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Introduction

In the 1980s many industrialized countries experienced
large increases in the prevalence of asthma with the term
‘asthma epidemic’ becoming popular.’? Since epidemiol-
ogy had played a leading role in the discovery of the carci-
nogenic effects of tobacco,® as well as in understanding
several risk factors for cardiovascular diseases,* it was
hoped that epidemiology would contribute to identifying
the causes of the asthma epidemic and to developing
adequate prevention strategies. Three decades later,
for reasons that have not been sufficiently considered,
these expectations have not been fulfilled. Here, we
summarize the characteristics of the asthma epidemic, re-
view the most popular attempts at causal explanations
and discuss how epidemiology alone may not be sufficient
to provide a satisfactory understanding of the asthma
epidemic, thus hampering the development of effective
interventions.

The asthma epidemic

The term ‘asthma epidemic’ refers to a secular and geo-
graphically widespread increase in the frequency of
asthma, which is something different from other types of
localized asthma epidemics.>® A first defining characteris-
tic of the asthma epidemic is its time trends. In a review,
Eder et al. showed that the prevalence of asthma, asthma
symptoms and atopy had substantially increased from the
1960-70s to the 1990s in many areas of America, Europe
and Asia.” Among Finnish conscripts it has been shown
that, after a stable period from 1926 to 1961, the preva-
lence of asthma increased 12-fold between 1966 (0.29%)
and 2003 (3.45%), with allergic rhinitis and atopic eczema
following a similar trend.® Regarding airway hyper-
responsiveness, repeated surveys did not show a consistent
secular increase.” Overall, the available evidence indicates
a geographically widespread large increase in asthma, al-
lergic rhinitis and atopy prevalence. For eczema, a
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systematic review found evidence suggesting that the prev-
alence of atopic eczema was increasing in Africa, Eastern
Asia, Western Europe and parts of Northern Europe.’

A second characteristic of the asthma epidemic refers to
the geographical patterns. The European Community
Respiratory Health Survey (ECRHS) studied adults aged
22-44 years in 1990-92 and showed that the prevalence of
asthma symptoms varied widely, being generally lower in
northern, central and southern Europe and higher in the
British Isles, New Zealand, Australia and the USA, with
wide variations even within some countries.'” The preva-
lence of nasal allergy,'® bronchial responsiveness'"' and at-
opy'? showed a similar distribution to that of asthma. The
International Study on Allergy and Asthma in Children
(ISAAC) in the age group of 13-14years in 1992-93'%!3
showed 20- to 60-fold differences between centres in the
prevalence of asthma symptoms, allergic rhinoconjunctivi-
tis and atopic eczema. The highest 12-month prevalence
rates of asthma were observed in centres in the UK,
Australia, New Zealand and the Republic of Ireland; the
lowest were in centres in Eastern European countries,
Indonesia, Greece, China, Taiwan, Uzbekistan, India and
Ethiopia, with an 8-fold variation seen between the 10th
and 90th percentiles (3.9-30.6%)."? Though the geograph-
ical distribution of the prevalence rates of asthma, allergic
rhinoconjunctivitis and atopic eczema in ECRHS and
ISAAC were similar,'® there was a weak to moderate
consistency in the geographical distribution of the three
phenotypes. Other studies have shown variations in preva-

15-17 and between urban

lence between centres in proximity
and rural areas in Africa.'® As shown by a study in Albania
and the UK, large differences in asthma symptoms and
exercise-induced bronchial reactivity can occur in popula-
tions with similar rates of atopy'’ suggesting that large
geographical variations in asthma prevalence can arise
without differences in the frequency of atopy.”

A third relevant observation comes from the joint time
and geographic differences observed after the epidemic
was described. The first follow-up of ECRHS (1998-2003,
10 years after the first survey) reported an increase in nasal
allergy as well as in the proportion of participants treated

for asthma but not of those reporting symptoms of
asthma.?®*! The ISAAC Phase Three study (in 2002-03,

)** examined changes in the

7 years after the first survey
prevalence of asthma, hay fever and eczema symptoms in a
large number of centres worldwide. In the age group of 6—
7 years, among the 66 areas included, the prevalence of
asthma showed an increase in 25, a decrease in 14 and lit-
tle change in 27. For the age group of 12-13 years, among
106 areas, the corresponding figures were 42, 40 and 24.
Centres showing a decrease were distributed across all con-
tinents, though in the age group of 12-13 years they were
more likely to be in Western Europe. Patterns of change
were similar for allergic rhinoconjunctivitis and eczema.
Repeated surveys in Finnish and Russian Karelia suggested
that the allergy epidemic occurred only among the Finnish
and was mainly attributable to the year of birth.??

Considering the evidence, it is possible to suggest that in
some Western countries, asthma prevalence began to in-
crease in the 1960s following a heterogenous pattern both
in time and geographically that in the 1990s had affected
many areas worldwide, but not all, with the areas with the
highest prevalence plateauing in the 1990s followed by a
decrease. This increase in asthma was paralleled by
increases in allergic rhinitis, eczema and atopy, though the
increases in asthma prevalence appear to have occurred for
both atopic and non-atopic asthma, and probably resulted
from both cohort and period effects. The epidemiological
observations described above (Table 1) must consistently
fit with any causal theory of the asthma epidemic and
could be used as a framework for further explanatory
attempts.

Causal explanations for the asthma
epidemic

The hygiene hypothesis

In 19835, a hygiene hypothesis was mentioned as an expla-
nation for the appendicitis epidemic in Britain that started
at the turn of the twentieth century when infections had
begun to decline and sanitation was improving.”*** In

1989, Strachan reported that hay fever in children

Table 1 The epidemiologic observations that any theory of the asthma epidemic must be able to explain

(i) Asthma prevalence began to increase sometime after the Second World War, i.e. in the 1950s or 1960s

(ii) The changes were very heterogeneous both in time and place, even across centres in proximity

(iii) The increases appear to relate to all of the so-called ‘allergic diseases’, i.e. asthma, allergic rhinitis, allergic conjunctivitis and atopic ec-

zema, but not in a uniform way

(iv) The increases in prevalence appear to have occurred for both atopic and non-atopic asthma

(v) The increases are probably related to both cohort and period factors

(vi) In the countries with the highest prevalence, such as the UK and New Zealand, prevalence appears to have plateaued in the 1990s and

may have now begun to decrease
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increased as the number of siblings decreased and proposed
that declines in family size and higher standards of cleanli-
ness could have reduced opportunities for infection and in-
creased atopic disease.”® During the 1990s Strachan’s
hygiene hypothesis gained wide popularity when the Th1/
Th2 paradigm®’ provided it with some biological
plausibility.

The hygiene hypothesis prompted a large number of
studies aimed at identifying which type of infection could
be associated with a lower risk of asthma, including hel-

minths,*® mycobacterial infection and BCG vaccination,*’

3031 immunizations against measles and

hepatitis A virus,
pertussis®> and the use of antibiotics.>® Although some
studies found a protective effect of infections on asthma,
others found the opposite or no effect, and there was no
consistent evidence that a secular decrease in these infec-
tions or the use of antibiotics could have originated the
asthma epidemic.

Other studies examined the role of environmental expo-
sures in the hygiene hypothesis, including family size, day
care and farming environment. In relation to family size,
the negative association between larger family size and
lower risk of atopic disease has been consistently repli-
cated,** although the historical change in family size only
explains 1% and 5% of the absolute increase in asthma
prevalence in England/Wales and New Zealand, respec-
tively.>> By contrast, the evidence that attendance at day
care could reduce the risk of asthma or allergy is not suffi-
ciently consistent.>®

Regarding the farming environment, several studies have
shown a lower risk of asthma and allergies in people grow-

3738 and in adult farmers,*” with specific

ing up on a farm
protective exposures including contact with animals, con-
sumption of unprocessed cow’s milk and microbial substan-
ces in the farm dust.*®*" Studies in humans and mice have
shown that exposure to dust in the Amish environment pro-
tects against asthma by engaging and shaping the innate im-
mune response.’! The protective effect of farming
environments has also been reported in farmers in Poland**
and Nepal.** The loss of contact with farm environments,
which is a common trait in the transition from rural to ur-
ban environments, could have contributed to some extent to
the global increase in asthma and allergic diseases.

The variants of the hygiene hypothesis

As no specific type of infection was found to consistently
support the hygiene hypothesis, some authors formulated
more complex explanations.*>*> The ‘high turnover’ hy-
pothesis proposed that, instead of a particular bacterial
species or a stable colonization pattern, only a high turn-
over of different bacterial species and strains at the gut

level would prevent atopy.*®*” The ‘old friends’ theory*®
also named the ‘intracellular mild pathogens’ hypothesis*’
suggested that increases in chronic inflammatory disorders
in developed countries are partly attributable to diminish-
ing exposure to organisms such as helminths and sapro-
phytic mycobacteria that were immunologically tolerated
as part of the mammalian evolutionary development.’®
Finally, the ‘biodiversity hypothesis’ suggests that reduced
biodiversity and alterations in the composition of the gut
and skin microbiota are associated with various inflamma-
tory conditions, including asthma, allergic and inflamma-
tory bowel diseases, type 1 diabetes and obesity.”'=3
Unfortunately, none of these hypotheses has provided con-
sistent direct evidence that a generalized decrease in the ex-
posure to microbial agents could be the main determinant
of the asthma epidemic.

Strengths and limitations of the hygiene
hypothesis and its variants

A decade after its formulation, Strachan concluded that,
despite remaining credible, the hygiene hypothesis requires
more studies to unravel which infectious or other agents
could play a protective effect on asthma.>* Today, thanks
to its variants, the hygiene hypothesis still retains its appeal
as a mechanistic explanation for the asthma epidemic. It
offers a parsimonious, coherent and plausible explanation
for the variations in allergy over time, between countries,
between more and less affluent households, larger and
smaller families and by position within the family. Its var-
iants have expanded its biological plausibility and
explained why in some particular populations asthma or/
and allergy prevalence are particularly low or have been in-
creasing. Importantly, given the steady moving from rural
to urban environments of the worldwide population, it
provides a unifying explanation for the parallel historical
increases in asthma, allergic rhinitis, eczema and atopy as
well as those in other autoimmune and inflammatory com-
mon diseases.>*

By contrast, there is a considerable body of epidemio-
logical evidence causing scepticism about the hygiene hy-
pothesis (Table 2).°>°¢ First, results are inconsistent for
every single microbial agent studied in relation to asthma.
Second, none of the individual exposures of the hygiene hy-
pothesis, such as family size’® and farming environ-

37:42 seems to explain a substantial proportion of the

ments
increase in asthma.®® Third, the hygiene hypothesis does
not provide an explanation for the decline in asthma preva-
lence observed more recently in some Western coun-
tries.”>>” Fourth, the hypothesis does not explain the high
asthma prevalence in Latin American cities®® and inner cit-

ies in the USA®® where poor hygiene could have played a
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Table 2 Relevant anomalies in the hygiene hypothesis as an explanation for the asthma epidemic

(i) Individual exposure to microbial agents has not been found to be consistently associated with asthma

(ii) Exposures consistently associated with asthma such as family size and farming do not explain or are unlikely to explain a significant pro-

portion of asthma in the general population

(iii) The hygiene hypothesis does not provide an explanation for the decline in asthma prevalence observed more recently in some Western

countries

(iv) The hypothesis does not explain the high asthma prevalence rates in cities in Latin America and inner cities in the USA

(v) The hygiene hypothesis relates to atopic asthma, but both atopic and non-atopic asthma appear to have been part of the epidemic increase

(vi) The hygiene hypothesis is likely to convey an outdated concept of hygiene and support the wrong notion that less hygiene is better

protective effect on asthma. Fifth, the hygiene hypothesis
implicitly refers to atopic asthma, but both atopic and
non-atopic asthma have increased.®®®' Though not a sci-
entific limitation, it has been suggested that its name con-
veys an outdated concept of hygiene and could equivocally
suggest that less hygiene is better.®>

The Westernization hypothesis

A different approach would be to focus on the exposures
that have consistently been associated with the develop-
ment of asthma that also fit the temporal and geographic
patterns of the asthma epidemic. So far, observational
studies have shown that parental asthma, environmental
tobacco smoke in early life, including the prenatal period,
and prematurity are well-established risk factors for child-
hood asthma.®® There is also evidence that modifiable
behaviours or exposures during pregnancy (maternal
weight gain or obesity, maternal use of antibiotics and ma-
ternal stress), the perinatal period (birth by Caesarean de-
livery) or post-natal life (severe Respiratory Syncytial Virus
infection, overweight or obesity, indoor exposure to mould
or fungi, and outdoor air pollution) may play a role.®>*
Regarding intervention studies, a recent Global Initiative
for Asthma (GINA) report concluded that interventions
aimed at reducing exposure to one single allergen (includ-
ing house dust allergens) have not been effective, whereas
multifaceted studies have shown some effectiveness that
cannot be attributed to any single component.®> Other
interventions with no evidence of preventing the occur-
rence of asthma included maternal dietary intake of fish,
long-term polyunsaturated fatty acids or vitamin D during
pregnancy.®’

Considering the scarce and fragmented evidence of
asthma aetiology, Douwes and Pearce suggested that
“Westernization’ as a package of factors could explain the
rise in asthma and allergic diseases worldwide.®" The liter-
ature about Westernization as related to the origin of
asthma has included a wide range of environmental, social,
behavioural and host factors and some specific agents

(Table 3, references ¢1:°¢73).

There are a number of strengths in the Westernization
hypothesis. While still accommodating the hygiene hypoth-
esis, it broadens the focus to factors such as nutrition or
physical activity, which is something that could explain
that the asthma epidemic had included both atopic and
non-atopic asthma. Westernization is also an ongoing pro-
cess that could span from changes that started in the nine-
teenth century to those still occurring in many places. The
fact that in some places, some Westernizing factors are be-
ing substituted by more traditional ones could eventually
explain that asthma and allergy are plateauing or decreas-
ing. Since Westernization is a global construct, it offers
more flexibility to accommodate the geographical and tem-
poral heterogeneity of the asthma epidemic.”®

On the negative side, most of the studies considering
Westernization as an explanation for the asthma epidemic
are rather narrative and vague, and do not formally elabo-
rate on the construct of Westernization (Supplementary
Table S1, available as Supplementary data at IJE online).
Since Westernization includes a wide range of environmen-
tal and behavioural exposures, testing its aggregated causal
influence in the asthma epidemic is a difficult task.

Rethinking epidemiological research on the
asthma epidemic

As none of the hypotheses posed so far has yet provided
convincing evidence of the origins of the asthma epidemic,
it seems appropriate to analyse the difficulties faced by epi-
demiological research in an attempt to understand its ori-
gin (Table 4 and Supplementary Table S2, available as
Supplementary data at IJE online).

First, the predominant approach, particularly with re-
gard to the hygiene hypothesis, has focused on single fac-
tors. This fits well with many epidemics, in particular
epidemics of infectious diseases, but is difficult to adapt to
most non-communicable diseases, including asthma, which
are multifactorial.”” The Westernization hypothesis has
suggested that testing the association between clusters of
risk factors and asthma would yield more consistent

results, as has been suggested for cardiovascular diseases.”®
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Table 3 Elements of the Westernization construct in papers related to the asthma epidemic

Factor Exposure

Studies (Ref.)

Environmental and social factors Increased urbanization
Time spent indoors
Antibiotic use
Air pollution
Fungi/moulds
Moisture damaged homes

Murrison LB, 2019°%; Weinberg EG, 20007
Murrison LB, 2019%¢

Murrison LB, 2019%¢

Murrison LB, 2019%¢

Murrison LB, 2019%¢

Casas L, 2016°%; Hahm MI, 2014%°

Sick building syndrome (newly built home) Hahm MI, 2014°°

Infectious agents
Smaller family size
Lack of farming
Travelling
Behavioural factors Tobacco smoke
Physical activity
Diet
Maternal diet
Host factors Increased fetal growth
Obesity
Caesarean delivery
Impaired skin barrier
Agents Antibiotics
Vaccination
Chemicals
Allergens
Bacteria
Virus
Air pollutants
Vitamin D

Helminths (lack of exposure)

Murrison LB, 2019%¢
Douwes J, 2002°!
Casas L, 2016;°® Pechlivanis S, 20207°
Markevych I, 2017%°
Murrison LB, 2019°¢
Murrison LB, 2019%¢
Murrison LB, 2019%; Manzel A, 2014”%; Litonjua AA, 200872
Douwes J, 2002°*
Douwes J, 2002°
Gibson PG, 201373
Sevelsted A, 201574
Murrison LB, 2019%¢
Douwes J, 200261
Douwes J, 2002°!
Murrison LB, 2019%¢
Murrison LB, 2019%¢
Murrison LB, 2019%¢
Murrison LB, 2019%¢
Murrison LB 2019¢
Litonjua AA, 200772
Smits HH, 20057°

Table 4 Main challenges that have limited the epidemiological approach to the asthma epidemic

i) Relying on the assumption that the most likely explanation was a single cause

ii) Asthma may not be a single homogeneous disease, but a number of different entities

iv) Chronic disease epidemiology is not well suited to understanding long life-course chronic diseases with remission and relapse periods

(
(
(iii) Asthma could be part of a broader multimorbidity allergic syndrome
(
(

v) For some potential risk factors, such as allergen exposure, reverse causation is hard to exclude

However, as far as we know, an assessment of a clustering
pattern of risk factors in asthma has not been reported.
Second, our understanding of what is asthma may be in-
sufficient, or even wrong. If asthma is an heterogenous col-
lection of different diseases,”” then studies that group these
conditions together will have difficulties in identifying the
causal factors. Asthma has traditionally been classified
into atopic and non-atopic asthma, or based on severity,
control or age of onset. Increasingly, asthma phenotypes or
endotypes are defined as TH2-high and TH2-low based on
a combination of characteristics. For example, the multi-
centre ALLIANCE study used blood eosinophil counts and
allergen-specific serum IgE antibodies to characterize par-
ticipants with asthma. This study showed that asthmatics

categorized as ‘atopy-only’, ‘eosinophils-only’, ‘T2-high’
(eosinophilia + atopy) and ‘T2-low’ (neither eosinophilia
nor atopy) were distributed across all age groups, with
those in the T2-high group showing more persistent
asthma.®® A common strategy to deal with the heterogene-
ity of asthma is the use of composite phenotypes, such as
atopic asthma.>” However, the latter has its own methodo-
logical problems as risk factors for atopy may be associ-
ated with atopic asthma, even in the absence of an effect
on asthma®' (Supplementary material, available as
Supplementary data at IJE online). Using the T2-high/T2-
low phenotyping approach as used in the ALLIANCE
study, preferably supplemented with sputum eosinophil
measurements, may be more useful and could eventually
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result in more consistent associations with environmental
exposures.

Third, asthma occurs in combination with other dis-
eases, mainly with rhinoconjunctivitis and eczema, in a
multimorbidity pattern.®>% In fact, the asthma epidemic
has been paralleled by an epidemic increase in allergic rhi-
nitis and eczema.?>?3 Thus, it could be that what we call
an epidemic increase in asthma is indeed an epidemic in-
crease in atopy and hay fever with a subsequent increase in
asthma. This is supported by research suggesting that most
of the increase in asthma is due to an increase in atopy and
that the increase in asthma in non-atopic people was not
accompanied by an increase in wheezing and could have
been due to changes in reporting asthma.®*®¢ Studies
suited to understanding the joint distribution of allergic
phenotypes and their multimorbidity are likely to be more
informative than studies addressing asthma as a single
entity.

Fourth, canonical epidemiological methods may not be
well suited to assessing the prevalence and etiological fac-
tors of diseases with an early-life origin and a long and
complex life course such as asthma.’” Although asthma
symptoms questionnaires validate well against clinical
asthma diagnosis®® in prevalence studies, they are suscepti-
ble to self-reporting biases and cross-cultural differences in
naming symptoms such as wheezing—something that
could lead to prevalence figures higher than those observed
in health record studies.®” However, the varying time
course of asthma makes it difficult to classify incident
cases, in particular when studying new-onset adult
asthma,”® and to distinguish incidence from disease dura-
tion as determinants of prevalence. The latter is illustrated
in the study of asthma among New Zealanders which sug-
gested that the continued high prevalence of asthma in
Maori adolescents and adults is probably due to a duration
effect caused by inadequate access to healthcare, as well as
exacerbating factors such as environmental tobacco
smoke.”! To what extent the asthma epidemic has been the
result of a genuine increase in incidence or by the contrary
due to an increase in duration or both has not been for-
mally assessed.

Fifth, epidemiological studies on asthma can be affected
by reverse causation. It has been suggested that sensitiza-
tion to allergens could be a consequence of asthma instead
of a risk factor for asthma. In the case of obesity, for which
there is consistent evidence of an association with asthma

9293 it has been shown that asthma is also associ-

94,95

incidence,
ated with incident obesity, in both children and adults.
Studies using Mendelian randomization support that obe-
sity”® and BMI”” but not 25-hydroxyvitamin D”® are asso-
ciated with asthma incidence.

Considering the intricacies in the epidemiological re-
search of asthma alluded to above, it is no surprise that
asthma is seen as a complex construct and that the hope
that epidemiology alone can contribute to unravelling the
origins of the asthma epidemic is called into question.
Whether new studies on the hygiene-variants or
Westernization hypotheses will ever resolve the enigma is
hard to say but, in any case, a more systematic understand-
ing of the different scientific challenges involved in this ef-
fort would be useful.

Looking forward

Will it ever be possible to have a solid epidemiological ex-
planation for why there was a global epidemic of asthma?
As in the case of gastric ulcers and Helicobacter pylori,””
we must not exclude the possibility that the asthma epi-
demic is due to a single environmental or microbiological
factor that has not yet been identified. If this were the case,
the investigation of why, in some places and circumstances,
environmental exposure on farms protects from the devel-
opment of asthma and allergies could at some point lead to
a relatively straightforward causal explanation for the
asthma epidemic.

On the other hand, the origin of the asthma epidemic
could be multifactorial and complex as suggested by the
Westernization hypothesis. Current epidemiological meth-
ods are not well suited to addressing complex phenomena
involving non-linearity and ‘feedback loops’, though, if
properly addressed, the epidemiological study of this com-
plexity could produce findings that are more specific to the
population under study and potentially be of direct public
health relevance and validity.'®® One way to study com-
plex health patterns is the use of systems science models,
which so far have been mostly applied to test the impact of
interventions and to support policy modelling.'”" Applying
this type of models to understand the mechanisms and
feedback processes that give rise to the population distribu-
tion of health outcomes, such as the asthma epidemic, is an
underexplored field.'®* Recent studies have used systems
science models to understand the causal dynamics of obe-

102 103__something that has stimu-

sity' "~ and opioid addiction
lated a dialog between canonical epidemiology and the
systems science approach.'"1%* Another alternative to
consider is the use of complex simulation with agent-based

195 and synthetic populations.'®® Although these

models
types of complex models have been used in different con-
texts, such as exploring geographical patterns at the neigh-
bourhood level or in policy development, it could be useful
to explore whether they could also help in understanding

the origins of the asthma epidemic.
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The use of systems science methods to understand the
asthma epidemic as suggested above may involve the need
to approach some specific intricate issues such as the com-
plexity of the causal chain, the heterogeneity of the clinical
phenotypes and the existence of age-cohort-period effects.
Regarding the causal chain, though mostly used in genetic
or molecular studies, methods such as the Markov-chain

197 could help to unravel complex interactions of

models
causal factors in asthma or model state transitions such as
those from allergen exposure to sensitization to clinical
expressions, and to generate hypotheses for more refined
simulation models. A recent study using an exposome ap-
proach has shown that some profiles, as combinations of
risk factors, were associated with asthma in a French popu-
lation cohort.'”® Regarding clinical heterogeneity, Markov-
chain models could facilitate a better understanding of the
complex incidence-remitting-relapsing  behaviour  of
asthma.'?” In the case of asthma multimorbidity, the recent

8283 could be eventually

use of machine-learning methods
extended with the simulation of synthetic populations.

Revisiting the asthma epidemic with a complex systems
approach could offer a unique opportunity to formulate
new questions and research frames, and would require a
concerted interdisciplinary effort. Epidemiology has played
a major role in our understanding of asthma, but asthma
epidemiology alone is unlikely to solve the type of scientific
hurdles that research on the asthma epidemic has encoun-
tered. Neither are basic laboratory science (which too often
is wedded to an allergic paradigm) or clinical research
likely to solve these problems alone.
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