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Assessing the effect of deep inhalation on airway calibre: a novel 
approach to lung function in bronchial asthma and COPD
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One of the major achievements in pulmonary medicine
during the second half of the 20th century is the deve-
lopment and introduction of lung function measurements
in the diagnosis and follow-up of patients with asthma or
chronic obstructive pulmonary disease (COPD). This has
led to international recommendations for standardized lung
function testing, which have been widely adopted [1, 2].

The presence and severity of airflow limitation can be
documented by measuring the resistance of airways, lungs
and/or respiratory system during quiet tidal breathing. Al-
ternatively, forced expiratory flows and volumes, obtained
from the maximal expiratory flow–volume (MEFV) curve,
are highly suited to detect airflow limitation. At present,
the forced expiratory volume in one second (FEV1) is first
choice in the diagnosis and monitoring of asthma and
COPD.

However, it has long been recognized that maximal and
forced expiratory breathing manoeuvres by themselves can
influence the severity of airflow limitation. This is most
certainly due to the preceding full inspiration, which ap-
parently can affect airway calibre in various ways under
different circumstances. To the authors' knowledge, this
was first described by SALTER [3] in 1859. In patients with
asthma H.H. Salter observed that "....on the other hand,
the spasm may be broken through, and the respiration for
the time rendered perfectly free and easy, by taking a long,
deep, full inspiration. In severe asthmatic breathing this

cannot be done....". Subsequently, this phenomenon was
first quantified by NADEL and TIERNEY [4] in 1961.

This observation raises the following questions: 1) Can
it be demonstrated by using simple objective measure-
ments? 2) Is there a pathophysiological explanation for
the bronchodilation following a deep breath? 3) Why is
this phenomenon absent in severe asthma and COPD? 4)
Is there any relevance in measuring the effect of a deep in-
halation (DI) on airway calibre in clinical practice?

The present review is an attempt to address the patho-
physiological, methodological and clinical aspects of the
DI in health and disease, particularly in view of the rapid
progress in this field of applied airway mechanics during
recent years. Such progress has been made possible by the
combined usage of pathological and morphometric data,
including modern imaging techniques, sophisticated math-
ematical models, and in vitro and in vivo studies in ex-
perimental animals and humans. These developments are
summarized below.

Underlying mechanisms

The calibre of the intrathoracic airways is physiologi-
cally determined by a balance between forces that tend to
constrict the airways (i.e. airway smooth muscle) and those
that prevent narrowing (i.e. lung elastic recoil). Under
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ABSTRACT: Bronchoconstriction in bronchial asthma and chronic obstructive pul-
monary disease (COPD) may be due to decreased airway calibre and/or to the inabil-
ity of the airways to distend after a deep inhalation (DI). The purpose of this review
is to discuss the physiological and clinical relevance of this latter mechanism.

During induced constriction, DI shows remarkable bronchodilatation in normal
subjects, but a blunted or null effect in asthmatics. In contrast, during spontaneous
bronchospasm DI tends to decrease airway calibre. From a functional point of view,
airway inflammation, remodelling, and peripheral bronchoconstriction could prevent
airway smooth muscle from stretching.

Therapeutic intervention improving lung function may change the response to DI.
For example, bronchodilators allow expiratory airflow before DI to increase more
than after DI, because of decreased bronchial hysteresis. This suggest that bronchodi-
lation might be systematically underestimated from parameters derived from maxi-
mal expiratory manoeuvres. Inhaled corticosteroids tend to increase the dilator effect
of DI, likely due to decreased bronchial and peribronchial oedema.

In conclusion, measuring the effects of deep inhalation on lung function is an easy
and simple test able to evaluate the structural changes occurring in the airways and
to monitor the effectiveness of therapy.
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normal conditions, lung elastic recoil is determined by
lung volume and volume history. Thus, a decrease in air-
way calibre due to airway smooth muscle contraction is
counterbalanced by the elastic recoil generated by the
lung volume at which breathing occurs. This effect is the
result of the interdependence between airways and lung
parenchyma [5], which is produced by the parenchymal
attachments to the airway external walls. The net efficacy
of lung volume changes in distending the airways is cri-
tically dependent on the structural integrity of the site
where the forces of interdependence are operative.

The forces of interdependence tend to make the airways
follow the movements of the lung. However, both airways
and lung parenchyma behave as imperfect elastic tissues
in that they dissipate energy during volume changes, i.e.
they exhibit hysteresis [6–9]. According to a theoretical
analysis provided by FROEB and MEAD [10], the effect of
DI on airway calibre depends on the relative hystereses of
airways and lung parenchyma. Stated otherwise, airway
calibre may change after DI, depending on the magnitude
of the airway and parenchymal elastic recoils (the first
tending to contract and the latter to dilate the airways). For
example, if airway and parenchymal elastic recoils are
the same after an inflating force has been applied to the
airways, then airway calibre would not be expected to
change (fig. 1a). If, however, the recoils are uneven, and
one prevails, or the mechanical inflating stimulus is poorly
transmitted to the airways, then changes in lung volume

and airway calibre will shift out of phase. Greater dec-
reases in airway than parenchymal elastic recoil after a DI
would be expected to cause airway smooth muscle short-
ening after the stretching action of a DI to lag behind the
re-establishment of the lung elastic recoil. This will cause
the elastic recoil of the surrounding parenchyma to exceed
airway smooth muscle tone, thus leading to a transient
bronchodilatation or temporary reopening of closed air-
ways (fig. 1b). The opposite is expected if parenchymal
recoil is decreased more than airway recoil after DI (fig.
1c). As airway elastic recoil decreases when smooth mus-
cle is contracted [7, 8], the above theory predicts that DI
has a bronchodilator effect during bronchoconstriction in-
duced by agents acting directly on airway smooth muscle.

The effectiveness of DI in dilating the airways will
depend on the mechanical transmission of the inflating
stimulus from the pleura to the external wall of the air-
ways (which in turn depends on the magnitude of elastic
recoil, elastic recoil of the lung parenchyma and the for-
ces of interdependence), the thickness of the airways and
the dynamic response of its components to stress (smooth
muscle and bronchial hysteresis). The adventitia is the
anatomical contact area between the airway wall and the
lung parenchyma via the alveolar attachments. The elastic
recoil pressure provided by lung parenchyma seems to
be the strongest modulator of airway narrowing in humans
in vivo [11, 12]. This is caused by its mechanical load,
which limits smooth muscle shortening. At small loads (2
cmH2O) the muscle is allowed to contract almost isoto-
nically, whereas at high loads (20 cmH2O) the contraction
will approach isometric conditions [13]. MACKLEM [14] re-
cently pointed out that the observed peribronchial swell-
ing in severe asthma may substantially decrease the local
parenchymal load, owing to an increase in the external
radius of the airways. Theoretically, this can reduce the
stretch of airway smooth muscle during a DI, thereby pre-
venting smooth muscle hysteresis from becoming an oper-
ative breaking mechanism of airway narrowing [14].

In a subset of asthmatic individuals, DI may unexpec-
tedly induce a transient (10–15 s) bronchodilatation that
is followed by a sustained (Ý1 min) bronchoconstriction
[15–17]. If several consecutive DI are taken, severe con-
striction progressively develops and may last for 1–2 h.
This sustained bronchoconstrictor response cannot be ex-
plained by the relative hysteresis theory but seems to be
the result of a calcium-dependent airway smooth muscle
contraction [16, 17]. Several mechanisms may account for
airway smooth muscle contraction after DI. These in-
clude a vagal reflex and a local release of prostaglandins
[15], but neither atropine [18] nor cyclooxygenase inhibi-
tors [19] can prevent DI-induced bronchoconstriction.
One mechanism able to increase airway smooth muscle
active tone without involving neural reflexes or mediators
is a myogenic response to stretching [20]. This response
can be observed after chemical conversion of multiunit
into single unit smooth muscle [20] or after allergic sensi-
tization leading to a greater velocity of shortening by an
increase in cross-bridge cycling [21]. It has been sugges-
ted that the airways of some asthmatics may exhibit a sin-
gle-unit behaviour, thus constricting after DI [20].

Starting from the assumption that the direction and
magnitude of the effect of DI on airway calibre mainly
reflect the balance between the mechanical properties of
lung parenchyma and airways [10, 22], information on the
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Fig. 1.  –  Hypothetical examples of the effects of deep inhalation (DI)
on airway calibre according to the relative hystereses of lung and air-
way recoils. Left: Pressure–volume curves of the airways and lung
parenchyma during inspiration (insp) and expiration (exp). The area
inside the loop is called hysteresis. Note that the elastic recoil of air-
ways is a force that tends to constrict the airways, whereas the elastic
recoil of lung is a force that prevents narrowing. Right: Airway calibre
before and after DI. a) The elastic recoils of the airways and lung dur-
ing expiration and hystereses are equal. Therefore, no changes in air-
way calibre are expected after DI relative to before DI. b) After DI
airway elastic recoil decreases relative to lung recoil (relative increase
in airway over parenchyma hysteresis). Thus, the prevailing distending
force of the lung allows the airway to dilate after DI. c) After DI lung
elastic recoil decreases more than airway recoil (relative increase of
lung over airway hysteresis). The prevailing airway recoil promotes air-
way narrowing after a DI.
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mechanisms and site of constriction may be inferred from
the analysis of the changes in flows and resistances indu-
ced by DI.

Methodological aspects

Maximal to partial flow–volume curves

The expiratory flow obtained with a forced expiration
starting from partial inflation (V 'p) is an estimate of air-
way calibre that is less affected by volume history [23,
24]. By contrast, the expiratory flow obtained with a for-
ced expiration starting from full inflation (V'm) is an esti-
mate of airway calibre as modulated by DI [23, 25]. The
effect of DI on airway calibre can therefore be estimated
by comparing V'm and V'p.

The ratio of V'm to V'p (M/P) at a given lung volume is
the most popular way to estimate the effects of DI on air-
way calibre [26–38]. The M/P can be easily measured
(fig. 2) and interpreted. An M/P >1 means that the expira-
tory flow increases after DI, thus suggesting a bronchodi-
lator effect, whereas an M/P <1 suggests a
bronchoconstrictor effect. Usually, M/P is measured at
lung volumes 25–50% of forced vital capacity (FVC), but
it may be sensitive to changes in absolute lung volume.
For example, during bronchoconstriction, some individu-
als have maximal and partial flow–volume curves with
different downslopes that terminate approximately at the
same residual volume (RV), which would make M/P con-
stant at all lung volumes (fig. 3a). In other individuals, V'p
may be reduced more than V'm, and the RV attained after
the maximal manoeuvre may be less than after the partial
manoeuvre (fig. 3b). In this case, the magnitude of M/P
depends on the lung volume at which it is measured [38].
Hence, when M/P is used to detect the effects of DI on air-
way calibre, it is strongly recommended that the lung vol-
ume is maintained constant relative to total lung capacity
(TLC) at which flows are measured.

Assessing the changes of the bronchomotor effect of DI
from M/P during a bronchial challenge may be compli-

cated by the baseline values. If, for example, V'm decre-
ases from 5.5 to 2.0 L·s-1 and V'p from 4.0 to 0.5 L·s-1, the
M/P will increase to a value of 4. The same absolute M/P
values will be attained if V'm decreases from 4.0 to 2.0
L·s-1 and V'p from 4.5 to 0.5 L·s-1. Considering only the
final M/P value would lead to the conclusion that DI
reverses the bronchoconstriction equally in both cases.
This is obviously not true, as in the first case V'm and V'p
decreased by the same amount, whereas in the second
case V'm decreased less than V'p. However, baseline M/P
was different. To overcome this problem, WHEATLEY et al.
[39] proposed considering the ratio of the actual effect of
DI on flow over the expected maximal possible effect as
an index of bronchial reversibility by DI (RI): 

RI = (V'm,BC - V'p,BC) / (V'm,BL - V'p,BC) 

where the subscripts BC and BL indicate bronchocon-
striction and baseline, respectively.  Applying this formula
to the above examples shows that DI causes a greater re-
verse in bronchoconstriction in the second than in the first
case (43 versus 30%).

Another way to quantify the bronchodilator effect of DI
during a bronchial challenge is to calculate the slope of
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Fig. 2.  –  Diagrammatic partial and maximal flow–volume curves. Note
that the volume at which the partial forced expiration is initiated is
about 60% of vital capacity (VC). The dotted vertical line marks the
volume at which the maximal to partial flow ratio (M/P) is computed
(7.00/5.66 at 50% VC; 3.40/2.75 at 25% VC).
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Fig. 3.  –  Effects of lung volume on maximal to partial flow ratio (M/P).
a) M/P at 50% and 25% of vital capacity (VC) are the same (M/P=2)
because the downslope of the partial flow–volume curve is decreased
compared with the maximal curve, whereas the residual volumes (RV)
of the two manoeuvres are the same. b) M/P at 25% VC (M/P=4.5) is
higher than at 50% VC (M/P=1.8) because the partial and maximal
flow–volume downslopes are parallel and the RVs are different.
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the linear regression of all V'm values plotted against the
corresponding V'p values obtained at the same absolute
lung volume (MPslope) [40, 41]. With this approach, an
MPslope of zero indicates that the bronchodilator effect
of DI increases with the severity of bronchoconstriction
and completely reverses it (fig. 4a). In contrast, an MPslope
of 1 indicates that DI does not affect bronchoconstric-
tion (fig. 4b). This analysis assumes a linear relationship
between the changes of V'm and V'p, which has been con-
firmed [40, 41]. The MPslope has some advantages over
M/P. Firstly, the MPslope is calculated using the V'm and
V'p values measured during the entire challenge. Secondly,
the MPslope is linear even when M/P does not change line-
arly with bronchoconstriction. Thirdly, being calculated
over the difference between V'm and V'p, the MPslope is
independent of lung volume and thus of thoracic gas com-
pression, which is a volume shift (see below), provided
the downslopes of the partial and maximal flow–volume
curves remain parallel during induced bronchoconstric-
tion.

Measurements of flow–volume curves at the mouth are
affected to a varying extent by thoracic gas compression
[42, 43]. As the exhaled volume lags behind the true lung

volume change, the lung volume at which V'm and V'p are
measured is overestimated. When maximal and partial
flow–volume curves do not terminate at the same RV, gas
compression will bias M/P because of its volume depend-
ence (see fig. 3). Although significant, this effect is small
and does not seriously hinder the assessment of DI-
induced changes in airway calibre [32, 38]. The MPslope
depends on the difference between maximal and partial
flows which may increase during induced bronchocon-
striction. As long as the downslopes remain parallel during
the challenge, the MPslope depends neither on the volume
at which it is computed nor on thoracic gas compression
[38].

Some technical conditions must be satisfied to make the
assessment of the effects of DI from flow–volume curves
reliable and reproducible. Recommendations have been is-
sued on how to record maximal flow–volume curves [1, 2].
Because of the time dependency of the forced expiratory
manoeuvres, the inspiration preceding the forced expira-
tory manoeuvre should be standardized for both partial
and maximal manoeuvres [44]. In addition, the absolute
lung volume at which the partial expiratory manoeuvre is
intended to start should be known and kept constant when
comparisons between maximal and partial flows are made
under different conditions, i.e. before and after inhaling
bronchodilator or bronchoconstrictor agents. A volume of
50–70% of control FVC, as matched off from TLC, is
generally appropriate (fig. 2) [24, 27]. In practice, a simple
way to perform the manoeuvre under control conditions is
to ask the patient first to perform a maximal inspiration
followed by a maximal expiration, thus allowing inspi-
ratory capacity (IC) and FVC to be measured, and so to
calculate the volume between end-tidal expiration, i.e. end-
expiratory lung volume (EELV), and the intended percen-
tage of FVC from which the subject will start the partial
expiratory manoeuvre. Two minutes later and after regular
breathing, the subject will breathe in from EELV to the
desired percentage of FVC and then perform the partial
expiratory manoeuvre, immediately followed by a maxi-
mal expiratory manoeuvre after breathing in to full infla-
tion. After inhaling a bronchoconstrictor or
bronchodilator agent, EELV and FVC may vary substan-
tially. Yet, the absolute starting lung volume for the partial
expiratory manoeuvre may still be kept constant if the IC
is measur-ed approximately 2 min before the partial
manoeuvre in order to calculate the new volume between
EELV and the desired percentage of control FVC. This
technique as-sumes that TLC does not change systemati-
cally during a bronchoconstrictor or bronchodilator chal-
lenge, which is a reasonable assumption [45, 46].

Both curves should have sharp peak expiratory flow
(PEF), to indicate that the effort was maximal and pos-
sibly that gas compression was similar during the two
manoeuvres. Finally, V'm and V'p must be compared at a
volume below the notch of the partial curve, far from
supramaximal flow.

The assessment of the effect of DI on airway calibre by
comparing V'm and V'p may not be appropriate in patients
with highly nonhomogeneous lungs, such as cystic fibro-
sis patients [47]. Fast compartments empty early during
forced expiration and contribute little to the late expira-
tion. The relative volume of the fast and slow compart-
ments depends on the volume at which expiration begins
[48] and, thus, would influence the M/P ratio. Parallel and
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Fig. 4.  –  Plot of forced expiratory flow at 50% of control vital capacity
recorded after partial and maximal manoeuvres (V'p50 and V'm50). Slope
of linear regression of all values recorded during bronchial challenge
(        ) and lines of identify (        ). a) A hypothetical example in
which the decrease in V'p50 induced by deep inhalation (DI) is associ-
ated with unchanged V'm50. The slope is zero, which indicates that
bronchoconstriction is fully reversed by DI. b) An example in which
the decrease in V'p50 is similar to the decrease of V'm50. The slope is 1,
which suggests that DI is totally ineffective in reversing constriction.
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serial inhomogeneities are also well known to exist in pa-
tients with chronic asthma and/or COPD [48]. However,
they are probably much less pronounced than in cystic
fibrosis and do not account for the differences between
partial and maximal flows [47].

Lung and airway resistances

The effect of DI on airway calibre may also be quanti-
fied by comparing lung (RL) or airway (Raw) resistance
before and immediately after DI [4, 19, 29, 34, 41, 49,
50]. RL is the sum of Raw, which is volume dependent, and
tissue viscance, which is both volume and frequency de-
pendent [51]. Any change in breathing pattern or func-
tional residual capacity (FRC) may, therefore, affect the
assessment of the effect of DI on airway calibre by using
RL. If the volume-corrected reciprocal of Raw (specific air-
way conductance, sGaw) is used, the lung volume effect
must be taken into account. Even if breathing pattern and
FRC do not change, the assessment of the effect of DI by
using RL or sGaw is complicated because of its remarkable
time dependence [52]. Following a DI, RL or sGaw returns

to pre-DI values within 1–2 min [41, 49], but this depends
on the airway smooth muscle tone and the magnitude of
DI-induced changes [41]. For example, the absolute reco-
very of RL is slow under control conditions but tends to be
faster during induced bronchoconstriction [41], and it is
similar in asthmatics and normal subjects for a given mag-
nitude of resistance before DI [41, 49]. However, for the
same absolute decrease in RL after DI, the recovery is fas-
ter in asthmatics than in normal subjects [41], probably
reflecting a higher velocity of contracted smooth muscle
shortening after stretching [21, 53]. It follows that criti-
cally quantifying the effect of DI depends on how soon RL
or sGaw can be measured after DI (fig. 5). For these rea-
sons, the clinical use of RL or sGaw in the assessment of
the effects of DI on airway calibre is generally limited.
Only in patients with highly nonhomogeneous lungs is the
effect of DI on airway calibre more reliably assessed by
changes in RL or sGaw than forced expiratory flows.

Clinical patterns

Normal conditions

In healthy subjects, as well as in asymptomatic asthma-
tics with normal lung function, DI causes small or no
changes in airway calibre [28, 29, 32, 35–37, 39–41]. This
variety of response may result from interindividual dif-
ferences in baseline bronchial tone, parenchymal hyste-
resis, mechanical characteristics of airway walls [54], and
the forces of interdependence [14, 54, 55]. Even if greater
airway smooth muscle tone or airway remodelling may
affect the response to DI in asymptomatic asthmatics, it is
not possible to distinguish asymptomatic asthmatics from
healthy subjects on the basis of the response to DI at base-
line [37].

Induced bronchoconstriction

 In healthy subjects, bronchoconstriction induced by in-
haled methacholine or histamine is associated with a bron-
chodilator response to DI that increases proportionally to
the increase in airway tone [29, 35–37, 40, 41, 49, 50].
This response is blunted or absent in asthmatics [18, 26,
29, 30, 33–35, 37, 40, 41, 49, 50, 55]. This difference
might be explained on the basis of the relative hysteresis
theory [10] and/or altered airway smooth muscle mechan-
ics [14]. Firstly, airway elastic recoil decreases after tak-
ing a DI during airway smooth muscle contraction [7–9],
probably owing to changes in the cellular organization of
the contractile filaments, which reduce contractility after
changes to length during muscle stimulation [56]. If lung
elastic recoil does not decrease as much as airway recoil
after a DI, then the airways are able to dilate (fig. 1b). This
appears to be the case in healthy and mildly asthmatic
subjects [29, 35, 36]. In moderate to severe asthmatics,
lung recoil may decrease after a DI when constriction has
been induced by methacholine [29, 35], probably due to
an involvement of the peripheral contractile structures of
the bronchial tree (entrance rings of the alveolar ducts) or
lung parenchyma (Kapanci cells) [9, 29, 35, 36, 57, 58], or
to distortion of lung parenchyma adjacent to constricted
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Fig. 5.  –  a) Strip chart of simultaneous measurements of transpulu-
monary pressure (PL), flow and volume. b) Lung resistance (RL; circ-
les) and dynamic elastance (Edyn; triangles) computed for each breath
before and after deep inhalation (DI) in an asthmatic patient during
methacholine challenge. Functional residual capacity (FRC) was higher
than under control conditions and tidal expiratory flow impinged on
maximal flow previously measured during a forced partial expiratory
manoeuvre, thus suggesting expiratory flow limitation. Linear regres-
sions of RL (         ) and Edyn (          ) are shown that intercept time zero
(subject undertook DI). Open symbols indicate values after a plateau
was reached after DI, and were not included in the regression analysis.
Note the remarkable time dependence of RL and Edyn after DI. Also note
that FRC decreased for the first 30–40 s soon after DI (see volume trac-
ing), probably due to the abolition of expiratory flow limitation during
tidal breathing. (From [41], with permission).
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airways [59]. Under these conditions the tethering forces
around the airways become weak and bronchodilatation
after a DI no longer occurs or is blunted.

Alternatively, the loss of the bronchodilator effect of
DI in relatively severe asthmatics might be explained by
inoperative smooth muscle hysteresis, either secondary or
not to impaired airway to parenchymal interdependence
[14]. Recent model studies indicate that this occurs in the
case of peribronchial swelling, probably due to adventitial
inflammation itself and/or transport of inflammatory exu-
date from the (sub)mucosa towards the adventitia [14].
Whether peribronchial oedema might be due to DI itself is
not known. This condition mimics a decrease in elastic
recoil pressure or a decrease in lung volume [11, 12], lead-
ing to insufficient airway smooth muscle stretching. FRED-
BERG et al. [60] recently found evidence suggesting that
such mechanical unloading would favour the development
of a force-maintenance, latch state of smooth muscle [60].
In addition, mechanical unloading would enable smooth
muscle cells to adapt to a shorter length, thus promoting
further contraction and bronchoconstriction [61]. Indeed,
careful avoidance of inspiratory stretching of the smooth
muscle during bronchial challenge with bronchoconstr-
ictors in normal subjects induces airway hyperrespons-
iveness, similar to [55, 62], or less [63] than that observed
in asthma. Finally, it cannot be excluded that the loss
of bronchodilator effect of DI can be explained by an
increase in the velocity of muscle shortening in asthma
[21, 64]. Then, the restoration of tone following stretch
would be unnoticeably quick as opposed to the slow res-
ponse of smooth muscle to stretch in normal subjects.
These observations indicate that the impaired broncho-
dilation following DI in severe asthma may be due to
complex interactions between nonmuscular and muscular
mechanisms.

The bronchodilator response to DI is inversely correla-
ted with the airway sensitivity to constrictor agents [22, 35,
40, 50, 65, 66], which suggests that ease of constriction
and resistance to stretching share some common mecha-
nisms. For example, airway inflammation could make the
airways susceptible to reacting to small doses of constric-
tor agents and to becoming less compliant. Indeed, the
response to DI in asthmatics is associated with cellular
markers of inflammation in their bronchoalveolar lavage
[31]. In addition, the magnitude of the bronchodilator
effect of DI is inversely correlated to the degree of maxi-
mal bronchoconstriction [40, 50]. Thus, healthy or mildly
asthmatic subjects with a strong bronchodilator response
to DI are likely to have only a limited bronchoconstric-
tion, whereas more severe asthmatics without a broncho-
dilator response to DI are prone to developing excessive
bronchoconstriction. This association between the loss of
DI-induced bronchodilation and excessive bronchocon-
striction is not unexpected, since both features depend on
airway inflammation [31, 67, 68].

It appears, therefore, that the mechanical relationship be-
tween the airways and lung volume modulates the response
to bronchoconstrictor stimuli [14, 54]. This hypothesis is
supported by the recent finding [55, 63] that prohibiting
DI causes healthy individuals to respond to methacho-
line much like asthmatics. In addition, the inability of
the airways to dilate after a DI is correlated to the severity
of breathlessness during a bronchial challenge in asthma
[69]. This may be one of the reasons for the subjectively

perceived inspiratory dyspnoea in the presence of predo-
minantly expiratory flow limitation.

The ability of DI to dilate the airways may depend on
the agonist used to induce bronchoconstriction. For a given
degree of bronchoconstriction, M/P increases less with
histamine, substance P and hypertonic saline than with
methacholine [36, 68, 69]. Furthermore, during the early
response to allergen the M/P is less than after metha-
choline [22] but greater than during the late response to
allergen [34, 70]. The reduced bronchodilator effect of
DI after histamine is probably the result of an increase in
lung hysteresis [36, 57]. It can be speculated that the in-
flammatory events induced by allergens, especially during
the late reaction, stimulate the peripheral contractile ele-
ments of the lung, thus increasing parenchymal hysteresis
and reducing the ability of DI to dilate the contracted air-
ways. Such a blunted dilator effect of DI may also result
from peribronchial oedema, which retards the recovery
and relaxation of airways after bronchoconstriction [71]
and may blunt the transmission of the force of interde-
pendence to the airway walls [14], thus allowing smooth
muscle cells to promote further contraction [60, 61]. The
latter mechanism, however, could not be confirmed experi-
mentally [71].

Recognizing the effects of DI on airway calibre is cen-
tral to the interpretation of bronchial challenges. Airway
responsiveness is assessed from the position and shape of
the dose–response curve to a constrictor agent. There may
be large differences between dose–response curves ob-
tained by measurements with (e.g. FEV1) and without DI
(e.g. sGaw or V'p). If measurements with DI are used, the
dose–response curve may be critically dependent on the
number of manoeuvres and the time interval between
them [72] and, presumably, on the depth and number of
breaths necessary to inhale the agonist. Even a single DI
before inhaling methacholine affects the measurements of
FEV1 for the next 6 min [72].

Spontaneous bronchoconstriction

Typically, DI causes a transient decrease in forced ex-
piratory flow in patients with spontaneous asthma attacks
or COPD [19, 22, 27, 73]. This effect is greater in patients
with more severe obstruction, suggesting that the mecha-
nisms reducing airway calibre are also responsible for
the constrictor response to DI. Indeed, spontaneous ob-
struction in asthma is associated with peribronchial in-
flammation [74–76], which is likely to impair airway to
parenchymal interdependence, thereby precluding bron-
chodilation and promoting bronchoconstriction after DI
[14]. In addition, a peripherally located airway narrowing
would result in parenchymal hysteresis prevailing over
airway hysteresis, thus resulting in a bronchoconstrictor
response to DI [22]. A practical implication of these find-
ings is that the severity of airway obstruction is overes-
timated if assessed in chronically obstructed patients by
measurements with DI.

Effects of deep inhalation on lung volumes

The changes in airway calibre induced by DI may
regulate FRC [41] and RV [37, 77]. Under conditions of
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dynamic hyperinflation, i.e. when the FRC is increased
because flow limitation is encountered during tidal breath-
ing, an increase in airway calibre by DI may be associated
with a transient decrease in FRC (fig. 5). The increase in
airway calibre after DI is also associated with a decrease
in RV [37, 77], which is less in asthmatics than in healthy
subjects [37, 77, 78]. A delayed occurrence of airway clo-
sure or flow limitation after DI may represent the under-
lying mechanisms [37]. A bronchodilator effect of DI may
explain why the RV attained at the end of an expiration
starting from TLC is less than that attained at the end of an
expiration starting from end-tidal inspiration [79].

Effects of treatments

Usual doses of inhaled bronchodilators relax airway
smooth muscle, thus reducing airway hysteresis, with no
effect on lung parenchyma [80]. Consistent with the rela-
tive hysteresis theory [10], V'p increases more than V'm
after the inhalation of β-agonists [24, 80]. When given by
the systemic route or inhaled at higher doses, bronchodila-
tors also decrease parenchymal hysteresis, thus affecting
V'p and V'm similarly [80]. The clinical consequence of
this is that the use of maximal flow–volume curves leads
to a systematic underestimation of the bronchodilator res-
ponse. Such an underestimation could be the reason for
the relief of symptoms reported by many patients after in-
haling a bronchodilator despite a trivial increase in FEV1
[81].

The only drugs known to restore DI-induced broncho-
dilatation are glucocorticoids. In asthmatics, long-term
treatment with inhaled corticosteroids causes a decrease in
airway sensitivity to methacholine and an increase in M/P
[33]. The improvement in DI-induced bronchodilatation is
not shared by the nonsteroidal anti-inflammatory nedocro-
mil sodium and resembles the effects of both drugs on
excessive airway narrowing [82, 83]. The effect of cortico-
steroids on M/P may reflect a restored effect of interdepen-
dence between airway and lung parenchyma, secondary to
decreased peribronchial oedema.

Conclusions

It is remarkable that, until recently, the major physiolo-
gical breaking mechanism to airway narrowing in humans
in vivo has not received much attention in the pathophy-
siological and clinical research into asthma and COPD.
Since it has become apparent that this protective mecha-
nism is impaired or even absent in patients with relatively
severe asthma or COPD, it seems essential to unravel the
complex airway mechanics involved. The loss of broncho-
dilation following a DI is associated with clinical symp-
toms, excessive airway narrowing and inflammation. At
present, in asthma, it can only be restored by inhaled corti-
costeroids.

The recent progress in this field has been due to both
the development of accurate lung function techniques to
measure the effect of deep breath effects and the increased
understanding that the peribronchial area of peripheral air-
ways may be more important in determining the severity
and modulation of airway narrowing than the easily acces-
sible (sub)mucosa of the central airways.

Further studies combining newly developed physiolo-
gical techniques with modern methodology, such as high-
resolution computed tomography scans [84, 85], video
imaging [86] and, if possible, the histology of the airway-
parenchymal interface [74, 76], together with in vitro
studies [13, 60, 61] and mathematical models [54, 87] are
needed to provide more information about the basic mech-
anisms underlying the effect of deep inhalation in health
and disease, which were the subjects of speculation in the
present review. Eventually, these studies should lead to
specific interventions aimed at preserving and/or restoring
airway luminal patency in asthma and chronic obstructive
pulmonary disease, by using a manoeuvre widely acknow-
ledged and employed by our patients.
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