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Mechanisms of airway remodeling converge at the critical point of

bronchoconstriction in asthma
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Airway remodeling is a cardinal feature of asthma
progression and is associated with asthma severity.
However, its causes are complex, and our understanding of
the mechanisms remains limited. Early identification and
intervention to prevent progressive airway remodeling and
decline in lung function is the ultimate goal to improve
outcomes in asthma. Additionally, early identification
of treatable traits with novel combined structural and
functional phenotyping methods that target airway
remodeling would allow a precision medicine approach.

Writing in the Annals of Translational Medicine, Huang
and Qiu describe the findings of their extensive review of
research advances in airway remodeling in asthma (1). The
spectrum of identified mechanisms and observed associations
in their review covers the major established topics of airway
remodeling in asthma: airway wall thickening; epithelial cell
damage; thickening of the subepithelial reticular basement
membrane; hyperplasia or hypertrophy of airway smooth
muscle cells; mucus gland hypertrophy; and angiogenesis.
Additionally, they emphasize the effects of inflammation
as a primary driver and repeated exacerbations causing
pathological changes in the airway wall. It should be
added that there is also evidence for mechanotransduction
triggering airway remodeling (2-6).

Airway remodeling in asthma results in increased
airway wall thickness, mainly studied using histology and
computed tomography (CT). A significant recent finding
of a CT imaging study established at the epidemiological
level a predictive relationship between airway remodeling
and the rate of future exacerbations and lung function

decline in severe asthma (7). In another significant study,
airway histology has recently established that airway
remodeling occurs only in a fraction of airways and that
there is considerable overlap in airway measurements
between healthy controls and people with asthma (8). This
critical insight into the heterogeneity of airway remodeling
leads to the question if it is randomly scattered throughout
the bronchial tree or regionally clustered. It should be
noted that CT imaging has, in comparison to histology,
the limitation that image resolution allows reliable
measurements of relatively central airways with diameters
>2 mm only. Additionally, it cannot apply the normalization
by the perimeter of the basement membrane, the gold
standard in histology allowing for differences in baseline
smooth muscle tone and lung inflation.

Huang and Qiu review many different mechanisms of
airway remodeling in asthma (1) that all appear to include
the implicit assumption that they affect airways equally.
That assumption suggests that remodeling should be
homogeneous throughout the bronchial tree or, perhaps,
have some variability due to random biological variations.
However, can biological variation explain why only a
fraction of airways appears to be remodeled in airway
histology?

A bronchial tree is a system that consists of many
airways interacting with each other. So, could a complex
systems approach be relevant to our understanding of the
link between the mechanisms of airway remodeling and
its heterogeneity within the bronchial tree? As a thought
experiment of possible behaviors and tipping points in
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Figure 1 Airway narrowing during a simulated asthma attack in a computational model of bronchoconstriction in an airway tree. Initially,

airway behavior is homogeneous until the critical point in bronchoconstriction is reached. Beyond that point, positive feedback leads to

the emergence of separated clusters of airways—also referred to as phase separation—resulting in regions with VDefs. Reprinted with

permission from (9). VDefs, ventilation defects.

a complex system, suppose there is a pile of sand where
grains are added on top. As the height of the pile grows
and its slope gets steeper, a falling grain may not only push
a few other grains aside, but these grains may push others,
triggering a chain reaction that leads to an avalanche going
down the slope. At a critical point of stability beyond which
the system has positive feedback, a single grain's impulse
can trigger the emergence of an avalanche, a cluster of
sliding grains, while others remain in their previous state.
Such emergent phenomena with clusters of elements
exhibiting different behaviors are referred to as phase
separation.

During bronchoconstriction, airways in a computational
model of a bronchial tree exhibit progressive homogeneous
narrowing until a critical point in airway narrowing is
reached. Beyond this point, a feedback loop in the airways’
behavior becomes positive amplifying minor differences
(Figure I), which is similar to an avalanche growing in
size. For a simplified explanation, suppose there is a single
bifurcation of airways and a tiny difference in airflow
between the two branches. Less airflow in one branch results
in less tidal expansion of the lung parenchyma, lowering the
tethering forces at the airway wall and allowing the smooth
muscle to constrict further. This positive feedback leads
to a progressive narrowing and severe constriction of that
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airway (Figure ). In contrast, higher airflow causing higher
parenchymal expansion and tethering forces results in a
relative dilation as ventilation is redistributed due to the
progressively increasing constriction of the other airway.

Imaging during experimentally induced bronchoconstriction
mimicking an asthma attack has shown the emergence of
ventilation defects (VDefs), areas of very low ventilation or gas
trapping, consistent with the predictions of the computational
model (10). These VDefs are caused by high resistance in small
(<2 mm diameter) peripheral airways (11), and heterogeneity in
airway narrowing may result in pendelluft within the bronchial
tree (12).

The different mechanisms of airway remodeling
contribute directly or indirectly to an increase in
airway wall thickness. Additionally, the critical point
of bronchoconstriction is sensitive to changes in wall
thickness. Thus, the overall effect of different remodeling
mechanisms is a convergence at the critical point of
bronchoconstriction—the shift of the critical point due to
increased airway wall thickness is conceptually independent
of the dominating mechanism and the different individual
contributions. Structural differences between inflammation-
dependent and independent airway remodeling (13) may
have a similar effect on the critical point. However, a
change in total airway thickness shifts the trigger point for
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the emergence of VDefs and exacerbations in asthma (14).

In contrast to remodeling, airway inflammation may result in
reversible increases in wall thickness so that the overall airway
wall thickness has reversible and irreversible components. The
difference between reversible inflammation and persistent
remodeling affects the shifts in the trigger point for an
exacerbation. Perhaps, this could explain why the exacerbation
rate was in some longitudinal studies not associated with
circulating or sputum eosinophil counts (15). Additionally,
the identification of non-inflammatory asthma and COPD
phenotypes using fluctuation patterns in lung function (16)
suggests that variations in wall thickness, including reversible
and irreversible components, affect the trigger point for asthma
exacerbations (14).

The emergence of VDefs causes significant
regional differences in the airways. The evidence for
mechanotransduction affecting airway remodeling (3-6,17)
suggests that severe bronchoconstriction within VDefs
may trigger regional remodeling, and this could result in
spatial correlations (18). Additionally, regional differences
in airways affect the location of VDefs (19).

For future research, the question has been raised
if the altered immunity in the allergic phenotype has
been overemphasized at the expense of other structural
abnormalities of airways (20). Asthma involves a network of
disease mechanisms, including feedback loops where structural
and functional changes in immune mechanisms, inflammation,
remodeling, mucus in the airway lumen, and microbiota play a
role. Critical points and emergent behaviors appear to be key
nodes in such complex networks (21).

In summary, the review of research advances in airway
remodeling in asthma is very relevant. Further investigation
of airway remodeling as a component of complex airway
behavior during bronchoconstriction in an airway tree is
recommended. Changes in the airways of patients with
asthma are not isolated relationships but part of the complex
system of interconnected disease mechanisms where
isolated mechanisms may not explain the system’s overall
behavior and the development of structural and functional
differences among airways within the bronchial tree.
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