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Abstract

High-altitude treatment has been applied for more than a century in the treatment of
pulmonary diseases including asthma. Many uncontrolled and controlled studies have shown
its beneficial effects in children and adolescents with house dust mite allergic asthma. A
recent study also showed an improvement in markers of airway inflammation in adult
patients with severe intrinsic asthma, suggesting that factors other than HDM avoidance may
contribute to the beneficial influence of the high-altitude climate therapy on asthma. The dry
mountain climate not only has decreased levels of mite allergens but also decreased levels of
pollens, fungal spores and air pollution, as well as high exposure to UV light with
immunomodulatory and anti-inflammatory effects. Treatments targeting environmental
control have never been investigated systematically in severe asthma, which is surprising, as
environmental factors have been recognized as important contributors to asthma severity for
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many years and more evidence has been accumulating ever since. Preliminary evidence
shows the beneficial effects of high-altitude treatment in patients with severe refractory
asthma on symptoms, lung function and oral corticosteroid requirement, irrespective of
atopic status. In this narrative review, we will discuss why high-altitude treatment might be a
promising therapeutic option for patients who suffer from this disabling disease.

Introduction

High-altitude treatment has been applied for > 100 years
in the treatment of asthma. The high-altitude environ-
ment is characterized by dry, clean air, with reduced levels
of house dust mites (HDM) [1], particulate matters [2] and
moulds [3]. Many uncontrolled and controlled studies
have shown the beneficial effects of high-altitude treat-
ment in children and adolescents with HDM-allergic
asthma [4]. A recent study also showed an improvement
in markers of airway inflammation in adult patients with
severe intrinsic asthma [5]. In the present review, we will
provide a historical perspective of high-altitude treatment
over the last century, evaluate the results of clinical trials
up till now and explore the potential of high-altitude
treatment for patients with severe, refractory asthma.

Historical perspective of high-altitude treatment for
asthma

In the pre-antibiotic era, high-altitude environments, such
as the Alps and the Dolomites in Europe, attracted many

patients with tuberculosis, because ‘consumptive patients
did very well in this climate and were benefited by staying
there during the winter’ [6]. At the same time, patients
with other respiratory conditions, including those with
asthma, also went to the mountains. The first observations
of the benefits of the mountain climate for patients with
asthma were reported in 1879 [7]. The author wrote:
‘Asthmatic persons are so capricious that each patient
has to find out for himself; a given asthmatic may lose his
asthma at Davos. Only young persons should try the
experiment, and persons free from emphysema’. A few
years later, Turban and Spengler [8] reported the positive
influence on health of the alpine climate in 143 patients
with asthma. They found that 68% of all asthmatics going
to Davos, situated at 1600 m above sea level, became free
from asthma attacks within 2 or 3 days, that 25%
improved considerably within 2 or 3 weeks and that only
7% remained uninfluenced. The beneficial effect was
ascribed to the ‘“thin air, to the ‘protective’, ‘roborant’
and ‘radiant’ effect of the mountain climate, and to the
change in social and psychosocial milieu. Another
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explanation of the favourable effect of the mountain climate
on asthma symptoms was provided by Staubli [9], who
attributed the beneficial effects of the mountain climate to
the absence of harmful factors in the environment.

High altitude: a house dust mite-free environment

In search for the underlying mechanism, the relationship
of asthma symptoms with altitude was studied system-
atically by Storm van Leeuwen et al.,, [10] who took
patients stepwise from sea level to the Alps. His study
showed that the improvement in patients’ conditions
started at an altitude of 1200 m and reached a maximum
at 1600 m. The author speculated that the effect might be
attributed to ‘climate allergens’. For the final proof, he
developed an allergen-free air chamber in order to obtain
conditions nearly identical to high altitude in the Clinic
for Allergic Diseases in Leiden, the Netherlands. Seventy-
five per cent of 500 patients, who stayed overnight in
these chambers, were completely cured within a few days.
In his opinion, ‘this shows without any doubt that the
conception of the influence of climate allergens on the
condition of asthmatics in various climates and at various
heights is correct’ [11].

More than 50 years later, Storm van Leeuwen’s work was
continued by Voorhorst and colleagues. They suggested a
house dust allergen to be the most plausible triggering
factor in allergic patients with asthma [12] and indicated
the mite Dermatophagoides pteronyssinus as the main
allergenic component of house dust [12]. Dust from houses
in high-altitude mountains appeared to contain fewer
HDMs and less allergen than house dust from lower parts
of Switzerland and from sea level [1]. Finally, Vervloet
affirmed the effect of altitude on HDMs. In dust samples
from different altitudes (900-1200-1400-1600m), he
showed that not only the concentration of mites in dust
but also the levels of total and specific IgE in mite-allergic
children varied inversely with altitude [13]. The extremely
low-humidity levels, preventing the growth of allergen-
producing HDMs, therefore seemed likely to contribute to
the favourable climatic conditions at high altitude.

High-altitude treatment in children with allergic asthma

The first observational studies on the effects of high-
altitude treatment in children with HDM-allergic asthma
were performed by Kerrebijn et al. [14]. He studied 31
children with oral steroid-dependent asthma who were
sent to Davos for 3 months. In all patients, corticosteroids
could be discontinued without untoward effects. In ap-
proximately half of the patients, re-institution of oral
corticosteroids was not necessary until at least 6 months
after the child’s return home. Both pituitary-adrenal
function and statural growth were improved while corti-
costeroid therapy was interrupted [14].

To test the effect of a HDM-free environment on airway
hyperresponsiveness (AHR), he subsequently studied 20
allergic asthmatic children with a sensitization to HDM
during 1 year of treatment in an asthma clinic in Davos.
The results showed a remarkable clinical improvement
and a progressive reduction in bronchial hyperrespon-
siveness (BHR) [15]. This effect of an HDM-free environ-
ment on BHR was confirmed by Platts-Mills et al., [16]. He
studied nine HDM-sensitized asthmatic patients who lived
in hospital rooms for 2 months or more. In all patients,
symptoms and early morning peak flows improved. In
seven patients, anti-asthma treatment could be reduced
and five patients showed a progressive improvement in
AHR [16].

In a pilot study in 1985, Boner et al. [17] reported
clinical improvement in 23 children with severe asthma
referred to a special school in Mirusina (1756 m), Italy.
After a residency at high altitude of at least 3 months, all
children improved to the extent that most regular therapy
could be discontinued. Subsequently, the same group
reported clinical improvement in 14 children with allergic
bronchial asthma after an 8-month period at high altitude
[18]. These children showed decreased bronchial lability,
decreased requirement for asthma medications and dis-
continuation of oral corticosteroids.

Over the next 20 years, Boner and colleagues published
the results of a series of studies in which they used the
migration of HDM-allergic, asthmatic children from sea
level to a high-altitude environment and back again as a
natural allergen exposure-avoidance challenge model
[19-34]. By applying their model in small cohorts of
10-25 children, who acted as their own control, they
obtained the following results. After a 3-month stay at
high altitude, the asthmatic children showed a decline in
peak expiratory flow (PEF) variability [22], and an im-
provement in airway responsiveness to methacholine [22],
histamine [19, 21] and exercise [21]. The early and late
response to HDM challenge were diminished, as well as
allergen-induced AHR [21], and sputum eosinophilia [33].
There was a decrease in serum total IgE and specific IgE to
HDM [21], as well as a decrease in serum eosinophil
cationic protein (ECP) and urine eosinophil protein X [20,
25]. Also, the percentage of eosinophils and epithelial
cells in induced sputum [24, 27, 29], as well as the level of
exhaled nitric oxide [28, 30-32] and the concentrations of
cys-leukotrienes and 8-isoprostane in exhaled breath
condensate [27] were reduced after a few months’ stay at
high altitude. Forced expiratory volume in 1s (FEV,) did
not change in most studies, but measures of small airways
function (FEF 25-75 and residual volume) improved [23,
26, 29], and there was a significant improvement in deep-
breath-induced bronchodilatation [35].

All these studies convincingly showed that in children
with HDM-allergic asthma, a stay at high altitude led to
an improvement in symptoms, AHR to specific and
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nonspecific stimuli and markers of airway inflammation.
Unfortunately, all these effects wore off as soon as the
children returned to sea level, where the concentration of
HDMs was higher than in the mountains [13]. Only if
inhaled corticosteroids were administered as prophylaxis
could the deterioration in airway responsiveness and
inflammatory markers such as exhaled nitric oxide be
prevented [31, 36].

In the meantime, other groups performed similar ex-
periments in children with asthma during allergen
avoidance at high altitude. Simon et al. [37] studied 14
HDM-allergic asthmatic children and showed an improve-
ment of lung function and reduction of peripheral blood
eosinophils after 3 weeks at high altitude in Davos.
Christie et al. [38] performed a randomized-controlled
study in Dutch children who were staying at the Asthma
Centre in Davos for at least 1 month, and returned
home for a short period of 2 weeks. As compared with
the children who remained in Davos, the children who
returned from the Netherlands showed a significant
decline in FEV, an increase in airway responsiveness to
histamine, accompanied by a threefold increase in urinary
leukotriene E, (LTE,). Van Velzen et al. [39] investigated
the effect of the mountain climate on airway inflamma-
tion in 16 children who were still symptomatic despite
inhaled corticosteroids. After a 1-month stay in Davos,
they found an improvement in PEF variability and airway
responsiveness to adenosine (but not methacholine), and a
reduction in blood eosinophil counts and serum ECP.
Benckhuijzen et al. [40] found similar results in HDM-
allergic asthmatic children who remained uncontrolled
despite the chronic use of inhaled corticosteroids and
bronchodilators. After a 1-month stay at Davos, airway
responsiveness to indirect stimuli (adenosine and exer-
cise) was improved, whereas responsiveness to a direct
stimulus (methacholine) was still unchanged. The authors
concluded that adenosine and exercise challenge were
more adequate markers of airway inflammation than AHR
to methacholine.

Grootendorst et al. [41] performed a parallel controlled
intervention study investigating the short- and long-term
effects of high-altitude treatment in 18 children with
HDM-allergic asthma, who were symptomatic despite
high-dose inhalation steroids and long-acting ,-2-ago-
nists. They showed a significant improvement in quality
of life (QOL), FEV,, AHR to adenosine and histamine,
and urinary markers of airway inflammation (EPX, LTE,,
9u11B-PGF,) compared with patients staying at sea
level.

Thus, high-altitude treatment has a beneficial effect on
QOL, AHR and markers of airway inflammation not only
for children with mild-moderate HDM-allergic asthma but
also for allergic children with more severe asthma who
remain symptomatic despite treatment with high doses of
inhaled corticosteroids and long-acting ,-2-agonists.
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High-altitude treatment: more than just mite-allergen
avoidance?

Whether the climate at high altitude might also be beneficial
for asthmatic patients with allergies other than HDM and for
non-atopic patients with asthma has never been addressed
systematically. However, two recent reports suggest a bene-
ficial effect of a high-altitude climate in patients with asthma
who were not allergic to HDM. The first report showed a
significant reduction in the mean exhaled NO value in
children after a 4-6-week inpatient rehabilitation programme
in the Bavarian Alps (at 1200 m altitude), irrespective of con-
comitant atopic diseases or anti-asthmatic drugs [42]. The
second report was even more intriguing, as it showed the
beneficial effects of high-altitude treatment in adults with
allergic and intrinsic moderate, severe and steroid-dependent
asthma [5]. In 72 patients admitted to a high-altitude clinic in
Davos, the authors observed a significant decrease in the level
of exhaled nitric oxide in patients with allergic and intrinsic
asthma within 3 weeks of high-altitude treatment. In their
paper, the authors stated that ‘especially patients with severe
asthma profit from high altitude climate therapy (...) and in
most cases the dose of systemic glucocorticoids can be
reduced under high altitude climate therapy conditions’. As
patients with intrinsic asthma showed similar reduction in
airway inflammation as compared with patients with allergic
asthma, the authors concluded that ‘factors other than aller-
gen avoidance (...) contribute to the beneficial influence of
the high altitude climate therapy on asthma’.

The importance of environmental factors in severe asthma

Severe refractory asthma is a complex, challenging pro-
blem both in children [43] and in adults [44]. There is a
major unmet need to find better treatments for patients
with this disease [45]. To date, there are only a few
treatment options available. Oral corticosteroids are effec-
tive in most patients, but far from optimal, due to their
side-effects [46]. Targeted treatment with biologicals
might be successful, but unfortunately, only in specific
asthma phenotypes [47-51]. Treatments targeting envir-
onmental control have never been investigated system-
atically in severe asthma, which is surprising, as
environmental factors have been recognized as important
contributors to asthma severity for many years [52] and
more evidence has been accumulating ever since [53-55].

Different environmental factors may contribute to air-
way inflammation in severe asthma, including perennial
exposure to HDM allergen [56] and fungi [57], inadequate
sunlight exposure leading to vitamin D deficiency [58]
and air pollution [55].

House dust mites

Exposure to HDM undoubtedly contributes to the severity
of asthma in sensitized patients [52, 56, 59]. Asthma has
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convincingly been shown to be more severe in sensitized
patients who are exposed to higher HDM allergen levels
and effective allergen avoidance is consequently recog-
nized as an integral part of the overall management of the
sensitized asthma patient [60]. However, environmental
control is difficult. Even with a major reduction in aller-
gen levels, it may take many months before the beneficial
effect on symptoms, medication use, pulmonary function,
non-specific and specific BHR and immunological para-
meters becomes fully apparent [61]. A systematic review
showed that chemical and physical methods aimed at
reducing exposure to HDM allergens are not effective
[62]. Therefore, allergen avoidance measures have to be
multifaceted [63]. This fits in with the observation that an
individualized, home-based, comprehensive, environ-
mental intervention, decreasing indoor allergens, results
in reduced asthma-associated morbidity [64].

The high-altitude climate is one of the few natural
HDM-free environments and may therefore be of interest
for sensitized patients with severe allergic asthma.

Fungi

There is increasing evidence of a close association be-
tween fungal sensitization and asthma severity in adults
and children [57, 65, 66]. One key aspect of fungi is that
they not only have potent allergenic properties but they
also have the ability to actively germinate, colonize and
infect the respiratory tract, providing a chronic source of
allergen exposure, and thus have a much greater impact
on the severity of asthma [57]. Recently, it was shown that
patients sensitized to A. fumigatus compared with non-
sensitized patients with asthma had lower lung function,
more bronchiectasis and more sputum neutrophils [67]
Indeed, severe asthma patients with fungal sensitization
respond favourably to oral antifungal therapy, with a
clinically relevant improvement in QOL and steroid
requirement [68]. More importantly, symptoms of asthma
and rhino-sinusitis have been shown to improve,
and medication use to decline, following the removal of
indoor mould, by lowering indoor humidity [69].
Alternatively, mould control, by insulation and use of
moisture-impenetrable barriers, is effective in reducing
self-reported wheeze, and hospital admissions for respira-
tory conditions [70]. Altogether, indoor exposure to per-
ennial allergens, including HDM and fungi, is deleterious
for asthma patients, and needs to be avoided. As both
HDM and fungi grow under humid conditions, it seems
rational for patients with severe asthma to search for a
low-humidity environment [69, 71].

Vitamin D deficiency due to limited exposure to sunlight

Vitamin D deficiency is highly prevalent in the general
population, in particular among patients with chronic
lung diseases. There is now accumulating evidence that

vitamin D deficiency may contribute to the severity of
asthma [58]. Vitamin D deficiency is associated with
increased AHR [72], lower pulmonary functions [73],
worse asthma control [74] and possibly steroid resistance
[75-77]. A recent study demonstrated that vitamin D
levels were inversely associated with the total IgE and
eosinophil count [74]. Additionally, patients with higher
vitamin D levels were associated with fewer hospitaliza-
tions and decreased need for anti-inflammatory medica-
tions [74]. Low vitamin D levels may promote bronchial
smooth muscle proliferation and airway remodelling in
asthma [78]. Recent evidence suggests that vitamin D
deficiency might lead to greater occurrences of viral
respiratory tract infections [79, 80], and consequently,
more asthma exacerbations [74].

Thus, vitamin D deficiency seems to be an important, as
yet unrecognized, factor contributing to asthma control,
severity and prognosis. Several controlled trials are now
underway to investigate whether the administration of
high doses of vitamin D5 leads to improvement of severe
asthma (http://www.ClinicalTrials.gov).

Air pollution

The health effects of air pollution have been subject to
intense study in recent years. Air pollution is now con-
sidered to be a major environmental health issue [55].
Exposure to particulate matter and volatile organic com-
pounds is associated with worse respiratory health [81],
and an increased risk of hospitalizations and ICU admis-
sions for asthma, especially in children [82, 83]. Long-
term exposure to relatively low levels of air pollution is
associated with a higher prevalence of respiratory symp-
toms and a decline in lung function in adults [84, 85].
Diesel exhaust triggers asthma symptoms and enhances
airway inflammation in patients with asthma [86]. In a
randomized crossover study, short-term exposure to diesel
traffic in an urban roadside environment resulted in a
significant decrease in lung function and an increase in
inflammatory markers in sputum and exhaled breath
condensate [87]. Nitrogen dioxide and ozone may exacer-
bate severe asthma and even cause death among patients
with asthma [88]. Alternatively, reduction of air pollution
exposure contributes to improved respiratory health in
children [89] and attenuation of the rate of decline in lung
function in healthy adults [90]. In children with asthma, 1
week at a summer camp in a less-polluted rural environ-
ment at a 1500 m altitude led to a rapid reduction in
airway inflammation and an improvement of airway
function [91].

Taken together, long- and short-term exposures to air
pollution have adverse effects on lung function, respira-
tory symptoms and airway inflammation in children and
adults, whereas reduction in air pollution exposure im-
proves lung function and respiratory health.

© 2011 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1-8
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High altitude: the ideal environment for patients with
severe asthma

The climate at high altitude offers unique conditions for
patients with asthma, in particular those with severe
disease. First, because of the low relative and absolute
indoor and outdoor humidity, the mountain climate is not
only free of HDMs but also relatively free of other airborne
allergens that are associated with severe asthma including
fungal spores and moulds [1, 13, 53, 71]. Indeed, as a result
of the dryness at high altitude, the number of Cladospor-
ium spp. spores is 25-5000 that of lower areas and
Alternaria spores only 1-3% [3]. Patients with pollen
allergies might also benefit from a mountain climate.
Because the slopes are covered by snow for 6 months of
the year, the pollen season is short, and clinically relevant
pollen concentrations are only found for a few days per
year (Source: Meteoschweiz). These low airborne allergen
concentration also offer additional possibilities for aller-
gen testing in patients with severe allergic asthma, and for
the initiation of immunotherapy under allergen-free or
low allergen conditions.

Second, the high-altitude climate may have a direct
physiological benefit because of the lower viscosity of
the air and lower oxygen concentration. The decreased
density of the air reduces respiratory resistances and
increases inspiratory and expiratory flows, promoting full
expansion of the lungs and decreasing lung resistance,
which makes it easier to breathe [92]. This may also help
to improve exercise capacity and physical fitness in
patients with severe asthma.

Third, by moving to the mountains, the patients
are literally moved away from psychological stress at
home or at work. Psychological stress has been shown to
enhance airway inflammation by modulating immune cell
function through neural and hormonal pathways [93].
Chronic stress is associated with reduced responsiveness
to corticosteroids [94] and causes asthma exacerbations in
children [95]. Stress-reducing interventions have been
shown to have beneficial effects on asthma severity [96]
and contact with the natural mountain environment offers
an effective way of achieving stress reduction. Of course,
this is not unique for the mountains, but holds true for any
relaxing environment far away from home.

Fourth, the Alps and Dolomites are well known for their
abundance of sunshine. Exposure to UV light stimulates
vitamin D photosynthesis in the skin and may modulate
the immune system, thereby potentially reducing the
severity of chronic diseases, such as asthma [58, 97].

Fifth, the mountain outdoor climate in the Alps is far
less polluted than the climate in other parts of Europe at
sea level such as the Netherlands. For example, in 2005,
the particulate matter (PM10) in the Alps was < 10 ug/m’,
whereas it was 20-40 pg/m? in the Netherlands and > 45
ng/m? is some parts of Northern Italy [2].

© 2011 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1-8

Finally, asthma clinics such as the ones in Davos, the
Italian or the Bavarian supply structured, quality-con-
trolled comprehensive tailor-made treatment plans for
children and adults with severe asthma, which includes
achievement of full asthma control, reduction of (oral)
corticosteroids to the lowest effective level, exercise
training, asthma education and self-management, and
psychological support. For the above-mentioned reasons,
such programmes are likely to lead to better outcomes
than similar interventions at sea level, although this has to
be confirmed by randomized-controlled trials.

Taken together, the high-altitude climate offers more
than decreased levels of HDM allergens. It also offers
decreased exposure to pollens, fungal spores and air pollu-
tion, as well as lower work of breathing, relief from stress
and high UV-light exposure with a potential immunomo-
dulatory effect. Because of these characteristics, it provides
the ideal environment for patients with asthma, both atopic
and non-atopic, and might be a valuable treatment option
in patients with severe, refractory disease.

High-altitude treatment for severe asthma: old concept,
new evidence

Preliminary data investigating the effects of high-altitude
treatment in adults with severe, refractory asthma show
promising results. In allergic patients with or without
sensitization to HDMs, and also in patients with intrinsic
asthma, high-altitude treatment for 12 weeks in the
asthma clinic in Davos leads to an improvement in asthma
control, asthma-related QOL, pre- and post-bronchodila-
tor FEV,, fraction of exhaled NO, and total and specific
IgE, with a concomitant reduction in the use of oral
corticosteroids [98, 99]. The improved asthma control
creates the opportunity for the patients to optimize their
exercise tolerance and improve physical fitness.

The next step will be to study the long-term benefits of
this high-altitude treatment programme in terms of asth-
ma control, QOL and exacerbation rate. If patients with
severe refractory asthma are able to maintain their physi-
cal fitness and asthma control at acceptable levels for
prolonged periods of time without exacerbations or hos-
pital admissions, periodic rehabilitation programmes at
high altitude would constitute an elegant treatment op-
tion for these compromised patients.

Future research perspectives

To date, there is a surprising lack of data on the beneficial
effects of high-altitude treatment in adults with severe
refractory asthma. Because patients with this serious
disorder depend on drugs that either have serious side-
effects or are only effective in small subsets of patients,
more research is urgently needed. Firstly, it has to be
demonstrated in randomized-controlled trials that the
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effect of high-altitude treatment is superior to a
similar treatment programme at sea level. This has never
been done before. In all the published studies, patients
were their own controls or were not randomized into
treatment arms, which might have introduced a selection
bias. Secondly, it has to be investigated whether the
beneficial effects of high-altitude treatment differ be-
tween different phenotypes of severe asthma, and what
characterizes the patients with the most favourable re-
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