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Results from birth cohort and cross-sectional studies of young
children with wheezing have uncovered strong associations be-
tween both lung function and immune responses in early life and
the subsequent development of persistent wheezing and chronic
airway obstruction up to mid-adulthood. It is now apparent that the
pattern of bronchial hyperresponsiveness, deficits in lung function,
and structural airway remodeling that are characteristic of asthma
may be already established during the preschool years in most
patients. Interactions between acute viral infections, especially
those due to rhinovirus and respiratory syncytial virus, and exposure
to perennial aeroallergens may induce persistent alterations in
immune responses and airway function in susceptible subjects.
Similarly, deficits in airway function present shortly after birth
predict airflow limitation in early adult life, which in turn is a strong
predisposing factor for chronic obstructive pulmonary disease. The
fact that these alterations are more likely to occur during early life
and even in utero than later during childhood suggests that there
a developmental window of susceptibility during which exposures
can disrupt normal growth trajectories. Novel strategies for primary
prevention of chronic respiratory diseases will be based on the
identification of the genetic and environmental factors that in-
teractively cause these disruptions.
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During the last two decades, reports from several long-term
cohort studies have shown that increased frequency of lower
respiratory illnesses, altered immune responses by peripheral
blood mononuclear cells, and changes in developmental pat-
terns of the lungs and airways can be frequently observed in
young children who will develop asthma later in life. These
results provide renewed support to the hypothesis that the
beginnings of many chronic diseases of adult life may be found
during the growing years. The purpose of this review is to
summarize emerging evidence that connects early life events
with respiratory outcomes occurring years or even decades
later. In addition, I will also explore the connection between
these findings and the concept of ‘‘developmental windows of
susceptibility’’ for environmentally induced changes that has
recently emerged from evolutionary and developmental biol-
ogy. An additional, thorough review of the early origins of
chronic obstructive pulmonary disease (COPD) has been re-
cently published (1).

DEVELOPMENTAL TRAJECTORIES AND RESPONSE
MODULES: THE EXAMPLE OF CHRONIC LUNG DISEASE
OF PREMATURITY

That early perturbations in the normal development of organ
systems can have long-term repercussions for the health of the
individual is undisputable. Environmental factors can have
a major influence on lung growth, and no better example exists
than chronic lung disease of prematurity (CLDP, also called
bronchopulmonary dysplasia [BPD]) (2). In most patients,
CLDP is a direct consequence of lung immaturity and excess
oxygen and pressure needed to treat respiratory distress syn-
drome. Several characteristics of CLDP are illustrative of the
complex interactions between the different factors that de-
termine a disease phenotype. CLDP is heterogeneous in the
scope of its clinical expression, and severity is inversely corre-
lated with gestational age and birth weight. This pattern of
expression of the CLDP suggests that there is a ‘‘developmental
window of susceptibility’’: the same noxious stimulus that can
cause severe disease in a 24-week premature baby can have very
mild or no effect in a term child. CLDP thus illustrates the fact
that the development of normal lungs and airways is not the
simple result of a ‘‘genetic program’’: it would be as absurd to
believe that CLDP is a ‘‘genetic’’ disease as it would be to
propose ‘‘genes for head trauma.’’ Nevertheless, we can clearly
recognize a limited set of phenotypes that can be classified
under the label of CLDP, suggesting that the outcomes of the
insults associated with CLDP are not random and unpredict-
able, but are the results of identifiable response modules.
Moreover, premature infants of similar gestational age may
have very different respiratory outcomes, and genetic variations
can influence these outcomes. Understood in this way, there are
indeed ‘‘genes for CLDP,’’ if by that we mean polymorphisms
that modify the deleterious effects of excessive oxygen and
pressure (3). There are also rare genetic mutations (for exam-
ple, those causing a partial deficiency of surfactant protein B
[4]) that can give rise to chronic lung syndromes in term
children, the clinical manifestations of which overlap with
CLDP (5). If all forms of chronic lung disease that start at
birth were assigned the same disease label, then the spectrum of
this ‘‘disease’’ would include from these single gene conditions
to the severe phenotypes associated with extreme prematurity.

What is relevant for the issues addressed in this article is that
CLDP is associated with significant decreases in lung function
in early life (6). Moreover, recent longitudinal studies clearly
indicate that these deficits track along childhood, and persist until
early adult life and perhaps beyond. Northway and coworkers
(7) first reported that 68% of young adults with a history of BPD
in infancy had airway obstruction, including decreases in forced
expiratory volume in one second (FEV1), forced expiratory flow
between 25 and 75 percent of forced vital capacity (FVC), and
maximal expiratory flow velocity at 50 percent of FVC, as
compared with control subjects of similar gestational age but
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with no BDP. More recently, Doyle and colleagues (8) reported
that almost half of 18-year-olds whose birth weight was less than
1,500 g and who had BPD as infants had an FEV1/FVC ratio less
than 75%, as compared with only 16% of subjects with similar
birth weights and no BPD. These results clearly suggest that
a specific insult occurring in the newborn period can be associated
with a fixed, abnormal trajectory of airway growth that persists
until the early adult years. If this abnormal trajectory is the
consequence of the insult or if otherwise congenitally narrower or
hyperreactive airways could predispose infants with low birth
weight to require more aggressive oxygen therapy and mechan-
ical ventilation (9) and thus, to CLDP, is currently unknown, but
it is plausible to surmise that both mechanisms may be at play.

CLDP is certainly an extreme example, but it cogently
illustrates that the effects of genetic predisposition, environ-
mental factors, and their interactions during critical periods in
early life can decisively influence phenotypes expressed for
decades thereafter. The evidence suggesting that the same is
true for asthma and also for COPD will be described below.

DEVELOPMENTAL TRAJECTORIES OF AIRWAY
FUNCTION IN TERM INFANTS: ROOTS OF COPD
IN INFANCY

An important first question is if the remarkable tracking of level
of lung function from infancy to early adult life observed in
CLDP is also present in term children who are not subject to the
severe injury associated with respiratory distress syndrome. It is
now well established that the maximal level of lung function
reached after puberty is a crucial determinant of the risk for
COPD later in life (10). Obviously, cigarette smoking is over-
whelmingly the most frequent causal factor in COPD, but it is
also true that only a fraction of smokers develop COPD and no
less than one-fourth of cases of COPD are unrelated to smoking
(11). Specifically, COPD is defined by consensus guidelines as
an FEV1/FVC ratio of less than 70% (12), and thus subjects who
start adult life with lower ratios will attain this threshold earlier
during normal lung aging than those who start at higher levels.
Moreover, the deleterious effects of smoking should also be
apparent earlier in the former than in the latter.

Recent results from the Tucson Children’s Respiratory Study
suggest that, as with abnormal airway function in CLDP, the
normal spectrum of airway function is established very early in
life and even in utero in term children. In that study, spirometry
was performed at ages 11, 16, and 22 years in 123 unselected
subjects whose maximal expiratory flows at function residual
capacity (VmaxFRC) had been assessed at a mean age of 2 months
by use of the chest compression technique (13). The results
showed that infants in the lowest quartile for VmaxFRC had the
lowest mean FEV1/FVC ratios at all ages, with a mean difference
with respect to the other three quartiles of 25.2% and a 95%
confidence interval of 27.4 to 23.0 (P , 0.0001); 14% of the
variance for the ratio at follow-up was explained by VmaxFRC

level in early life (Figure 1). Previous studies had shown that
multiple measures of pulmonary function track markedly during
the school years (14) and that VmaxFRC measured shortly after
birth correlates strongly with school age lung function (15); how-
ever, the Tucson study was the first to track markers of airway
function from birth to early adult life.

Biologically, and taken together with those described for
CLDP, these results suggest that a growth module is established
very early in life that controls the proportional (also called
‘‘allometric’’ [16]) changes taking place in the many determi-
nants of airway function, as assessed by use of maximal expira-
tory flows. This proportional growth, however, maintains the
relative position (or rank) of each individual with respect to her/

his peers. This relative position is not irreversible and fixed;
environmental stimuli can alter the ranked course of airway
growth, and these stimuli have clear windows of opportunity
during which they can induce meaningful changes.

ASTHMA AND AIRWAY FUNCTION: TRACKING
AND DIVERGING

Adults with asthma are at increased risk of developing COPD
(17), and many studies have shown that, as a group, patients
with asthma have reduced airway function, and more specifi-
cally, reduced FEV1/FVC ratio, compared with subjects without
asthma (18). The two longest, ongoing cohort studies of asthma
in which lung function was measured repeatedly, starting during
the school years, have shed considerable light on the origins of
these alterations. In the Melbourne Asthma Study, a group of
children with a past history of wheezing and a control group
without wheezing were randomly selected at the age of 7 years
in 1964, and a further group of children with severe wheezing
was selected from the same birth cohort at the age of 10 years
(19). These subjects have been followed prospectively at 7-year
intervals, with the last published review in 1999, when their
average age was 42 years. Throughout adolescence and adult
life, children who were originally classified as having either mild
or severe asthma had consistently lower FEV1/FVC ratios than
those without a diagnosis of asthma. Most notably, these lower
levels were already established by the age of 7 to 10 years, with
no further deficits occurring up to the age of 42 years, in spite of
the fact that most patients, and especially those with severe
asthma, had continued asthma symptoms throughout the fol-
low-up (19). In the Dunedin Multidisciplinary Health and
Development Study, over 1,100 children were enrolled at birth
in 1972 to 1973 and followed prospectively (20). Lung function
and history of asthma-like symptoms were assessed at 2- to
5-year intervals between ages 9 and 26 years. Subjects who were
classified as ‘‘persistent wheezers’’ (that is, who reported
wheeze at all surveys between ages 9 and 26 years or at all
surveys after inception of wheezing), and those who were
classified as ‘‘relapsers’’ (that is, those for whom wheezing was
reported at two or more successive surveys, then was absent at
one or more successive assessments, and then was reported

Figure 1. FEV1/FVC ratio at ages 11, 16, and 22 years by quartiles of

airway function measured at a mean age of 2 months. Reprinted by

permission from Reference 13.
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at all subsequent assessments), had lower FEV1/FVC ratios,
starting at age 9 years, than children with no wheezing. Similarly
to what was found in the Melbourne cohort, the lung function
deficits of these two groups of children, relative to those with
milder wheezing or without wheezing, remained unchanged
between 9 and 26 years (20).

These results suggest that in patients with asthma considered
as a class, very little deterioration in FEV1/FVC ratio, relative
to subjects without asthma, is observed from school age and up
to mid-adult life. Two scenarios are thus possible: that children
with asthma are born with ‘‘small airways’’ and this congenital
abnormality increases their risk for subsequent asthma; or that
deficits in lung function are acquired, perhaps as a consequence
of acute or persistent airway inflammation occurring during
a critical period for the development of lung and airways. A
birth cohort study in Norway has yielded evidence in support
of the first scenario. Håland and coworkers (21) found that
children in whom an index derived from tidal breathing curves
(tPTEF/tE) measured shortly after birth was below the median
were more likely to have a history of asthma at 10 years of age
than those whose index was above the median (24.3% versus
16.2%, P 5 0.01). Children with low tPTEF/tE were also more
likely to have current asthma (14.6% versus 7.5%, P 5 0.005),
and to have severe bronchial hyperresponsiveness, defined as
a methacholine dose of less than 1.0 mmol causing a 20% fall in
the FEV1 at age 10 (9.1% versus 4.9%, P 5 0.05). As compared
with children whose respiratory system compliance was above
the median, children with respiratory compliance at or below
the median more often had a history of asthma (27.4% versus
14.8%; P 5 0.001) and current asthma (15.0% versus 7.7%,
P 5 0.009) at age 10.

ASTHMA, AIRWAY FUNCTION, AND AIRWAY
REMODELING: A DEVELOPMENTAL WINDOW

The observation that lung function at birth may predispose to the
subsequent development of asthma is not incompatible with the
existence of acquired mechanisms for the deficits in lung function
and increased bronchial responsiveness observed in asthma. Indeed,
both epidemiologic studies and carefully performed studies of
biopsies in wheezing young children suggest that the preschool
years are a developmental window of opportunity for the establish-
ment of deficits in lung function and airway remodeling in asthma.
Using data from the Tucson study, Morgan and colleagues (22)
showed that preschool persistent wheezers (e.g., children who had
wheezing lower respiratory illnesses in the first 3 years of life and
were still wheezing at age 6) were as likely as late-onset wheezers
(e.g., children who wheezed at age 6 but who had no reports of
wheezing before age 3) to have frequent wheezing episodes during
the school years. However, although these two groups had similar
VmaxFRC levels measured shortly after birth, persistent wheezers
had significantly lower maximal flows by age 6 and up to age 16 and
significantly lower FEV1/FVC ratio at ages 11 and 16 years than late-
onset wheezers. Interestingly, as in the Melbourne and Dunedin
cohorts, maximal flows showed no further deterioration after age 6
in either group, in spite of the fact that both showed significant
respiratory morbidity between ages 6 and 16 years.

These results are only in apparent contradiction with recent
reports that used data from the Childhood Asthma Management
Program (CAMP). In children with mild to moderate asthma
enrolled in CAMP, Strunk and coworkers showed a significant
pattern of airway obstruction that increased between ages 5 and
18, when compared with a reference population (23). However,
for the most reliable index of airway obstruction, the FEV1/FVC
ratio, the authors showed that at ages 6 and 18, the deficit in boys
with asthma was 27.3% and 29.8%, respectively, while in girls

with asthma the deficits were 27.1% and 29.9%, respectively.
The data thus suggest that almost three-fourths of the mean
deficits in lung function growth observed in these patients were
already present at age 6. Given the large numbers of children
with asthma enrolled in CAMP, this study had much greater
power to show the smaller, additional increases in airway
obstruction observed between ages 6 and 18 years.

These results thus suggest that children who will go on to
develop asthma are more likely to show acquired, persistent
deficits in lung function if the first symptoms of the disease
occur during the first 3 years of life. Structural and functional
studies of children with asthma symptoms at different ages have
provided strong support for the existence of such a ‘‘window of
opportunity’’ before age 3. Saglani and colleagues (24) obtained
endobronchial biopsies from wheezy preschool children and
controls with stridor. Reticular basement membrane thickness,
a measure of airway remodeling, was significantly higher in
subjects with confirmed wheeze than in control subjects, as was
eosinophilic inflammation. In contrast, no increased reticular
basement membrane thickness was observed in wheezy infants
aged less than 1 year (25). The authors thus suggested that
remodeling in asthma occurs very early in life and may track
into adult life in patients with persistent disease (26).

Further support for the presence of a developmental ‘‘win-
dow of opportunity’’ for the development of asthma in early life
comes from studies of patterns of asthma prevalence in immi-
grants. Recently, Kuehni and coworkers (27) administered
a questionnaire to several thousand South Asian and White
young mothers randomly sampled in Leicestershire, United
Kingdom. The reported prevalence of asthma was 10.9% in
South Asian and 21.8% in White women. South Asian women
who migrated to the United Kingdom aged 5 years or older
reported less asthma (6.5%) than those born in the United
Kingdom or who migrated before age 5 (16.0%). For those who
migrated aged over 5 years, the prevalence did not alter with the
duration of residence in the United Kingdom. These data
clearly suggest that events occurring in the first years of life
have decisive influence on developmental trajectories that
influence the subsequent development of asthma.

Together, these data thus suggest that most of the acquired
structural and functional changes that are often observed in
asthma occur in the first years of life, at a time when the main
triggers of wheezing are viral infections (28). It is thus plausible
to surmise that abnormal inflammatory responses to viruses in
these first years of life could predispose to the structural
(‘‘airway remodeling’’) and functional changes in the lungs
and airways that are characteristic of asthma.

VIRAL INFECTION IN EARLY LIFE AND SUBSEQUENT
ASTHMA AND AIRWAY OBSTRUCTION

The association between viral infection in early life and the
subsequent development of asthma and asthma-related pheno-
types has been extensively scrutinized, and the most widely
studied organism has been the respiratory syncytial virus (RSV)
(29). There is now strong evidence suggesting that lower
respiratory illnesses due to RSV are associated with increased
likelihood of subsequent wheezing, at least until the pre-
pubertal years (30), and deficits in lung function (31). If this
association is causal or if otherwise it is due to common risk
factor for the illness itself and the outcomes it is associated with
is currently unknown, but most likely, the mechanisms involved
are heterogeneous (29).

More recently, the development of new molecular tools has
enhanced viral diagnostics during acute respiratory illnesses,
and these advances have uncovered infection due to rhinovi-
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ruses (RV) as an important determinant of acute episodes of
airway obstruction in infancy. In a longitudinal study in
Madison, Wisconsin, RV and RSV were isolated during a very
high proportion of wheezing episodes occurring during the first
years of life in newborns at high risk for allergies (32). Infection
with either virus in early life was a strong risk factor for asthma
at age 6, but the association was much stronger for RV (relative
risks of almost 10) than for RSV (33). Although longer follow-
up is needed to determine if the risk for subsequent wheezing
decreases with age as it does for RSV (30), these results indicate
that susceptibility to RV infection may be a common thread
linking wheezing in early life and asthma later during childhood.
This conclusion is strongly supported by the finding that the
most common factor associated with exacerbations of asthma in
older children and adults is RV infection (34).

DETERMINANTS OF SUSCEPTIBILITY TO
RHINOVIRUS INFECTION

The above findings suggest that one potential explanation for
the strong connection between early life wheezing and sub-
sequent asthma could be a common susceptibility to rhinovirus
infection. There are very few studies of risk factors for wheezing
during RV infection in children aged less than 3 years. Kusel
and colleagues (35) reported no association between allergic
sensitization and wheezing lower respiratory illnesses in the first
or second year of life in a Perth (Australia) cohort of high risk
children, but the authors did not divide the illnesses according
to the virus that caused them (RV or RSV). Jackson and
coworkers (33) showed that children enrolled in the Wisconsin
cohort who became sensitized to local aeroallergens by age 1
were not more likely to have wheezing RV illnesses by that age.
However, children who became sensitized by age 3 were
significantly more likely to have RV wheezing illnesses when
compared with those who were not sensitized by that age. No
information was provided for the relation between RSV ill-
nesses and allergic sensitization at either age. These results
could thus suggest that the stronger association between asthma
at age 6 and RV wheezing in the first 3 years of life could be due
to a common predisposition for atopy among children who have
airway obstruction during these two age periods. Although it is
not possible to determine from the available data the direction
of the association between allergic sensitization and RV illness
in early life, it is reasonable to postulate that sensitization to
aeroallergens may provide an airway milieu that increases
susceptibility to RV infection. However, there is surprisingly
little evidence supporting this contention. Parry and colleagues
showed that in subjects with allergies, IFN-g responses by
peripheral blood mononuclear cells were inversely correlated
with viral shedding during experimental infection with rhinovi-
rus, but not with severity of respiratory symptoms (36). More-
over, in the study by Jackson and coworkers, both allergic
sensitization and RV infection by age 3 contributed indepen-
dently to the risk of having asthma at age 6 (33).

What determines this persistent susceptibility to rhinovirus
in young children who will go on to develop asthma is not
known. Macaubas and colleagues (37) showed that children who
would go on to develop asthma by age 6 had significantly lower
cord serum IL-4 and IFN-g levels than children who did not
develop asthma. Similarly, Stern and coworkers (38) showed
diminished IFN-g responses by peripheral blood mononuclear
cells during the first year of life in children who subsequently
developed chronic wheezing. Recently, Wark and colleagues
(39) showed that primary bronchial epithelial cells from subjects
with asthma had significantly impaired IFN-b response when
infected with rhinovirus compared with responses of healthy

control subjects. In a similar experiment, bronchial epithelial
cells from patients with asthma showed marked impairment in
IFN-l responses to rhinovirus infection (40). Whether these
abnormalities preceded the development of asthma or were
a consequence of the chronic inflammatory responses present in
the asthmatic airway could not be determined from these
experiments. However, the longitudinal studies linking rhinovi-
rus infection in early life to subsequent asthma risk suggest that
congenital, perhaps genetically mediated, impairment of
responses to rhinovirus could explain the increase susceptibility
to airway obstruction in these subjects. It is possible that this
increased susceptibility to airway obstruction may be due to
altered inflammatory responses during viral infections, and
these altered responses may, in turn, predispose to chronic
deficits in airway function.

DEFICITS IN LUNG FUNCTION AND EARLY
ALLERGIC SENSITIZATION

In both the Perth and the Wisconsin cohort studies, allergic
sensitization and viral infection in early life were independent
determinants of asthma risk by the early school years. Other
newborn cohorts have explored the mechanisms by which early
allergic sensitization can influence asthma susceptibility. Lom-
bardi and coworkers showed that early (by age 6 years) allergic
sensitization to Alternaria, the most common asthma-related
allergen in the Tucson area, was strongly associated with
hyperresponsiveness to cold, dry air measured concomitantly,
and to both persistent and incident asthma up to age 11 years
(41). In the Manchester (UK) asthma birth cohort, Lowe and
colleagues (42) measured specific airway resistance using a ple-
thysmograph and both sensitization and exposure to aeroaller-
gens (mite, dog, and cat) in almost 500 unselected, 3-year-old
children. They found that neither sensitization nor exposure to
the allergens, when present separately, had any significant
influence on lung function. However, children who were
exposed and sensitized had significantly higher specific airway
resistance than those who only had one or neither of these two
risk factors. Very similar findings were reported by Illi and
coworkers (43) in the German Multicenter Allergy birth cohort.
They observed that children who were sensitized to perennial
allergens (mite, dog, and cat) by age 3 had significantly lower
levels of lung function during the school years than those who
were not sensitized. Moreover, exposure to high levels of
perennial allergens aggravated these effects, and thus exposure
was also associated with increased bronchial responsiveness,
especially among children who wheezed. In contrast, sensitiza-
tion and exposure later in life had only marginal effects on lung
function and bronchial responsiveness. The German study also
confirmed that most children who wheezed during the preschool
years but were not sensitized to perennial allergens in early life
lost their symptoms by school age. The data thus suggest that
the airways of young children may be particularly susceptible to
presumably persistent airway inflammatory responses triggered
by exposure to perennial allergens in sensitized subjects.

CONCLUSIONS

The results of several newborn cohort studies have markedly
increased our understanding of the natural history of asthma
and of the factors that determine its inception. The roots of
several asthma-related phenotypes can be found in immune and
airway characteristics that are either present at birth or that can
be detected shortly thereafter. This novel finding is consistent
with the observation that most somatic phenotypes show
marked plasticity (i.e., susceptibility to change under the in-
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fluence of environmental exposures) early during development,
and this plasticity tends to decrease with aging (16). Develop-
mental plasticity has profound evolutionary consequences,
because individuals in whom phenotypic changes induced by
novel exposures are associated with increased fitness are more
likely to transmit the hereditary traits that predisposed them to
those adaptive changes to their offspring. However, develop-
mental plasticity can also be associated with harmful phenotypic
changes that track with age in susceptible individuals and that
predispose them to chronic diseases such as asthma and COPD.
Elucidating these complex gene by environment by develop-
ment interactions is a necessary step for the development of
successful strategies for the primary prevention of these de-
bilitating diseases.
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