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Pre-flight hypoxic challenge in
infants and young children with
respiratory disease
Modern aircraft flying at high altitude are
cabin pressurised to an atmospheric partial
pressure of up to 8000 feet (2348 metres),
equivalent to breathing approximately 15%
oxygen. This may expose individuals with
cardiorespiratory disease to the risk of devel-
oping hypoxia. In 2002 the British Thoracic
Society (BTS) issued recommendations for
passengers with respiratory diseases who are
planning to fly.1 These recommendations
included the use of a hypoxic challenge test
in children with a history of respiratory
disease too young to undergo conventional
lung function tests. While pre-flight hypoxic
challenge tests have been evaluated in older
children2 and adults3 with respiratory disease,
there are few data on hypoxic responses in
infants and young children with respiratory
disease although one study has observed
profound desaturation in a small number of
healthy infants while asleep.4

In the last 6 years we have tested 20
children under 5 years of age with a history
of chronic pulmonary disease in early infancy
(table 1). At our institution fitness to fly
testing using 15% oxygen has been performed
as a routine test in older children2 and adults3

with respiratory disease for some years, so
formal ethical approval was not sought for
this study. Children were exposed to a
hypoxic challenge with 15% oxygen while
sitting on the lap of a carer in a whole body
plethysmograph (body box). Oxygen satura-
tion was monitored by pulse oximetry (SpO2)
using a probe attached to the child’s finger.
After measuring SpO2 of the child in air,
nitrogen was passed into the body box at
approximately 50 l/min to dilute the oxygen
content of the air to 15% over a period of
5 minutes. Oxygen and carbon dioxide con-
centrations were measured via continuous
flow sampling using a Centronics 200 MGA
mass spectrometer. The SpO2 could take up to
approximately 20 minutes to reach a stable
value (constant over 2–3 minutes). In none
of the tests did the carbon dioxide concentra-
tion in the body box exceed 0.5%. In nine

cases oxygen was subsequently administered
via nasal cannulae to restore the fall in SpO2
to the original (air) value so that this flow of
oxygen could then be recommended during
the flight. However, because of lack of data
on the range of the normal desaturation
response and the clinical significance, advice
was not always consistent (table 1, p 1001).
No child was oxygen dependent at the time of
the test although four children were receiving
nocturnal or intermittent supplementary
oxygen. Four children were tested a second
time for subsequent flights (cases 1, 3, 4 and
5). Eight of the 20 children desaturated below
90% in 15% oxygen, six of whom had normal
(.95%) saturations at rest in air. Outcome
information was obtained from all seven
families who had been advised to take
supplementary oxygen (table 1, p 1001).
Case 2 was notable for the profound desa-
turation episode that occurred during the
flight. Information regarding the outcome of
flights for children for whom supplementary
oxygen was not advised was incomplete.
Three cases did not fly and seven were lost
to follow up.
We conclude that some children with a

history of chronic pulmonary disease in early
infancy may have normal oxygen saturations
in room air but desaturate significantly below
90% when exposed to a 15% oxygen hypoxic
challenge. These children may be at risk of
hypoxia when flying at altitude. This uncon-
trolled observational series suggests that such
infants should be advised to take supple-
mental oxygen during the flight. The hypoxic
challenge test is a simple and practical test
and may be performed in any lung function
laboratory with a whole body plethysmo-
graph, a source of nitrogen, and a means of
measuring oxygen. As carbon dioxide con-
centrations do not reach clinically significant
levels, oxygen concentrations in the body box
could be measured with a conventional
oxygen monitor. Further studies are required
to evaluate fully the hypoxic challenge test in
young children. SpO2 measurements during
flight on subjects and healthy control chil-
dren are needed. Measurements should be
undertaken both in the awake and sleep
states because there is evidence that SpO2
falls in some older children with cystic
fibrosis while asleep during flight2 and in
normal infants at sea level.4
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eNOS allelic variants at the same
locus associate with HAPE and
adaptation
High altitude pulmonary oedema (HAPE) is a
severe form of altitude illness that may
develop in individuals on rapid ascent to
altitudes above 2500 m.1 The disease is
characterised by hypoxia induced pulmonary
vasoconstriction caused by endothelial dys-
function and intravascular fluid retention.2 3

While some families and individuals are at
risk, those with a long ancestry at high
altitude have a lower risk. Moreover, indivi-
duals who have had HAPE are at a greater
risk of repeat events. Such data support a
strong genetic component to HAPE suscept-
ibility, perhaps associated with a founder
effect. It is likely that long term exposure to
high altitude provides a natural positive
adaptive pressure to alleles that prevent the
illness. We hypothesise that allelic variants at
the same locus in a gene are involved in
adaptation and HAPE.
We therefore investigated the Glu298Asp

and 4b/4a polymorphisms of the endothelial
nitric oxide synthase gene (eNOS) and2344T/
C, intron-2 conversion and Lys173Arg poly-
morphisms of the aldosterone synthase gene
(CYP11B2) in 59 patients with HAPE who
developed the disease at 3400 m, 64 lowland
controls (LLs) who had been to the same
altitude two or three times and even to
5600 m, and 136 highland natives (HLs)
from Leh, Ladakh (3400 m). The study
groups consisted of unrelated and age
matched men aged 30–40 years who had
been inhabitants of their respective lands
since ancient times. The HAPE patients and
LLs were of the same ethnic origin and
ascended in a similar manner. The diagnosis
of HAPE was based on chest radiographs and
other clinical symptoms. Blood samples were
collected in the morning in the supine
position after overnight fasting. Subjects
abstained from smoking for 12 hours before
sample collection. The institutional ethical
committee approved the investigation and all
subjects gave informed consent.
Genotype determination of the five poly-

morphisms in the two genes was performed
by modified cycling conditions. Genotypes
were randomly validated on a 377 DNA sequ-
encer (Applied Biosystems, USA). Plasma
nitric oxide (NO) estimated as nitrite by the
enzymatic Griess method (Calbiochem, USA)
and aldosterone levels were determined by
radioimmunoassay (Immunotech, France).
SPSS software for windows (release 10.0)
was used for the statistical analysis.
This study is the first to report plasma NO

and aldosterone levels in patients with HAPE
and HLs. NO levels were significantly lower
in the HAPE group (46.17 (13.94) mM) than
in HLs (95.35 (27.56) mM) or LLs (90.53
(29.97) mM) (p,0.0001 for each). The NO
levels in the order HLs . LLs . HAPE
support earlier reports of impaired NO
synthesis in HAPE4 and increased NO levels
in mountain dwellers.5 Previous studies,
however, measured the exhaled NO level
which is not the exact measure of endo-
genous NO production. The highest NO
levels in HLs signify its importance in the
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Table 1 Hypoxic challenge test: subject details

Case
no Sex

Age
(months)

SpO2

in air
SpO2 in
15% O2

SpO2 in 15% + nasal
cannulae O2 (flow
to achieve normal
saturation) Clinical Destination Advice given Outcome

1 M 2 98 88 100
(0.5 l/min)

Right hypoplastic lung Malta Have O2 available Did not fly

1 M 14 98 90 Right hypoplastic lung Malta Well without O2 NA
2 F 11 97 71 100

(1.0 l/min)
Severe
tracheobronchomalacia; Right
pulmonary artery narrowing;
gastro-oesophageal reflux;
Ehlers Danlos syndrome;
receiving O2 at night

Qatar Have O2 available
2 l/m

Flew without O2

until ‘‘collapse’’:
SpO2 40%; given
via mask O2 and
continued for rest
of trip

3 M 19 99 90 Ex-preterm 27 w; CLD;
receiving 0.1 l/min O2 at
night

Pakistan Have O2 available
2 l/m because
uncertain about
sleep

Trip cancelled -
non medical
reasons

3 M 50 99 90 Ex-preterm 27 w; CLD;
receiving 0.1 l/min O2 at
night

Pakistan Have O2 available
2 l/m because
uncertain about
sleep

Trip cancelled
because chest
infection

4 M 4 97 88 97
(1.0 l/min)

Persistent tachypnoea at 4 m
unknown aetiology - posssible
mild pulmonary hypoplasia

New York,
USA

Well without O2 NA

4 M 6 97 90 Persistent tachypnoea at 4 m
unknown aetiology - possible
mild pulmonary hypoplasia,
bronchomalacia

New York,
USA

Well without O2 NA

5 F 45 92 86 92
(1.0 l/min)

Cyanotic episodes of
unknown aetiology

Greece Have O2 available Received O2 via
mask on outward
and return
journeys; no
problems

5 F 54 98 92 Cyanotic episodes with colds;
unknown aetiology

Greece Well without O2 ‘‘Very tired’’ at
end of flight

6 F 20 97 87 Paraplegic with scoliosis on
intermittent home O2

Malta Have O2 available
2 l/min

Received O2 via
nasal prongs
outward, mask
return; no
problems

7 M 9 97 92 Left upper lobe congenital
lobar emphysema

Switzerland Well without O2 Uneventful flight

8 F 2 100 94 Ex-preterm 25 w; CLD;
on O2 0.1 l/min at night

Jamaica Well without O2 NA

9 M 7 98 90 Ex-preterm 26 w; CLD;
off O2

Mauritius Well without O2 Uneventful flight

10 F 6 99 92 Ex-preterm 28 w; intrauterine
growth retardation; CLD;
off O2

Pakistan Well without O2 NA

11 M 11 100 94 100
(1.0 l/min)

Ex-preterm 24 w; intrauterine
growth retardation; CLD;
off O2

UAE Well without O2 Uneventful flight

12 M 6 100 94 Ex-preterm 34 w; CLD;
VSD; off O2

Yugoslavia Well without O2 NA

13 F 2 100 95 Repaired neonatal
diaphragmatic hernia

Kuwait Well without O2 NA

14 F 3 99 92 100
(1.0 l/min)

Ex-preterm 34 w Thailand Well without O2 Uneventful flight

15 F 3 98 91 100
(1.0 l/min)

Ex-preterm 34 w; CLD;
off O2

Thailand Well without O2 Uneventful flight

16 M 42 96 89 Cystic fibrosis Majorca Well without O2 Uneventful flight
17 M 49 100 94 Right middle lobe bronchus

vascular ring
Greece Well without O2 NA

18 F 8 94 88 98
(1.0 l/min)

Pharyngomalacia Canary Isles Have O2 available
2 l/m

O2 was available
but not
administered.
Uneventful flight

19 F 5 100 94 Ex-preterm 23 w; CLD; off O2 S Africa Well without O2 NA
20 M 19 98 88 97

(1.0 l/min)
Spinal muscular atrophy
+ left lower lobe collapse

Phoenix, AZ,
USA

Have O2 available
2 l/m

O2 available.
Received on return
flight after getting
distressed but
would not tolerate
either mask or
nasal cannulae;
eventually went to
sleep.

SpO2, oxygen saturation; CLD, chronic lung disease; VSD, ventricular septal defect; NA, data not available.
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maintenance of regular physical activity at
high altitude. NO improves the ventilation/
perfusion ratio and lowers the alveolar to
arterial oxygen tension difference by increas-
ing oxygen saturation. The levels of aldoster-
one in the HAPE group (467.0 (339.0) pmol/l)
were significantly higher in the HLs (376.3
(169.5) pmol/l; p=0.05), LLs (155.5 (109.9)
pmol/l; p,0.0001), or both (p,0.0001).
This finding is in agreement with the
hypothesis that antidiuresis followed by
fluid retention is one of the mechanisms
leading to HAPE,3 in which aldosterone plays
a pivotal role. NO inhalation therapy and the
use of diuretics to treat HAPE2 support the
decreased levels of endogenous NO and
increased levels of aldosterone observed in
the present study.
The three groups were in Hardy-Weinberg

equilibrium for the polymorphisms. The
genotype and allele frequency analysis of
the Glu298Asp and 4b/4a polymorphisms of
the eNOS gene revealed that the Asp and 4a
alleles were over-represented in the HAPE
group and that the Glu and 4b alleles were
over-represented in the HLs (table 1, above).
A recent study also reported an association of
mutant alleles with the disorder.6 The pre-
sence of the Asp variant renders the enzyme
susceptible to intracellular proteases.7

Proteolysis may reduce NO levels which
may lead to impaired vasodilation and
endothelial dysfunction in a hypoxic envir-
onment, increasing susceptibility to HAPE.
The over-representation of wild-type alleles
in HLs suggests that the mutant alleles
associated with HAPE are eliminated in HLs
as a process of natural selection. Indeed, the
tolerance of Himalayan populations to
hypoxia, which is reflected in their metabolic

and physiological traits, is believed to be the
result of adaptation.8 In the case of CYP11B2
polymorphisms, the intron-2 conversion
homozygotes were over-represented in the
HAPE subjects compared with HLs (p=0.03)
whereas the 2344T/C and Lys173Arg poly-
morphisms were not associated with the
disorder (data not shown).
Our results suggest a significant role for

NO and aldosterone in the pathogenesis of
HAPE. The over-representation of eNOS Asp
and 4a alleles in patients with HAPE associ-
ates these alleles with the disorder, whereas
over-representation of Glu and 4b alleles in
HLs suggests that they have a role in
adaptation to high altitudes. These findings
suggest, for the first time, that allelic variants
at the same locus are involved in HAPE and
adaptation.
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Prevalence of TB in healthcare
workers in south west London
In the UK, and London specifically, the rise in
the incidence of tuberculosis (TB) has been
ascribed to reactivation of latent disease and

Table 1 Genotype and allele frequencies of endothelial nitric oxide synthase (eNOS) polymorphisms in highland dwellers
(HLs), lowland dwellers (LLs) and patients with high altitude pulmonary oedema (HAPE)

Polymorphism

Frequency distribution

HLs
(n = 136)

LLs
(n = 64)

HAPE
(n = 59) x2 p value OR 95% CI

Glu298Asp
Glu298Glu 105 (78%) 39 (61%) 22 (37%)
Glu298Asp 29 (21%) 23 (36%) 35 (59%)
Asp298Asp 2 (1%) 2 (3%) 2 (4%)
Glu 239 (88%) 101(79%) 79 (68%)
Asp 33 (12%) 27 (21%) 39 (32%)

HLs v HAPE
Genotypes 28.91 0.000001 – –
Alleles 23.92 0.000001 3.58 2.11 to 6.07

LLs v HAPE
Genotypes 7.03 0.03 – –
Alleles 4.47 0.03 1.85 1.04 to 3.27

HLs v LLs
Genotypes 5.77 0.05 – –
Alleles 5.48 0.02 1.94 1.11 to 3.39

4b/4a
4b/b 113 (84%) 45 (71%) 31 (53%)
4b/a 23 (16%) 19 (29%) 28 (47%)
4b 249 (92%) 109 (86%) 90 (76%)
4a 23 (8%) 19 (14%) 28 (24%)

HLs v HAPE
Genotypes 19.88 0.000008 – –
Alleles 16.89 0.00004 3.51 1.84 to 6.15

LLs v HAPE
Genotypes 4.11 0.04 – –
Alleles 3.14 0.08 1.78 0.94 to 3.41

HLs v LLs
Genotypes 4.28 0.04 – –
Alleles 3.78 0.05 1.89 0.99 to 3.61
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