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Abstract

Functional closure of small airways can occur during tidal breathing
above functional residual capacity (FRC) both in asthma and chronic
obstructive pulmonary disease (COPD) patients, especially during ex-
acerbations. Such event has several noxious consequences on gas ex-
change, airway hyperresponsiveness and mechanical stress and strain
within lung tissue and airway wall, mostly due to increase in ventila-
tion heterogeneity. The availability of simple functional tests based on
sequential measurements of lung volumes (i.e., FRC), by plethysmog-
raphy and dilutional techniques may reveal and monitor easily tidal
airway closure that can be and should be treated with the aim of abol-
ishing or at least reducing this dangerous condition.

Introduction

The lumen of bronchioli that lack a cartilaginous support despite the
presence of a relatively increased amount of smooth muscle in their
wall, is preserved through the small airway-lung parenchyma interde-
pendence and the local production of tension-active substance [1,2].

The interdependence is function of both lung elastance and integrity
of alveolar attachments on the adventitia of the small airways [1]. The
elastic forces related to surface tension developed at the air-epithelial
lining fluid interface inside the small airways lumen that act to close it,
are reduced by the surfactant produced by the Clara cells [2].

Normally, these factors are able to maintain the small airways open
during tidal breathing with the exception in the older subjects where,
because of age-related loss of the lung elastic recoil pressure, the
closing capacity may occur above the end expiratory lung volume (i.e.,

the plethysmographic functional residual capacity), earlier in lying po-
sition and then also in sitting position [3]. In case, the dependent
small airways tend to stay closed during tidal breathing because their
negative transmural pressure is not counterbalanced enough by the de-
creased lung elastance. This phenomenon is believed to generate low
ventilation/perfusion ratios and/or intrapulmonary shunt in the de-
pendent lung regions, causing age-related progressive hypoxemia with
increased alveolar-arterial pressure difference [4].

Tidal airway closure

The patency of small airways during tidal breathing is crucial to pre-
serve homogeneous distribution of ventilation that narrows the re-
gional V/Q ratios, improves gas exchange, reduces airway hyper-re-
sponsiveness and limits stress forces and strain within the lung tis-
sues. Conversely, their functional closure above functional residual ca-
pacity (FRC) is going to produce the opposite, leading to a vicious
circle that may characterize the severity of obstructive lung diseases
such asthma or chronic obstructive pulmonary disease (COPD)
(Figure 1).

In particular, the mechanical load following the patchy closure of
small airways during tidal breathing has been neglected for long time,
but recently this has been clearly appreciated that it can sustain lung
parenchyma injury directly or by inducing further and persistent in-
flammation [5]. Accordingly, shear forces and distortion, due to het-
erogeneous distribution of tidal volume, that tend to prevail within
those lung regions served by small airways still open, will induce a rel-
evant mechanical stress with its biological effects [6,7]. On the other
hand, every spontaneous sight or deep inhalation by increasing the
volume-related elastic recoil pressure of the lung can reopen tran-
siently the small airways previously closed (“pop-up” phenomenon)
with possible mechanical stress/injury on their epithelial layer [8,9].
Subsequent further inflammation and remodeling in their wall will
ensue sustained by different pathways not entirely well defined yet, in-
volving NO production, cytokines and chemokines release and growth
factors synthesis [9,10].

Therefore, the consequences of uneven closure of small airways
during tidal breathing possibly due to intraluminal mucus exudates ac-
cumulation, submucosal and adventitial inflammation/edema of the
airway wall, bronchoconstriction, bronchiolar remodeling and poor
small airway-parenchyma interdependence may be very dangerous on
a long term and need to be avoided keeping the small airways open as
much as possible during the day and the night.

All these features can be observed in asthma and in COPD patients,
especially during exacerbations and in fact, small airways closure
during tidal breathing is expected to happen in these circumstances.
Many among the above mentioned factors leading to this condition are
irreversible, but some can be controlled by the available treatments.
Thus, we need to recognize such abnormal functional aspect that is
pathologically and clinically relevant for the patients, either when oc-
curs naturally or elicited by pharmacological testing. 
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ciable difference between FRC sequentially measured by body plethys-
mography and multibreath helium dilution technique has been pro-
posed as simple and widely available method to indirectly assess the
occurrence of tidal airway closure. The reasoning is that body plethys-
mography measures all compressible air in the lung at FRC, while the
dilution technique using multibreath helium in the closed circuit
measures the lung volume that can be ventilated at FRC. Normally
these measures are identical, but may differ in the presence of an ob-
structive ventilator defect when helium cannot mark some lung re-
gions that are not directly ventilated because served by functionally
closed airways [18]. 

This method was adopted during methacholine-induced broncho-
constriction in asthmatic patients to show that for a given fall of FEV1,
despite similar degree of dynamic pulmonary hyperinflation, some of
them suffered from tidal airway closure, as judged by the substantial
difference between FRC,Pleth-FRC,He, reflecting a more severe pe-
ripheral airway inflammation and remodeling (Figure 2) [19].

Such information seems relevant because these patients could not
be distinguished from the other ones who exhibited no difference be-
tween FRC,Pleth-FRC,He, according to baseline lung function and level
of airway hypersensitivity, as measured by PD20FEV1, or degree of air
trapping (increase in plethysmographic residual volume) and reduc-
tion of FVC at comparable maximum level of broncho-constriction [19]. 

This method can be easily applied in clinical practice to follow the re-
sponse to the medical treatment offered to exacerbated asthmatic pa-
tients, looking at closure and subsequent reopening of small airways
during tidal breathing, as shown by the example illustrated in Figure 3.

Pulmonary function measurements

In asthma exacerbations, during sudden attacks or progressive wors-
ening of the clinical condition, the strong and/or sustained contraction
of airway smooth muscle, together with mucus plugging, in the pres-
ence of uncontrolled, underlying adventitial inflammation may induce
closure of airway lumen during tidal breathing, especially in the distal
airways [11]. In fact, under these circumstances, the intrinsic load pro-
vided by the interdependence mechanism may be lost or greatly re-
duced due to the airway-lung parenchyma uncoupling caused by peri-
adventitial inflammatory fluid accumulation [12] and remodeling
process involving peculiar rearrangement of proteoglycan deposition
within extra-cellular matrix of the airway wall [13,14].

This has been demonstrated for both large (internal diameter >2mm)
and small (internal diameter <2mm) airways during induced broncho-
constriction or natural events throughout dynamic imaging of the lungs
obtained by using ultrafine radioactive aerosol and SPECT technique
[15] or hyperpolarized helium-3 magnetic resonance [16].

Pulmonary function measurements have been also suggested as
markers of peripheral airway closure in asthma such as the reduction
of FVC with little or no change of FEV1/FVC ratio either during natural
or induced airway obstruction or the absence of a “plateau” in the
FEV1 decrease during progressive methacholine or histamine pro-
voked broncho-constriction [17]. However, these parameters that are
associated with a condition of severe asthma, do not detect airway clo-
sure during tidal breathing. Recently, the determination of an appre-
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Figure 1. Schematization of the mechanisms underlying the adverse consequences of airway functional closure during tidal breathing in
asthma and COPD.
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Figure 2. FRC (triangles), RV (circles) and TLC (squares) sequentially measured by plethysmography (black symbols) and multibreath helium
dilutional technique (white symbols) at baseline, at the maximum of MCh-induced bronchoconstriction and after recovery following albuterol
are shown in two representative asthmatics (left panels) and in two groups of asthmatic subjects (right panel), divided according to decrease
(top panels: Group II) or increase (bottom panels: Group I) of FRC,He at the end of MCh challenge. The Mch-induced bronchoconstriction
is associated with marked Diff.FRC,Peth-FRC,He in Group II, suggesting substantial tidal airway closure only in these asthmatics.

Figure 3. Changes in FRC,Pleth and FRC,He observed in a representative asthmatic patients with an acute exacerbation, at baseline and
during therapeutic follow-up. The substantial difference between FRC,Pleth and FRC,He at the beginning, reflecting the presence of tidal
airway closure, is completely abolished with treatment, suggesting a complete reopening of small airways during tidal breathing. Note the
decrease in dynamic pulmonary hyperinflation with treatment as demonstrated by the plethysmographic FRC reduction. Bas = baseline; dd
= days; post-Beta2 = after acute administration of 400 mcg of salbutamol by MDI plus spacer.
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Figure 4. FRC,Pleth and FRC, He measurements at baseline and after 8-week period of regular therapy with ultra-long acting beta2 –ago-
nist (Indacaterol, 150 mcg by DPI) in a group of 8 stable COPD patients with moderate airflow obstruction (FEV1 = 53±12% pred.). The
difference between FRC,Pleth and FRC,He at baseline, suggesting the presence of tidal airway closure, is abolished after treatment, showing
a reopening of small airways during tidal breathing.

Plethysmographic functional residual capacity

In COPD patients substantial discrepancy between FRC,Pleth and
FRC,He can be observed more easily, even during stable conditions, es-
pecially when the airflow obstruction is severe-to very severe. In part this
can reflect patchy closure, in part dependent closure of small airways
during tidal breathing. The latter originates from a high closing capacity
that may exceed plethysmographic FRC, when the closing volume (CV)
is greater than expiratory reserve volume (ERV), because of decreased
lung elastance due to older age of COPD patients and the emphysema-
tous component of the disorder. In any case, a huge ventilatory hetero-
geneity can be envisaged under these conditions that associated to dy-
namic pulmonary hyperinflation often found in these patients also at rest
can sustain and increase both lung and systemic inflammation [20,21].

The reversible factors of tidal airway closure such as increased
cholinergic tone and bronchoconstriction, submucosal edema and
eosinophilic inflammation, intraluminal mucus exudates mostly ob-
served in COPD patients suffering from prevalent chronic bronchiolitis
must be adequately treated, trying to keep the small airways open
during normal breathing as much as possible throughout all the day. 

In a small group of stable COPD patients with moderate-to-severe
airflow obstruction showing a baseline marked difference between
FRC,Pleth and FRC,He, the regular administration for a 8 week-period
of an ultra-LABA bronchodilating agent such as indacaterol by DPI, was
able not only to deflate these patients by significantly reducing plethys-
mographic FRC, but also to almost completely reverse tidal airway clo-
sure, as suggested by the similar measurements of FRC with both tech-
niques obtained after treatment (unpublished data) (Figure 4). 

This is not the usual result following bronchodilators in more ad-
vanced COPD patients where the difference between FRC,Pleth and
FRC,He can be definitely reduced but never abolished (Figure 5).
Nevertheless, diminishing any source of ventilatory heterogeneity
may reduce stress forces and strain within lung structures, limiting
the mechanical damage and the consequent inflammation/remod-
eling of lung tissue. Moreover, the pharmacological stent of small
airways, maintaining them open where this is attainable, can im-
pede the repetitive volume-related “opening and closing” process
during tidal breathing and the likely associated mechanical epithe-
lial injury. Therefore, the following inflammation and/or remodeling
of the small airways wall might be less extensive with improvement
of gas exchange and airway hyperresponsiveness and with long-term
positive effects on lung function decline and risk of COPD exacer-
bations. 

Conclusions

In summary, both in asthma and COPD patients small airway closure
can occur during tidal breathing and may be easily demonstrated with
simple pulmonary function testing implying lung volume measure-
ments, rather than expensive and difficult techniques based on dy-
namic imaging of ventilation heterogeneity. The unfavorable patho-
physiological and clinical implications of this condition begin to be un-
derstood, but more evidence is necessary. Nonetheless, the abolition or
reduction of tidal airway closure seems very useful and should be firmly
achieved and persistently maintained.
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Figure 5. Changes in FRC,Pleth and FRC,He observed in a representative COPD patient with COPD exacerbation, at baseline and during
therapeutic follow-up. The marked difference between FRC,Pleth and FRC,He at the beginning, reflecting the presence of tidal airway clo-
sure, is reduced but not completely abolished with treatment, suggesting a partial reopening of small airways during tidal breathing. Note
the decrease in dynamic pulmonary hyperinflation with treatment as demonstrated by the plethysmographic FRC reduction. Bas = baseline;
mm= months; post-Beta2 = after acute administration of 400 mcg of salbutamol by MDI plus spacer.
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