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Abstract  
Objectives: To assess the effect of altitude and acclimatisation on cardio-respiratory function and 
well-being in healthy children.    
Methods: A daily symptom diary, serial measurements of spirometry, end-tidal carbon dioxide 
(etCO2) and daytime and overnight pulse oximetry (SpO2), were undertaken at sea-level and altitudes 
up to 3500m in healthy children during a trekking holiday. SpO2 at altitude was compared with that in-
flight and during an acute hypoxic challenge (breathing 15% O2) at sea-level. 
Results: Measurements were obtained in nine children; 6-13 (median 8) years. SpO2 decreased 
significantly during the hypoxic challenge (difference -5%, 95% CI -6;-3% p<0.01) but remained 
above 90% in all children. There was a significant fall both in daytime and overnight SpO2 (95%CI  
-11.9;-7.5% and -12;-8 respectively) and etCO2 (-8.5; -4.5 mmHg) as the children ascended to 3500m. 
There was a significant increase in SpO2 (95%CI 1.1; 4.9%), and further drop in etCO2 (-5.9;-0.8 
mmHg) after a week at altitude, etCO2 being negatively correlated with SpO2. There was no 
correlation between SpO2 during hypoxic challenge, in-flight or at altitude. Lung function remained 
within 7% of baseline in all but two children, in whom reductions of up to 23% in FVC and 16% 
FEV1 were observed at altitude. The children generally remained well, but the Lake Louise Scoring 
system was unreliable in this age group.  
Conclusions: A wide range of physiological responses to altitude are evident in healthy children. This 
study should inform future larger studies in children to improve understanding of responses to 
hypoxia in health and disease. 
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Introduction 
Arterial hypoxaemia is a common feature of cardio-pulmonary disease and sleep disorders, which are 
among the commonest causes of childhood morbidity.1 Children exposed to reductions in inspired 
oxygen levels as a result of air travel2-5 or altitude6 may be vulnerable to the pathological 
consequences of hypoxaemia.7 With increasing altitude, barometric pressure falls, ambient air at 
3500m having an oxygen partial pressure equivalent to 13% oxygen at sea-level. Modern aircraft are 
pressurised to ~8000 feet/2438m, the equivalent to breathing 15.1% oxygen, and a hypoxic challenge 
is recommended in children with lung disease to assess fitness-to-fly with or without supplemental 
oxygen.4;8 There is a lack of data on the range of normal desaturation in children during air travel, and 
studies on healthy subjects have been recommended.5;9;10 
  
Increasing numbers of healthy, lowland children are holidaying at high altitude (above 2500m)7;11 and 
as such may experience some of the hypoxaemic-related symptoms common to children with lung 
disease. Although rapid exposure to low oxygen leads to hypoxaemia and, potentially, impaired 
physical function including acute mountain sickness (AMS), high altitude pulmonary oedema and/or 
cerebral oedema 6;11-14 slow progressive exposure to hypoxia allows development of adaptive 
mechanisms which serve to normalise oxygen content and protect the tissues from these effects.13;14 
Nevertheless, the increased ventilation that occurs on exposure to altitude is accompanied by marked 
hypocapnoea and respiratory alkalosis, which may in turn lead to disturbed sleep and periodic 
breathing.14  
 
The commonly accepted definition of AMS uses the Lake Louise classification15 to rank the presence 
and severity of symptoms (Appendix).  Although a preverbal version has been developed for very 
young children,7;16;17 there is minimal information regarding the validity of Lake Louise definitions in 
school-age children.18  This lack of information about effects of altitude in young children led Pollard 
et al. to suggest that until further evidence is obtained, children <10 years should not sleep above 
3000m.6 
 
Caudwell Xtreme Everest (CXE) is one of the largest field studies to investigate mechanisms 
underlying adaptation to hypoxia in healthy adults.19 20 The infra-structure for that study provided the 
opportunity to perform similar measurements in healthy children who were undertaking a family trek 
in the region at the same time.   
 
Aims of Study  
The aims of this study were to observe healthy lowland children during a trek at altitude in order to: 

1. ascertain whether pulse oximetry during acute hypoxic challenge at sea level reflects that at 
similar oxygen levels in-flight and at equivalent altitude of 2600m  

2. describe the cardio-respiratory and symptom responses to altitude 
3. explore the relationship between changes in cardio-respiratory variables and reported symptoms 

at altitude 
  
Subjects and Methods 
Overview: Children 6 years and over, without prior exposure to high altitude, who were already 
booked to trek with their parents in Nepal were recruited. The study was approved by UCL Research 
Ethics Committee and informed written assent/consent obtained from children and their parents. No 
financial compensation was provided for participation. Medical screening was undertaken to ascertain 
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suitability for enrolment. Prior to departure, arrangements were discussed with the trek organisers to 
maximise the children’s safety.  
Protocol: The itinerary and testing schedule are summarised in Table 1.  The trek was planned to 
minimise AMS by slow graded ascent.7 Measurements detailed below were undertaken in the 
Respiratory Laboratory (London, UK) and during a weekend trek at sea-level and repeated in Nepal at 
1300m, on arrival at 3500m and after 9 days acclimatisation at 3500m. Measurements marked by an 
asterisk were repeated daily during the trek: 
• * The Lake Louise Symptom Score (LLSS)11;13;14 (Appendix): completed by the children, with 

parental help where necessary 
• Vital signs: * Peripheral oxygen saturation (SpO2) (Minolta Pulsox300, Stowood Scientific, 

Oxford), *heart rate (HR), end tidal carbon dioxide (etCO2) via nasal catheter (Tidal Wave Sp, 
Novametrix), respiratory rate and blood pressure  

• Spirometric lung function, according to international guidelines21 adapted for children,22 using an 
ultrasonic flowmeter (EasyONE, NDD, Zurich), independent of gas density23 and validated for use 
at altitude (C Buess, pers comm) 

• Hypoxic challenge (fitness-to-fly, London only);3;4 SpO2 and heart rate monitored by pulse 
oximetry while breathing 15% O2 in a modified body plethysmograph for 20 minutes 

• In-flight monitoring of SpO2 ~4 hours into flight, cabin pressurised to ~2430 m 
• SpO2 and heart rate at 2600m were recorded for direct comparison at an equivalent inspired 

oxygen with those in-flight and during fitness-to-fly assessments 
 
Statistical Analysis  
Wilcoxon non-parametric T-test was used to assess within-subject changes. Spearman Correlation was 
used to assess relationships between variables (SPSS 15.0 for Windows).   
 
Results 
Serial measurements at sea-level, in-flight and at altitude were obtained in nine healthy children (five 
boys) aged 6-13 (median eight) years.  
 
Hypoxic Challenge: There was a significant drop in SpO2 (difference -5.0%, IQR -6; -3% p<0.01) 
with marked inter-subject variability in response to the laboratory hypoxic challenge (Figure 1). No 
child desaturated below 90%, the cut-off for fitness-to fly without supplemental oxygen.8  Mean(SD) 
SpO2  and HR during the test [93.4(1.7)% and 86(10) bpm respectively] were similar to those recorded 
at equivalent levels of inspired oxygen in-flight and at 2600m (Figure 1, Table 1), but there was 
marked individual variability on these three occasions. 
 
General Well-being and Lake Louise Symptom Scores (at altitude): Despite occasional fatigue and 
minor injuries even the youngest children coped extremely well with the trekking regime, confirming 
the value of gradual ascent at altitude. When compared with either the objective physiological 
measures (see below) or observations by parents and investigators, the children appeared to both 
under- and over-report symptoms on the LLSS, average values at sea level being similar to those at 
altitude (Table 1).  
 
Effect of altitude on cardio-respiratory function: On ascent to 3500m there was a small increase in 
resting daytime respiratory rate (Table 1).  Resting HR increased gradually with increasing altitude, 
being on average 24 bpm faster at 3500m than at sea-level (95% CI 9; 26 bpm p<0.01). There was, on 
average, a 9% fall in daytime SpO2 (95%CI -11.9; -7.5% p< 0.01), an 11% fall in overnight SpO2 (-
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12; -8% p<0.01) and a 7mmHg reduction in etCO2 (-8.5; -4.5 mmHg p<0.01), when compared with 
baseline, with marked between-subject variability (Figure 2). At 3500m, overnight SpO2 was 
significantly correlated with daytime values (R2 0.51, p=0.03), overnight values being, on average, 
3% (95%CI 1.4; 5.2% p=0.011) lower than those recorded during the day.  
 
Repeat measures of SpO2 and etCO2 at 3500m after a week of trekking and sleeping at up to 3860m 
demonstrated an average 3% recovery in SpO2 (95%CI 1.1; 4.9% p<0.01), and 3mmHg further drop 
in etCO2 (-5.9;-0.8mmHg, p=0.01) when compared with values on arrival at this altitude. Individual 
changes in two children who represented the extremes of response are highlighted in Figure 2. Child 
H, who had the highest SpO2 and among the lowest etCO2 at sea-level, maintained this pattern during 
ascent to 3500m but showed no further changes 9 days later, suggesting rapid acclimatisation. By 
contrast, Child C had relatively low SpO2 and high etCO2 on all occasions. The reciprocal relationship 
between SpO2 and etCO2 can be seen in Figure 3. There was a marked left shift in the CO2/O2 
relationship at altitude with further adaptation following acclimatisation.  One child showed a drop in 
diastolic pressure at 1300m and a further decrease at 3500m, but there were no significant group 
changes in blood pressure.  
 
Lung Function: On ascent to 3500m there was a fall in forced expired volume in 1 second (FEV1) 
(difference [95% CI] -5% [-12; 0.7], p=0.04), and in forced vital capacity (FVC) (-3% [-19.6; 1.0], 
p=0.07).  FEV1 and FVC remained within 7% of baseline in all but two children, who showed 
decreased FEV1 (12% and 16%) and FVC (20% and 23%) at altitude (Figure 4).   

 
Table 1 Effect of Altitude on Vital Signs, Lung Function and Symptom Scores in Children 
 

 
Sea-level 
 

Kathmandu 
Day 1       

Phakding 
Day 3 

Namche 
Bazaar 
Day 5 

Namche 
(repeat) 
Day 14 

Altitude  
     Metres 
     Feet 

30 
98 

1300 
4265 

2600  
8530 

3500 
11483 

3500 
11483 

Barometric               
Pressure mmHg 760 

 
652 560 

 
503 

 
503 

      
PiO2 mmHg 150 127 108 96 96 
      
Equivalent FiO2 0.21 0.18 0.15 0.13 0.13 
      
Resp rate/min 21 (4) NA NA 23 (5) 22 (5) 
      
Heart rate/min 78 (13) 86 (12) 89 (14) 99 (14) 98 (14) 
      
BP mmHg 
systolic/diastolic  

100(8) / 
61(7) 

96(7) / 
55(12) NA 

98(6) / 
57(16) NA 

      
etCO2 mmHg 42.5 (2.8) NA NA 35.8 (2.5) 32.7 (1.8) 
      
SpO2  % 98.5 (0.9) 95.9 (1.05) 93.2 (2.2) 88.9 (2.4) 91.8 (1.5) 
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Overnight SpO2  % 96.8 (0.8) 94.1 (1.8) NA 85.8 (3.3) NA 
      
Lake Louise*    
Total Score  1 (0-4) 1 (0-2) 1 (0-3) 0 (0-5) NA 
   Headache 0 (0-1) 0 (0-1) 0 (0-2) 0 (0-1) NA 
  Gastro intestinal  0 (0) 0 (0-1) 0 (0) 0 (0-1) NA 
  Sleep Quality 0 (0-1) 0 (0-1) 0 (0-1) 0 (0-1) NA 
  Fatigue 0 (0-1) 0 (0-1) 0 (0-1) 0 (0-2) NA 
  Dizziness 0 (0-1) 0 (0-1) 0 (0-1) 0 (0-1) NA 

 
Results are expressed as mean (SD) except for *Lake Louise Score expressed as median (range).   
BP: Blood Pressure (Results only presented for 7 children due to missing data at 3500m). 

 
 
Discussion  
These results suggest that healthy children demonstrate a cardio-respiratory response to high altitude 
similar to that described in adults, with a fall in SpO2 and etCO2, increase in heart rate, and small 
reduction in FVC.13 The children responded to continued exposure to the reduced inspired oxygen at 
altitude with further increases in ventilation, indicated by further reductions in etCO2, and some 
recovery of oxygenation levels. There was, however, marked individual variability in hypoxic 
response which warrants further investigation.  
 
There were minimal changes in lung function in all but two children. Although these changes were not 
accompanied by respiratory symptoms, these two children displayed the most marked falls in SpO2 
and higher etCO2 levels on arrival at 3500m, suggesting a slower hypoxic ventilatory response. To our 
knowledge, the effect of altitude on spirometric lung function has not been reported previously in 
children, but similar results have been found in adults. Senn et al reported an average fall in FVC and 
FEV1 of 6% and 5% respectively, with marked individual variation.24 These authors concluded that 
changes in pulmonary function after rapid ascent to high altitude (4559m) were consistent with sub-
clinical interstitial fluid accumulation, although respiratory muscle weakness and fatigue could not be 
excluded.  
 
The greatest potential weakness of this study was the limited number of children studied. Given the 
lack of prior evidence regarding safety and the most relevant tests to undertake, it was considered 
unethical to recruit young children purely for scientific research. Since these children had already 
booked a trekking holiday there were no ethical concerns regarding either financial remuneration or 
exposure to unnecessary risks.6;25  Furthermore, by utilising the existing CXE infrastructure we had a 
unique opportunity to perform a wide range of tests on a limited number of children.  
 
Fitness-to-Fly Assessments 
There are limited published data with which to compare these results, although the mean SpO2 
recorded in-flight is similar to that previously reported in healthy adults and children.26;27 A recent 
review of the risks of air travel in children confirmed the poor relationship between desaturation levels 
during fitness-to-fly tests and that during flights or at altitude,4 and recent studies have suggested that 
the cut-off for fitness-to-fly in young children should be adjusted to SpO2 ≥ 85% during hypoxic 
challenge.28;29  Although the acute hypoxia test is frequently used to assess Hypoxic Ventilatory 
Response (HVR) in climbers before going to altitude,13 it is possible that pCO2 remains normal over 
such a short exposure, and that variability in response may reflect not only differences in HVR but 
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also those in the oxygen-haemoglobin dissociation curve.   Interpretation of fitness-to-fly would have 
been facilitated by simultaneous measurements of transcutaneous CO2, which we would recommend 
for future studies. It has also been suggested that adaptation of this test to ascertain the extent to which 
desaturation is related to ventilation–perfusion mismatch rather than shunt, may be more predictive.30  
 
Hypoxic Ventilatory Response 
The HVR is mediated by the carotid body, with wide inter-subject variability in response.12;13 Adults 
respond to altitude-induced hypoxia by increasing minute volume to improve oxygenation, a similar 
response recently being noted in children.31  Increases in haemoglobin concentration can compensate 
for the fall in SpO2 such that oxygen content of the blood can be maintained up to 7000m.20

  Our 
findings that neither the fitness-fly-test nor a low SpO2 at altitude predicted symptoms of altitude 
illness in these children is consistent with data from adults, which suggest that, despite a weak 
negative correlation between SpO2 and symptoms, this is rarely helpful clinically.32  Similar nocturnal 
reductions in SpO2 and etCO2  have been reported  in pre-pubertal children and adults.31 The major 
value of SpO2 appears to be monitoring sudden changes within individuals, especially if accompanied 
by an increase in symptoms.  The marked inter-subject variability in response to hypoxaemia at 
altitude, which  has also been reported  in adults,20 may reflect both genetically and environmentally 
determined differences.33 In addition to known variations in the HVR,20 differences in the shape of the 
oxyhaemoglobin dissociation curve and the balance of conflicting effects of shifts to the left with 
alkalosis versus the right shift with increased 2,3-DPG might contribute to observed variability.  
Assessment of urine pH in future studies may help to clarify such contributions.  
 
Symptoms 
The incidence of AMS is unclear in younger subjects, since children may report similar symptoms 
when travelling at sea-level due to travel or disruption to daily routine.34 The LLSS has been adapted 
for pre-verbal children,16;17 but such adaptations have yet to be applied in older children. The 
combination of apparent under- and over-reporting, with no relationship to either physiological 
assessments or subjective observations rendered the Lake Louise score relatively meaningless in this 
study.  These findings are in keeping with a report published after completion of our study.35 The need 
for further adaptation and validation of the LLSS in children has been highlighted as an urgent 
priority, as it can be challenging to differentiate behavioural changes in children from  potentially 
more serious underlying medical problems.6;25   It is therefore essential that parents are acquainted 
with the symptoms of altitude illness and its management prior to altitude travel and aware of their 
child’s reactions during travel, irrespective of altitude.7 
 
Clinical Relevance 
One of the aims of this study was to relate changes in cardio-respiratory responses to altitude-induced 
symptoms, but the lack of overt symptoms in these children, even in those with quite marked changes 
in SpO2 and lung function precluded such conclusions.  This lack of symptoms probably reflects the 
slow ascent deliberately adopted for the trek, as more marked symptoms of altitude sickness have 
been reported during rapid ascent.31;36 While full interpretation of these data will not be possible until 
all results from the CXE project are available,19;37 the data reported here contribute to the sparse 
physiological evidence available from children at altitude.  These results also describe the normal 
acute and adaptive responses to hypoxaemia in children without the confounding elements of disease 
process that occur in subjects with cardio-respiratory disease or undergoing intensive care.37 Since 
tissue hypoxia is a universal phenomenon among children who are critically ill, and is frequently due 
to arterial hypoxaemia, useful insights may be gained by examining the biophysiological responses of 
healthy children exposed to low levels of environmental oxygen. 
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Conclusions 
Results from this study suggest that, with sufficient preparation and vigilance, healthy children as 
young as 6 years can be taken to altitudes of 3500m without major adverse effects and that such 
children are willing and able to undertake a wide range of physiological assessments. While the 
hypoxic challenge did not predict the degree of desaturation in-flight or at altitude, among this small 
group of healthy children, it correctly classified all as ‘fit-to-fly’. Cardio-respiratory responses to both 
acute exposure to altitude and subsequent acclimatisation appear similar in children and adults. A 
more reliable method of monitoring symptoms of AMS is required for children.  Evidence from this 
study will help the design of future larger studies of children at altitude, as well as clarifying the 
extent to which results from adults can be extrapolated to younger age ranges. 
 
 
 
Figure 1: Baseline Oxygen Saturation and Heart Rate compared with that recorded during an 
acute Hypoxic Fitness-to-Fly (FTF) Challenge at sea level, and at equivalent inspired levels of 
Oxygen (PiO2) in-flight and at altitude.  
Legend: Bars are mean with SD, dark bars SpO2 % and pale bars heart rate bpm. 
 
Figure 2. Alterations in A) end tidal CO2 and B) SpO2 on ascent to altitude in healthy children 
and following acclimatisation. Legend: Mean is indicated in bold. Child C and Child H represent the 
two extremes of response.  These data show that during the transition from sea level to 3500m (day 5), 
a 7mmHg reduction in etCO2 in child C was accompanied by a 12% fall in SpO2, whereas in child H, 
a 9mm Hg reduction in etCO2 was only associated with a 9% fall in SpO2.  After acclimatisation (day 
14) at altitude, there was no further change in Child H, but increased hyperventilation in Child C 
resulted in a 12 mmHg reduction in etCO2 compared with that recorded at sea level and an 
improvement in SpO2 to only 6% lower than that at sea level. See text for further discussion.  
 
Figure 3: Relationship between change in end-tidal CO2 and SpO2 on ascent to altitude in 
healthy children.   
Legend: × sea-level, �3500m, �3500m + 9 days. These data illustrate the reciprocal relationship 
between etCO2 and SpO2 which was significant on all measurement occasions: (R2=0.31, p=0.12 at 
sea level; R2=0.67, p=0.007 on arrival at 3500m; R2= 0.53, p=0.026 after 9 days at 3500m)  
 
Figure 4: Effect of altitude on Lung Function.   
Legend: Percent change in FEV1 and FVC (3500m – baseline) is shown for each child, together with 
fall in daytime and overnight SpO2 on arrival at 3500m compared with sea level.  The two children 
with the largest reductions in lung function also had some of the most marked drops in both day and 
night time SpO2 at altitude. 
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"What is already known on this topic?"  

• There is a lack of data on the range of normal desaturation in children during air travel, and 
studies on healthy subjects have been recommended. 

• There are limited published data about effects of altitude in young children. 
 
"What this study adds"  

• This study suggests an acute hypoxic challenge, as administered during the fitness-to-fly test, 
does not predict individual responses either during flight or at altitudes with an equivalent 
inspired oxygen.  

• Cardio-respiratory responses during gradual ascent to 3500m and subsequent acclimatisation 
to altitude appear similar in children and adults, although there is much individual variability. 

• This study helps to clarify the extent to which results from adults can be extrapolated to 
younger age ranges. 
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Appendix: Lake Louise Scoring of AMS38;  
 
AMS is classified as a total score of three or more following recent ascent to altitude, but only if 
headache and at least one other symptom is present (i.e. poor sleep, fatigue and reduced appetite 
scores 3 but is not AMS; likewise, a severe headache alone scores 3 and is also not AMS). 

 
Symptom Scoring 
1. Headache 0 None at all  

1 Mild headache 
2 Moderate headache 
3 Severe headache, incapacitating 

2. Gastro-intestinal symptoms 0 Good appetite  
1 Poor appetite or nausea 
2 Moderate nausea or vomiting 
3 Severe, incapacitating nausea and vomiting 

3. Fatigue and/or weakness 0 Not tired or weak 
1 Mild fatigue/weakness 
2 Moderate fatigue/weakness 
3 Severe fatigue/weakness 

4. Dizziness/light-headedness 0 None  
1 Mild  
2 Moderate  
3 Severe headache, incapacitating 

5. Difficulty sleeping 0 Slept as well as usual 
1 Did not sleep as well as usual 
2 Woke many times, poor night’s sleep 
3 Could not sleep at all 
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