restric-
tive ventilatory impairment were studied at rest and
during bicycle exercise (at a rate equivalent to slow
walking along the aisle of an airplane) at sea level and
at 2,438 m simulated altitude in a hypobaric chamber.

Methods

Seventeen patients, 10 females and seven males,
attending a rehabilitation programme were recruited
for the study (group 1, table 1). They all suffered from
chronic restrictive ventilatory impairment (total lung
capacity (TLC) <95% confidence interval) [17], caused
by either sequelae from tuberculosis (five patients),
kyphoscoliosis (two patients), or lung fibrosis (sarcoi-
dosis: three patients; fibrosing alveolitis: two patients;
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Table 1.—Lung function and arterial blood gases in 17
patients with chronic restrictive ventilatory impairment

(group 1)

Table 2.—-Lung function and arterial blood gases at rest at
sea level in 11 patients with chronic restrictive ventilatory
impairment (group 2)

Mean=*1SD Range % pred Mean=*1sD Range % pred
Age yrs 56.8£14.9 26-74 Age yrs 57.5+£9.0 42-71
Height cm 170.5+11.7 144-190 Height cm 167.6+11.7 153-187
Weight kg 72.2+£14.0 50-102 Weight kg 76.2+20.4 47-111
Hgb g % 14.0+4.1 12.8-17.1 VCL 2.440.9 1.1-4.3 69121
BPsys mmHg 149.61+36.5 105-266 FEVI L 1.8+0.7 0.9-3.44 63£26
BPdia mmHg 81.7£18.3 50-118 TLCL 3.940.9 3.0-5.7 68+14
fc min! 87.2+10.7 68-105 TL,CO 47425 1.3-9.7 53£20
VCL 2.0+0.7 1.0-3.6 54%16 mmol-min~!-kPa’!
FEV1I L 1.4£0.6 0.7-2.8 49+18 Pa,0, kPa 10.34+2.0 6.2-12.6
TLC L 3.2%1.0 1.7-4.7 52+11 S2,0, % 95.3+4.6 82.3-98.3
TL.CO 48+1.4 2.6-7.4 54+18 Pa,co, kPa 5.1+0.8 4.1-7.0
mmol-min™'-kPa! Aerobic caPacny 19.9+5.8 13.4-30.1  66%15
Pa,0, kPa 10.4x1.6 6.6-13.0 mL-min”
Sa,0, % 95.0+2.2 87.9-97.7
Pa.CcO, kPa 5.2+0.7 4.1-6.4 VC: vital capacity; FEV1: forced expiratory volume in one
Aerobic Cali’aClt 13.843.7 8.6-22.8 44+11 second; TLC: total lung capacity; 7L,CO: single-breath
mL-min- transfer factor of the lung for carbon monoxide; Pa,0,:

Hgb: haemoglobin concentration; BPsys: systolic blood
pressure at rest, sea level; BPdia: diastolic blood pressure at
rest, sea level; fC: cardiac frequency; VC: vital capacity;
FEV1: forced expiratory volume in one second; TLC: total
lung capacity; TL,CO: single-breath transfer factor of the
lung for carbon monoxide; Pa,0,: oxygen tension in arterial
blood; Sa,0,: arterial oxygen saturation; Pa,CO,: carbon
dioxide tension in arterial blood; aerobic capacity: oxygen
consumption divided by body weight.

unspecified lung fibrosis: five patients). At the time of
testing, all were in a stable phase of their disease. Two
patients w1th mild hypertension received amlod1p1ne
(2.5 mg-day™!) or spironolactone (50 mg-day™), and
seven used oral or inhaled corticosteroids. Two had a
history of myocardial infarction, without ventricular
dysfunction. Patients with coexisting medical prob-
lems that might influence their physical capacity were
excluded from the study. However, because analysis
of blood pressures was performed after completion of
the experiments, the authors failed to observe that one
of the patients had a resting diastolic pressure of
118 mmHg on the day of the experiment. To test an
equation for the prediction of in-flight Pa,0, from
preflight variables in these 17 patients, a separate
group, consisting of 11 patients with chronic restric-
tive ventilatory impairment, was studied (group 2,
table 2). The Regional Medical Ethics Committee
approved the study, and written informed consent was
obtained from all participants.

Vital capacity (VC), forced expiratory volume in
one second (FEV1), TLC, single-breath transfer factor
of the lung for carbon monoxide (71,c0O) [18], and
aerobic capacity were measured before the altitude
experiment, as previously reported [7].

The experiments were performed with one patient
and three technlclans present in an air-conditioned
(3 m? mln 25°C) hypobaric altitude chamber
(20 m?) with stable concentrations of O, and carbon
dioxide. In group 1, the subjects sat in a chair to use a
cycle ergometer. After >10 min rest, they started
cycling at 20 W, increasing by 10 W every 4 min, but
here only responses during rest and 20 W exercise are

oxygen tension in arterial blood; Sa0,: arterial oxygen
saturation; Pa,CO,: carbon dioxide in arterial blood; aerobic
capacity: oxygen consumption divided by body weight.

reported. The procedure was performed in a random
order at sea level and a simulated altitude of 2,438 m
(8,000 ft), with 60 min rest between each exercise test.
In group 2, the subjects were only exposed to
hypobaric hypoxia (2,438 m) without exercise. Arte-
rial blood samples were drawn every 4 min from a
catheter in the radial artery. The samples were stored
on melting ice in sealed syringes for 10-15 min before
being sluiced out of the chamber and analysed for
blood gases [7]. The heart rhythm was continuously
monitored, and arterial blood pressure was recorded
through the catheter in the radial artery using a
Mingograf 7 (Siemens-Elema, Solna, Sweden) and a
Baxter TruWave disposable pressure transducer
(Glendale, CA, USA).

After terminating the measurements at sea level and
2,438 m, the patients in group 1 were tested at
2,438 m at rest and during 20 W exercise with and
w1thout a supply of 100% O, through a double nasal
cannula. The O, flow rates of 1, 2 and 4 L-min™' were
blinded for the patients. Arterial blood gases, intra-
arterial blood pressure and cardiac frequency were
measured at 4 min intervals. Two of the subjects did
not participate in the study of supplementary O,
because they feared increased dyspnoea during a
repeated exercise test.

Results are expressed as meantsp. All variables,
except Sa,0,, were normally distributed, and as a
result, paired t-tests were used to evaluate differences
between sea level and altitude. A Mann-Whitney
test was used for Sa,0,. To test for combined effects,
linear regression analysis of Pa,0, (2,438 m) versus
Pa,0, (sea level), TL,cO (% of predicted [8]), and
Pa,co, (sea level) was performed, because of the
significant bivariate correlations between the first
and the latter three variables. The effect of O,
supply was tested using a two factor (rest versus
exercise, and level of O, supply) repeated measures
analysis of variance (ANOVA), followed by contrasts
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between different flow rates. Two-tailed p-values <0.05
were considered statistically significant.

Results

All subjects had a TLC <80% pred, as shown in
table 1. Values for VC, FEV1 and TL,cO were also
reduced to ~50% pred. All except one of the subjects
were nonsmokers.

Individual values for arterial blood gases are
presented in figure 1 (a—c). There was a considerable
decrease in Pa,0, and Sa,0, as the patients were taken
from sea level to 2,438 m altitude (table 3). During
20 W exercise, Pa,0, and Sa,0, decreased markedly as
compared to resting values, both at sea level and at
2,438 m (table 3). All subjects managed the work load
(20 W) at sea level for >4 min, but at 2,438 m three
subjects terminated after 2 min because of dyspnoea.
In the figures showing 20 W exercise, blood values
from these subjects are also included.

There was a statistically significant decrease in resting
Pa,CO, from sea level to 2,438 m (table 3). During 20 W
exercise, Pa,CO, increased significantly at sea level, but
not at altitude. Resting ventilation was not significantly
different at sea level and at 2,438 m. During 20 W
exercise, however, the ventilation at 2,438 m was
significantly higher than at sea level (table 3).

The resting Pa,0, at 2,438 m was correlated to both
the sea-level Pa,0, (r=0.73, p<0.001), 7L,cO (r=0.59,
p<0.02) and 7TL,CO in per cent of predicted values
(r=0.69, p<0.01), and negatively correlated to Pa,CO,
(r=-0.55, p<0.05). There was no significant correlation
between in-flight Pa,0, and sea-level values of VC,
FEV1, TLC, or aerobic capacity.

A multiple linear regression analysis of Pa,0, (in
kPa) at 2,438 m versus TL,CO and Pa,0, at sea level
gave the following equation:

P20, (2,438 m) =0.7440.39 x Pa,0,(sea level)
+0.033 x TL,co(% pred) (1)

with multiple r=0.88. The deviations from predicted
Pa,0, ranged from an overestimate of 1.0 kPa to an
underestimate of 0.7 kPa and were normally distri-
buted. Sea-level Pa,CO, had no significant relation to
Pa,0, at altitude in the multiple regression. In group 2,
no significant difference between measured in-flight
Pa,0, and Pa,0, pred from the equation above
(0.25+£0.46 kPa, range -0.43-0.81 kPa) was observed.
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Fig. 1.—Arterial blood gas values from 17 patients with chronic
restrictive ventilatory impairment during rest and 20 W ergometer
cycle exercise at sea level and at 2,438 m (8,000 feet) altitude.
Individual (A) and mean values (O) of a) oxygen tension in
arterial blood (Pa,0,), b) arterial oxygen saturation (Sa,0,) and c)
carbon dioxide tension in arterial blood (Pa,co,).

Table 3.-Blood gases and ventilation at rest and during 20 W exercise at sea level and 2,438 m simulated altitude (group

1)

Sea level 2,438 m
Rest Exercise Rest Exercise
P20, kPa 10.4%1.6 8. 141.5%%* 6.5+1.17%# 5.140.9%%*
Sa,0, % 95.0+2.2 90.145.1%** 85.4+5.6"%# 74,247 Hkwk
Pa,co, kPa 5.240.7 5.440.7%% 4.840.67%# 4.940.7
Ventilation L-min™' 11.3+3.4 23.7+7.5 12.1+4.5 27.248.1%##

Pa,0,: oxygen tension in arterial blood; Sa,0,: arterial oxygen saturation; Pa,CO,: carbon dioxide tension in arterial blood.
**: p<0.01; ***: p<0.001; ****: p<0.0001, rest versus exercise; #HH, p<0.001, sea level versus 2,438 m.
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Fig. 2. —Comparison of measured in-flight oxygen pressure in
arterial blood (Pa,0,) and Pa,0, pred from the equation Pa0,
(2,438 m)=0.74+0.39% Pa,0, (sea level)+0.033xtransfer factor of the
lung for carbon monoxide (% pred). O: group 1; @: group 2.

A comparison of measured and predicted Pa,0, values
at 2,438 m is shown in figure 2.

By giving resting patients supplementary O
(1 L-min l) at 2,438 m, there was a stat1stlcally
s1gn1ﬁcant increase in Pa,0, at rest and durlng exercise
(fig. 3a). Further i increases were observed at flow rates
of 2 and 4 L-min™ Likewise, Sa,0, increased with
increasing rates of 02 supply (fig. 3b). At rest and
during exercise, Sa,0; increased markedly when the O,
supply mcreased from 0 to 1 L-min", and increased
further with 2 L-min™. At a flow rate of 4 L-min”",
Sa,0, increased relatlve to 2 L-min” durlng exer01se
but not at rest. At rest, supplementary O, resulted in a
small but 51gn1ﬁcant increase in Pa,CO, at flow rates of
1 and 2 L-min”', but no further increase at 4 L-min’!
(fig. 3c). Durmg 20 W exerc1se there was no increase
in Pa,CO, from 0 to 1 L-min™ , but a minor increase
with 4 L-min™' (fig. 3c).

O, supply at 2,438 m caused a decrease of ~9% in
systolic blood pressure during 20 W exercise, but did
not cause significant changes in blood pressure at rest
(fig. 3d). Diastolic blood pressure was not affected by
O, supply. Resting cardiac frequency was reduced
with an O, supply of 2 L-min™'. During 20 W exercise
the heart rate decreased ~8% with an O, supply of
4 L-min™" (fig. 3e).

Discussion

Patients with various diseases leading to chronic
restrictive ventilatory impairment developed pronounced
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Fig. 3. —Effect of supplementary oxygen (O,) (mean+SEM) in 15
patients with chronic restrictive impairment at 2,438 m (8,000
feet) simulated cabin altitude at rest (O) and during 20 W
ergometer cycle exercise (@). a) Oxygen tension in arterial blood
(Pa,0,), b) arterial oxygen saturation (Sa,0,), ¢) carbon dioxide
tension in arterial blood (PacC0,), d) systolic blood pressure
(BPsys) and e) cardiac frequency (fC). *: p<0.05; **: p<0.01
compared to values without supplementary oxygen; *: p<0.05; ##:
p<0.01 compared to values w1th supplementary oxygen at ﬁow
rate 1 L-min"; ¥ p<0.05; 7 p<0.01 compared to values with
supplementdry oxygen at ﬂow rdte 2 L-min™'.
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hypoxaemia during simulated air travel at a cabin
altitude of 2,438 m. The hypoxaemia was aggravated
by light exercise, equivalent to slow walking along the
aisle. The number of subjects was too small to
evaluate each group of patients separately, but taken
as a whole they seemed to respond to hypoxia in a
similar manner. The spirometry and blood gas values
showed an equal distribution among the different
diagnoses, with a mean reduction in lung function
parameters of ~50% pred. All patients included in the
study were physically capable of travelling, and were
thus potential aircraft passengers.

Guidelines for preflight medical evaluation are
available for COPD patients [8-10], but not for other
categories of lung patients. The intention of preflight
medical evaluation is to avoid severe hypoxaemia
provoked by the lowered cabin pressure in the aircraft.
The lower limits for in-flight Pa,0, (2,438 m), recom-
mended in medical guidelines for COPD patients, are
7.3 kPa [10] and 6.7 kPa [8, 9], respectively, but it is
not evident how these values have been established
[11, 12]. To the present authors’ knowledge, studies on
patients with restrictive ventilatory impairment at
high altitude have not been published. According to
the results presented here, these patients run a high
risk of developing in-flight hypoxaemia, below the
recommended levels. It was found that 82% expressed
in-flight Pa,0, values <7.3 kPa and 53% <6.7 kPa at
rest. Even patients with Pa,0, values close to normal at
sea level, experienced a pronounced drop in Pa,0, in
the altitude chamber.

Effects of exercise at altitude have received little
attention in the medical guidelines. However, passen-
gers are recommended to take light exercise during
longer flights to avoid thromboembolic complications
[19]. In this study, light exercise at sea level resulted
in a reduced Pa,0, compared to the resting situation,
but none of the patients became severely hypoxaemic.
However, the same level of exercise at 2,438 m
resulted in a Pa0, level <6.7 kPa in all subjects,
with a mean value of 5.1 kPa. In one patient with
Pa,0, 9.4 kPa (sea level) at rest, the exercise Pa,0,
(2,438 m) was as low as 3.7 kPa.

Medical guidelines for COPD patients [8-10]
recommend sea-level Pa,0, as a reliable predictor of
Pa,0, at 2,438 m. Based on a study performed by the
current authors on COPD patients in an altitude
chamber, this recommendation could not be sup-
ported [7]. In the present study, there was a significant
correlation between Pa,0, at sea level and Pa,0, at
2,438 m, but only 53% of the variance of in-flight
Pa,0, could be accounted for by differences in sea-level
Pa,0,. The prediction of Pa,0, at 2,438 m could be
improved by including 7L,CO (% pred) in the regres-
sion, but in this study, sea-level Pa,0, and TL,CO
accounted for only 77% of the variance in Pa,0, at
2,438 m. Even though the patients in group 2 showed
no significant difference between measured in-flight
Pa,0, and Pa,0, predicted from this regression, there is
still a possibility of overestimating the in-flight Pa,0,
by using pre-flight parameters for prediction. There-
fore, patients who might be particularly vulnerable
to hypoxaemia should have priority to the limited
resources of pre-flight evaluation under hypoxic

conditions, either in a hypobaric chamber or testing
by breathing a hypoxic gas mixture, as in the hypoxic
altitude simulation test (HAST) [6]. The current authors
used a hypobaric chamber in the present investigation
because it was easily accessibly. However, breathing a
hypoxic gas at sea-level pressure gives similar results
[20]. Preflight evaluation might be offered to patients
with accompanying heart disease and probably
patients with hypercapnia, considering the observed
negative correlation between pre-flight Pa,CO, and in-
flight Pa,0,. Hypercapnic patients might be less
capable of increasing their ventilation in response to
hypoxaemia. Conversely, preflight evaluation is con-
troversial, and NAEUE [21] recently pointed out that
the benefit of such testing had never been documented.

At a cabin altitude of 2,438 m, an O, supply of
2 L'-min! on a nasal cannula increased the Pa,0,
(>8 kPa) and Sa,0, (>92%) to acceptable levels in all
subjects at rest, without causing alarmingly high levels
of Pa,CO, (range 4.2-6.8 kPa). There was a minor
decrease in resting cardiac frequency and systolic
blood pressure. During 20 W exercise at 2,438 m,
equivalent to slow walking along the aisle, an O,
supply at 4 L-min™' was sufficient to maintain Pa,0,
>7.3 kPa and Sa,0, >88% in all but two patients.
There was a significant decrease in both cardiac
frequency and systolic blood pressure at 20 W
exercise, reflecting the improved oxygenation. There
was only a minor increase in Pa,CO, with this O, flow
(range 4.1-7.4 kPa).

The pronounced decrease in oxygen tension in
arterial blood at altitude seems to contrast with the
low level of medical emergencies among patients with
pulmonary disease [21-23]. This low incidence cannot
be explained by a liberal prescription of supplemen-
tary oxygen. In a study among consultant respiratory
physicians in England [24], approximately half of
those measuring blood gas levels did not recommend
in-flight supplementary oxygen unless the preflight
oxygen tension in arterial blood was <8.0 kPa, and an
additional 25% recommended that it should not be
used unless the oxygen tension in arterial blood was
<7.3 kPa. According to the results presented in this
study, both chronic obstructive pulmonary disease [7]
and restrictive lung patients with such preflight
oxygen tension in arterial blood values will experience
a decrease in oxygen tension in arterial blood to levels
far below what is recommended in present guidelines
[8-10]. One reason could be that the cabin altitude
during most flights is lower than at 2,438 m [25].
However, the low frequency of medical emergencies
indicate that these levels of hypoxaemia are generally
well tolerated, and raises the question of whether the
limit of acceptable in-flight oxygen tension in arterial
blood should be reconsidered in future guidelines.
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