
Why are infants prone to wheeze?

Physiological aspects of wheezing disorders in infants

Urs Frey

Childhood respiratory disease remains an im-
portant cause of mortality and morbidity, ac-
counting for up to one-third of general practi-
tioner consultations. There is a growing body of
evidence from epidemiological studies [1–3] con-
firming a link between childhood lower respira-
tory illness (LRI) and wheezing and the develop-
ment of adult chronic respiratory disease [1, 4].
The nature of this link, the biological mechanisms
which mediate it, and the genetic and environ-
mental factors which influence its expression have
been the focus of a considerable research effort in
recent years.

Predictors of wheezing
One concept evoked to explain this association

is that of “programming” – the permanent alter-
ation of the structure and function of organs and
tissues by factors operating during sensitive peri-
ods in fetal or early postnatal life [1]. Factors im-
plicated in “programming” of the respiratory sys-
tem include fetal nutrition [1, 5, 6], fetal exposure
to maternal smoking during pregnancy [7, 8], and
exposure to environmental allergens [9, 10] or viral
respiratory infections [11–13] during infancy. The
issue of a genetic predisposition to asthma or atopy
is also pertinent [10, 12] and it is likely that, for
childhood asthma at least, outcome is determined
by a combination of familial and environmental

factors. Some of these factors are also potential
“programmers” of the developing immune system.
It has been suggested that exposure to viral infec-
tions in early infancy in those who are genetically
susceptible to atopic disorders may favour domi-
nance of TH-1 lymphocytes and reduce the
expression of atopic disorders as mediated by com-
peting TH-2 lymphocyte populations [12, 14].
From these experiences it becomes obvious that
developmental aspects of the lung and particularly
of the airways may play a crucial role in wheezing
disorders in infants. Most striking are studies look-
ing at the influence of antenatal smoking on air-
way function at birth and subsequent wheezing
disorders. It has been suggested that infants of
mothers who smoked during pregnancy achieve
lower maximal flows through their airways than
healthy infants and that this flow limitation is re-
lated to subsequent wheezing disorders in the first
three years of life (e.g. [8, 15]). Thus airway func-
tion seems to be an important “programmer” for wheez-
ing disorders in infants.

Airway development in early infancy
As with other body tissues and organs, fetal

and early postnatal life is a period of rapid growth
and development of the respiratory system [16].
Bronchial development and airway branching are
mainly complete by the 16th week of gestation and,
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poses a model emphasising that in infants inflam-
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to be considered as a continuously interacting sys-
tem. 
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thereafter, airways increase in size and complexity
only [17]. True alveoli do not begin to develop
until about 28 weeks gestation and increase rapidly
in number, size and complexity during the first 
3–4 years of life [17]. In a full term infant, lung
volume doubles by 6 months and triples by 1 year.
These different growth patterns of the airways and
parenchyma (ie, disynaptic growth) during fetal
and early life result in airways that are relatively
large in relation to lung volume at birth, when air-
way conductance may be higher than at 2–3
months of age [16]. The extent to which gender
differences in these growth patterns contribute to
the increased incidence and severity of respiratory
illnesses observed in boys is unclear. Although
some remodelling of the lung may occur during
the first year of life following prenatal and perina-
tal insults, there appears to be considerable track-
ing of respiratory function from the end of the first
year of life to late childhood [16].

The somatic growth that occurs during the
first year of life is accompanied by major develop-
mental changes in respiratory physiology [16], in-
cluding changes in the shape, compliance and de-
formability of the rib cage. The highly compliant
chest wall of the newborn infant gradually stiffens
during the first year of life. Infants also modulate
expiratory flow in order to dynamically elevate
functional residual capacity (FRC) above the level
passively determined by the outward recoil of the
chest wall and the inward recoil of the lung, an im-
portant strategy to establish and maintain an ade-
quate lung volume in the presence of a highly com-
pliant chest wall. This can be achieved by three
mechanisms: the post-inspiratory muscle activity,
laryngeal braking and the decrease of the expira-
tory time below the time constant of the respira-
tory system. Transition to a more relaxed pattern
of expiratory flow occurs between 6–12 months of
age. Another consequence of a highly compliant
chest wall is an increased tendency of the periph-
eral airways to close during tidal breathing in early
infancy, which results in impaired gas exchange in
the dependent parts of the lung. This, together
with the small absolute size of the airways, in-
creases susceptibility to airway obstruction in the
infant and young child [16].

While there is clear evidence that airway re-
sponsiveness is present from birth, the contribu-
tion of pre-existing alterations in airway geometry
and lung mechanics or pathological changes such
as airway oedema and mucus hypersecretion to
wheezing and LRIs may be of importance. Smooth
muscle tone is modulated by a balance between
slowly adapting receptors, which normally evoke
smooth muscle relaxation, and rapidly adapting re-
ceptors and pulmonary C fibres, which normally
promote cough and broncho-constriction. In
newborn infants, the coupling between smooth
muscle and slowly adapting receptors is influenced
by the mechanical properties of the cartilage of the
large airways, elastic recoil of the lung-chest wall
system, as well as the relatively reduced number of
rapidly adapting receptors. Any given increase in
airway resistance may reflect differing combina-
tions of airway smooth muscle shortening and rel-
ative thickness of the airway wall. Thus, airway in-
flammation will increase and potentiate the effect
of smooth muscle shortening on airway resistance,
although the overall effect may vary with airway
generation, being counteracted in the small air-
ways by elastic lung recoil. Thus, in infants, the
balance between central airway wall compliance,
peripheral airway resistance and lung recoil may
differ from that of older children and adults, re-
sulting in different patterns of airflow limitation
with age.

The importance of this balance between air-
way diameter and airway wall mechanics in wheezy
infants has also been stressed by pharmacological
studies. While broncho-dilators are capable of re-
versing broncho-constriction due to smooth mus-
cle activation, they might have more complex or
even deleterious effects in cases with developmen-
tal disturbances of airway mechanics. Pharmaco-
logical studies have shown that broncho-dilators
may affect not only airway diameter in infants, but
may even increase flow limitation by reducing air-
way smooth muscle tone and therefore increasing
airway wall compliance [18]. Particularly in infants
with severe disturbance of airway wall mechanics
such as tracheomalacia, broncho-dilators can have
adverse effects [19].

The physiology of wheezing

Flow limitation occurs in the airways when ac-
tual flow equals the maximal flow (Vmax) within the
airway tree. At high lung volumes the flow limit-
ing site in the human airways is typically in the sec-
ond and third generation of branching. As lung
volume decreases and airway calibre decreases, the
flow-limiting site moves peripherally and Vmax

decreases. Flow limitation in a compliant tube is
accompanied by flutter of the walls at the site of
flow limitation [20]. This occurs to balance the

energy of the system, as the driving pressure, in ex-
cess of that required to produce Vmax, is dis-
sipated, hence causing the walls to “flutter”. In the
presence of airway obstruction, this flutter may
become large enough to generate sound, heard as
wheezing. Thus expiratory wheezing is a sign of
expiratory flow limitation [21]. Note that wheez-
ing always implies flow limitation, but flow limita-
tion can occur without audible wheeze. In children
with mild asthma, wheeze may be heard during
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forced expiration (including during a cough) but
may be absent during tidal breathing. As the sever-
ity of the asthma increases and airway narrowing
worsens, flow limitation may occur during tidal ex-
piration and wheezing may be heard during tidal
breathing. Interestingly, flow limitation can occur
in healthy infants even in the absence of dyspnoea,
the role of which is not yet clear. 

Maximal expiratory flows, airway wall
compliance and wheezing disorders

Maximum flows achieved during forced expi-
ration are directly related to airway cross-sectional
area (calibre) and inversely related to airway wall
compliance [22] which itself is a function of the
elastic recoil of the surrounding tissue. The classi-
cal concept of wheezing in infants is based on flow
limitation due to airway narrowing. This airway
narrowing is mainly induced by inflammatory
processes causing mucosal swelling, folding and
smooth muscle activation. The degree to which
this airway narrowing occurs is a function of the
smooth muscle contraction as well as the pre- and
afterload of the surrounding tissue (coupling).
However, there has been little emphasis on the me-
chanical characteristics of the airway wall itself. 

Developmental differences in airway wall 
mechanics

As mentioned above, elastic recoil and airway
stability are very different in infants due to devel-
opmental differences of lung physiology and the
dynamic equilibrium of the end-expiratory level.
The importance of airway wall compliance for flow
limitation in infants has been emphasised in mor-
phological studies showing that airway wall com-
pliance in newborns is much higher than in adults
leading to more flow limitation [23–29]. Animal
work in lambs suggests that this is due to develop-
mental differences in tracheal cartilage composi-
tion as well as differences in airway smooth mus-
cle tone and longitudinal tension. It has also been
suggested that therapeutic interventions in infants
– eg, artificial ventilation in preterm infants – may
alter the airway wall structure/function relation-
ship [23]. 

Differences in airway wall mechanics 
due to inflammation and remodelling

While developmental differences may alter airway
wall mechanics, airway inflammation can also have
an effect on airway wall mechanics. In infant in-
flammatory airway disease, these physiological dif-
ferences enhance the effect of the disease process in com-
parison to adults. Airway inflammation will increase
and potentiate the effect of smooth muscle short-
ening on airway resistance, because the coupling
between smooth muscle and slowly adapting re-
ceptors is influenced by the mechanical properties

of the large airways and the elastic recoil of the
lung/chest wall system. Any given increase in air-
way resistance may reflect differing combinations
of altered baseline airway wall compliance, airway
smooth muscle shortening and relative thickness
of the airway walls due to inflammation, resulting
in different patterns of airflow limitation. 

Since the contractile state of airway smooth mus-
cles contributes dominantly to the wall mechanical
properties, the effects of inflammation on baseline
airway smooth muscle tone has to be considered.
An important local mediator of neuro-muscular
interaction is nitric oxide (NO). Recently, it has
been emphasised that the baseline airway smooth
muscle tone may be influenced by local concen-
trations of NO [30]. Baseline airway wall compli-
ance will be determined by baseline airway smooth
muscle tone, which in turn may be influenced by
localised NO concentrations. NO is not only pro-
duced by the constitutive nitric oxide synthase
(cNOS) but also by the inducible nitric oxide syn-
thase (iNOS), which is present in epithelial cells as
well as monocytes and macrophages, and which
can be stimulated by pro-inflammatory cytokines.
Thus potentially, during airway inflammation
baseline smooth muscle tone may be altered.
There is recent evidence that smooth muscle cells
themselves change their mechanical properties, if
they are exposed to asthma related pro-inflamma-
tory cytokines and growth factors [31]. 

Post-inflammatory airway remodelling can alter
airway wall structure. The airway wall of adult pa-
tients with asthma is usually characterised by an in-
creased thickness involving an increase in muscle
mass, thickening of the reticular basement mem-
brane, structural changes of the extracellular ma-
trix (collagen, elastin, fibronectin, laminin, gly-
cosaminoglycans), an increase in mucous glands
and in vessel area, all leading to reduced airway cal-
ibre (summarised in [32]). In infants, however, lit-
tle is known of these structural mechanisms and
particularly of their physiological effect in wheez-
ing disorders and during airway growth. The cor-
relation between adult respiratory disease and in-
fants wheezing [10] emphasises the importance of
this topic. 

All this evidence suggests that it may not be
sufficient to limit measurements to that of flow
limitation of the airways, but that more detailed in-
formation concerning the separate influences of airway
wall mechanics and airway diameter might be im-
portant in order to understand the pathophysiol-
ogy of wheezing disorders in infants. Until now it
has only been possible to measure flow limitation
in infants using forced expiratory manoeuvres by
the rapid chest compression technique. These
techniques do not allow the contribution of airway
diameter and airway wall mechanics to be assessed.



S W I S S  M E D  W K LY 2 0 0 1 ; 1 3 1 : 4 0 0 – 4 0 6 ·  w w w. s m w. c h 403

Forced expiration can be measured in infants
using the rapid thoracic compression technique
(RTC) [33]. The RTC technique produces forced
expiratory flows by the sudden application of pres-
sure to the thorax and abdomen at the end of tidal
inspiration, using an inflatable thoraco-abdominal
jacket connected to a positive pressure reservoir.
Flow is measured at the mouth with an pneumo-
tachograph attached to a mask sealed around the
infant’s nose and mouth and a flow-volume curve
constructed. RTC, initiated at end-inspiration,
then produces a expiratory flow volume curve,
with exhalation continuing to a volume below the

previous FRC. RTC manoeuvres are performed
with increasing jacket pressures until the pressure
that produces the highest expiratory flows is de-
termined. Use of the RTC has led to major ad-
vances in the understanding of the normal growth
and development of the respiratory system and of
respiratory diseases in infancy [8, 15, 34]. How-
ever, maximum flows achieved during forced expi-
ration are directly related to airway cross-sectional
area (calibre) and inversely related to airway wall
compliance [22], so that the technique cannot de-
termine the contribution of these two properties
to overall airway function. 

Measuring flow limitation in infants using the rapid thoracic 
compression technique

Measurements of airway wall compliance

There has been an increasing need for a tech-
nique that can measure airway wall mechanics in-
dependently of airway calibre. Several investiga-
tors have determined airway wall elasticity from
excised airways at various stages of lung develop-
ment [23–29] or used invasive approaches [35].
These in vitro techniques are an interesting ap-
proach for studying structure/function relation-
ship of the airways during development, however
may not fully reflect the in vivo situation where air-
way wall tension is markedly influenced by the
elastic recoil of the surrounding tissue. 

New concepts of measuring airway wall 
mechanics

Until recently it was not possible to non-inva-
sively obtain a direct or indirect measure of airway
wall mechanics in spontaneously breathing infants.
One proposed method to non-invasively measure
airway wall mechanics is based on respiratory input
impedance measurements using forced oscillatory
techniques [36]. These techniques expose the res-
piratory system to a sinusoidal pressure wave gen-
erated by a loudspeaker and the resulting oscilla-
tory flow is measured. If the oscillatory pressure
changes (P[ω]) are sufficiently small, the respira-
tory system will behave in a linear fashion and the
so-called respiratory impedance (Z[ω]) can be cal-
culated from the ratio of P(ω) and the correspon-
ding oscillatory flow V(ω). Z(ω) is a complex vari-
able and contains information of the resistive, elas-
tic and inertive properties of the respiratory sys-
tem. Dependent on the frequency (ω) of the ap-
plied pressure wave, Z(ω) will contain different
mechanical information. The response to very
slow pressure oscillations (<1 Hz) will contain in-
formation on lung tissue, and then with increasing
frequency airway resistance will influence Z(ω). At
very high frequencies (>100 Hz) Z(ω) will contain
information on airway wall mechanics. 

At high frequencies the applied pressure wave
exhibits acoustic properties and anti-resonance
phenomena occur in the airway [36], comparable
to the sound generation in an organ pipe. In a sin-
gle elastic tube, the frequency at which these anti-
resonances occur depend on the length of the tube
and its wall properties, as the wave propagation ve-
locity in an elastic tube is different from free sound
wave speed. These high frequency impedance
techniques have recently been adapted for non-in-
vasive use in infants, allowing the question of the
interactions between airway wall mechanics and
flow limitation and thus wheezing disorders in in-
fants to be answered. The high frequency forced
oscillation technique for use in infants [37, 38] and
newly introduced high speed interrupter tech-
nique [39, 40] are both capable of measuring high
frequency respiratory input impedance. These
techniques have shown, that in analogy to meas-
urements in adults, the anti-resonance phenomena
are related to acoustic phenomena in infants [40]
and thus contain information on airway wall me-
chanics, and that airway wall mechanics change
dramatically during an inhaled methacholine chal-
lenge [38, 41]. Thus, demonstrating that not only
airway narrowing but also changes in airway wall
mechanics are important during flow limitation in
infants. The high speed interrupter technique has
subsequently been used to demonstrate, in a cross-
sectional study, that the anti-resonance frequency
is significantly reduced in asymptomatic infants
with a history of wheezing disorders when com-
pared to healthy infants [42]. Since the boundary
conditions and the effective mean airway path-
length are likely to be similar in age matched
groups of infants, these data support the hypothe-
sis that airway wall mechanics are different in these
groups of infants. Differences in airway wall me-
chanics can either be due to inborn developmen-
tal differences in wall structure or due to acquired
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post-inflammatory changes in wall structure and
mechanics. To resolve the latter point a future
prospective study is needed, commencing shortly

after birth before environmental or inflammatory
injury occurs. 

Summary and hypothetical model of wheezing in infants

There is growing evidence that not only airway
diameter but also airway wall function and lung vol-
ume may be altered in wheezing disorders in in-
fants. All these components act in a complex dy-
namic equilibrium in health and may be disturbed
in disease. Figure 1 represents this complex system
in disease. It can be seen that most structural
changes in wheezing disorders not only influence
airway diameter but also act on airway wall me-
chanics.

Furthermore, while in adults inflammation
and remodelling alone may explain structural and
functional changes in wheezing disorders, in in-
fants inflammation, remodelling and airway devel-
opment have to be considered as a continuously
interacting system. Airway resistance, airway wall
compliance and airway tissue interaction change
with age. These components (Figure 1 bold
arrow), however, are also part of the functional
changes in wheezing disorders. Thus, there must
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be a close interaction between inflammation, re-
modelling and normal lung development (Figure
2 upper part). Combining epidemiological and
physiological evidence, one could hypothesise,
that this triangular interaction behaves in a dy-
namic manner during growth. This dynamic be-
haviour may be determined by the programmers
and the genetic background regulating this system
as well as the nature and frequency of the triggers
disturbing this system. Whether or not wheezing
is transient or persistent may be understood as a
function of this dynamic system.
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