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Abstract
Structure-function relationships in the respiratory system are often a result of the emergence self-
organized patterns or behaviors that are characteristic of certain respiratory diseases. Proper
description of such self-organized behavior requires network models that include nonlinear
interactions among different parts of the system. This review focuses on 2 models that exhibit self-
organized behavior: a network model of the lung parenchyma during the progression of
emphysema that is driven by mechanical force-induced breakdown, and an integrative model of
bronchoconstriction in asthma that describes interactions among airways within the bronchial tree.
Both models suggest that the transition from normal to pathologic states is a nonlinear process that
includes a tipping point beyond which interactions among the system components are reinforced
by positive feedback, further promoting the progression of pathologic changes. In emphysema, the
progressive destruction of tissue is irreversible, while in asthma, it is possible to recover from a
severe bronchoconstriction. These concepts may have implications for pulmonary medicine.
Specifically, we suggest that structure–function relationships emerging from network behavior
across multiple scales should be taken into account when the efficacy of novel treatments or drug
therapy is evaluated. Multiscale, computational, network models will play a major role in this
endeavor.
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I. INTRODUCTION
The most complex phenomenon known to us is life. Indeed, the evolution of life and the
evolution of biological complexity are stunning, and many attempts have been aimed at
understanding the origin of life and biological complexity both at the experimental and
theoretical levels. Despite dramatic advances in biological and medical research, many
phenomena cannot simply be explained using the traditional reductionist approach, which
seeks linear correlations between parameters. The reason for this limitation is that those
phenomena are emergent, meaning that the interactions among molecules, different
metabolic or signaling pathways, cells, different regions of an organ, or, in general, various
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components of a system can lead to unexpected novel and coherent structures or behaviors
that cannot be predicted by considering the components in isolation.

It has been argued that emergence is a result of self-organized behavior in complex
nonlinear systems under the influence of nonequilibrium conditions.1 Nonequilibrium
conditions force the nonlinear system to undergo transitions or bifurcations and, as a result,
the emergent structure or behavior that develops depends on these nonequilibrium
conditions as well as the history of the transitions. Reconstructing and understanding such
structures or behaviors is not possible using simple extrapolation of the fundamental
properties of the components of the system; new approaches are required that are as
fundamental as the properties themselves.2 The science of complex systems offers time
series analyses, computational tools, and mathematical theories that can be applied to
emergent properties.

This review discusses two important areas of emergent behavior related to lung
pathophysiology that have not yielded resolution via the traditional reductionist approach.
The first is the progressive nature of emphysema in terms of tissue destruction and the
second is the self-organization of airway constriction related to asthma. In both cases, the
underlying microscopic structure undergoes spatially correlated changes in such a manner
that new functional behavior emerges at the macroscopic scale that significantly influences
health. These structure–function relations are emergent and need to be understood from the
point of view of the overall system, which currently can only be done through computational
modeling. As we show in this short review, computational bioengineering and physics can
contribute to significant new insights with important clinical implications to these diseases.

II. PULMONARY EMPHYSEMA
A. characterization of Emphysema

Pulmonary emphysema is defined by pathologic criteria as the destruction of lung
parenchyma distal to the terminal bronchioles without associated inflammation or fibrosis.3,4

The physiologic manifestations of the disease include impaired gas exchange due to loss of
alveolar surface area, airflow limitation, increased lung compliance, and increased work of
breathing. The main risk factors for emphysema are exposure to cigarette smoke,
environmental irritants, genetic factors, and indoor pollutants.5 The major mechanisms
classically thought to be responsible for and/or involved in the development and progression
of emphysema include the protease–antiprotease imbalance, inflammation, oxidative stress,
apoptosis, and matrix remodeling.5 However, it is likely that these are not entirely distinct
processes and that each contributes to the development of this complex disease.6 Compelling
evidence points to inflammation that can trigger a cascade of responses that culminate in the
tissue destruction that is characteristic of this disease.7

Most of the mechanisms that have been proposed to be involved in the pathogenesis and/or
progression of emphysema come from animal research.8,9 The usual animal models include
knock out7 or transgenic mice10 or mice that have been treated with some agent such as
cigarette smoke11,12 or elastase.13,14 In most studies, the presence of emphysema is
confirmed from histologic slides using measurement methods such as the mean linear
intercept.15–24 When the mean linear intercept is found to increase compared to control, the
molecule that was knocked out or occurred in excess is concluded to be an important
contributor to emphysema.21,25–28 Interestingly, many studies have reported or introduced a
new animal model of emphysema. Indeed, at present, there are at least 20 different known
animal models of emphysema.7,10,12,25,27,29–36 Nearly every year a new and important
molecule or receptor is identified, implying that there may be 20 or more different molecules
that are essential for the development or progression of this disease. These studies at the

Winkler and Suki Page 2

Crit Rev Biomed Eng. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cellular and molecular levels are important, and undoubtedly, many of these molecules and
their associated mechanisms could play a role in the pathogenesis or progression of this
disease. Yet one outstanding question remains: How does the lack or excess of a single
molecule lead to airspace enlargement? Since the very essence of confirming the presence of
emphysema is airspace enlargement, all of these mechanisms must generate tissue
elimination. Therefore, we must ask whether these mechanisms converge somewhere along
the path to airspace enlargement or whether each follows a different pathway.

If a common mechanism was involved in the last stage of airspace enlargement, then such a
mechanism could not possibly be related to a single molecule. Instead, such a mechanism
must act on all molecules involved; in other words, there must be some interaction among
the molecules. Here we argue that this mechanism is simply a mechanical force whose role
in the progressive nature of emphysema has been overlooked in the biological and medical
research community. To put it simply, the lung is a mechanical device that has evolved to
serve the gas exchange needs of an organism. For proper gas exchange with sufficient
reserve capacity, a large surface area with a small diffusion distance is necessary.37 The 3-
dimensional (3D) structure of the thin-walled alveolar septa forms a fractal with a huge
surface area38 that is unstable at low inflating pressures. To prevent lung collapse, the
alveolar wall network at the end of expiration is under a pre-existing mechanical stress, also
called prestress, generated by the pleural pressure around the lung. In addition, breathing
superimposes cyclic forces with intermittent deep inspirations. These forces are in fact
capable of physically rupturing an entire alveolar wall after the sufficient enzymatic damage
and repair that occur in emphysema.39

It has been suggested that mechanical factors should contribute to disease progression40 as
measured by a decline in forced expiratory volume in 1 s (FEV1)41 or by changes in the
properties of low attenuation areas (LAA) in computed tomography (CT) images.42 In fact,
mechanical force-based tissue destruction serves as an organizing principle that can help
explain how the various, apparently different, molecular mechanisms ultimately generate
progressive airspace enlargement. Furthermore, since the lung parenchyma is a network of
delicate septal walls, its macroscopic elasticity (characterized by lung compliance) is an
emergent property arising from the combined effects of septal wall elasticity, surface
tension, and, importantly, the network topology of the parenchyma. Thus, mechanical force-
based elimination of septal walls weakens the network and reduces its bulk modulus, and
hence, this is also the driving force behind any structure–function relation associated with
disease progression.

B. the Progressive nature of Emphysema
Based on the previous discussion, we can formulate the following overall hypothesis about
the progressive nature of emphysema: Independent of the initial pathogenesis, the
irreversible and relentless progression of emphysema is associated with the physical failure
of the alveolar septal walls due to the effects of mechanical forces during breathing on the
enzyme-injured lung.

This hypothesis contains several important elements. First, it states that what drives
progression is independent of the nature of pathogenesis. Thus, if this is true, the ultimate
nature of progression is due to mechanical force-induced alveolar septal-wall rupture,
independent of how the disease was triggered which would then be a main factor in all of the
aforementioned animal models of emphysema. This, however, does not imply that
mechanical forces cannot be involved in the pathogenesis. For example, it has been recently
shown that mechanical forces on elastin fibers in the alveolar wall accelerate the cleavage of
elastin through an increase in the unbinding rate of elastase and at the same time unfold
cryptic binding sites along the fibers.43 Furthermore, we can speculate that changes in the
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mechanical properties of the alveolar walls due to smoke-related elastase injury also induce
alterations in cellular mechanotransduction, which in turn can trigger further secretion of
enzymes. This has not been proven, but the possibility cannot be excluded until it is actually
confirmed experimentally.

The second factor is that the progression is irreversible. Clinicians know well that
emphysema ultimately leads to death. The postulated role of mechanical forces is fully
consistent with irreversibility. Once an alveolar wall ruptures due to mechanical forces, the
separation of the wall tissue into fragments is fully irreversible. If cells could be guided to
rebuild such walls or if some tissue-engineering method existed to replace the failed wall,
then reversibility might occur. Unfortunately, both biology and tissue engineering are far
from achieving this. Even if cells could be made to rebuild alveolar walls, there is no
guarantee that the regeneration would be as functional as the original tissue, since the cells
would have to do their regenerative work under different conditions (e.g., altered
parenchymal architecture, biochemical milieu, and prestress on the tissue).

The third element of this hypothesis states that progression is relentless. This is something
that is not easily understood in terms of the biology or biochemistry of the disease. It has
been proposed that the almost unnoticed residual, or perhaps even viral inflammation, keeps
the “cigarette” burning44 even after smoking has ceased. However, the same question arises:
How does inflammation eliminate alveolar septal walls? Mechanical force-based destruction
offers again a simple and attractive scenario. As mentioned, previous experiments have
shown that, when an alveolar wall is enzymatically weakened, mechanical forces can break
the alveolar wall.39 Since the parenchyma is under tensile prestress, when an alveolar wall
actually ruptures, the stress the wall carried just before failure is redistributed among the
neighboring walls. Consequently, some neighboring areas experience an increased prestress,
which unfolds new binding sites and increases the unbinding and cleaving rate.43 These
mechanisms in turn result in a higher probability of the mechanical failure of the wall. Thus,
a single rupture can lead to a cascade of ruptures near the first rupture and can serve as a
positive feedback for further breakdown.45 Notice that a cascade of mechanical failures
generates spatial interactions among more distant regions of the elastic network of the
parenchyma, which in turn leads to emergent structure and behavior (as discussed below).
Furthermore, such a cascade is exactly what persistent or relentless progression means, and
this represents a tipping point beyond which the structure and the corresponding function
cannot return to the normal condition that existed before the first failure. Of course, when a
wall ruptures, the neighboring wall does not necessarily rupture immediately. A new
mechanical equilibrium is formed, and the neighboring walls first experience more prestress.
The new equilibrium may remain stable for a longer time period. However, sudden
exacerbations interrupt these quiet periods. While the exacerbation might be triggered by
viral or bacterial infections, the many cycles of breathing generate fatigue and/or the
forceful coughing during exacerbation eventually lead to failure of septal walls, which in
turn results in a sharp decline in function. Thus, if local fatigue and/or mechanotransduction
play a role, the process can be slow yet irreversible and relentless as well as independent of
the initial cause of enzyme-induced weakening of the tissue.

What is the evidence for the mechanical force-induced progression? The possibility that
mechanical forces contribute to the progression of emphysema was put forth as early as
1971 by West,46 who showed that the topographical distribution of emphysema scores
closely resemble the regional distribution of mechanical stresses in the lung due to
deformation under its own weight. This insight emerged from extensive computational
work. West then argued that mechanical forces contribute to tissue pathophysiology. This
idea was revisited 30 years by Kononov et al., who used imaging of the alveolar walls
coupled with simultaneous measurement of the mechanical properties of tissue strips during
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uniaxial stretching.39 Importantly, it was found that the alveolar walls from elastase-treated
rats can break under the influence of mechanical forces akin to those likely to occur in vivo.
Follow-up studies comparing lung function in smokers with upper-zone emphysema with
that in a1-antitrypsin deficient patients with lower-zone emphysema clearly showed a faster
rate of functional decline in those with upper-zone emphysema.47 More recent experimental
evidence supporting this hypothesis has emerged from clinical observations among patients
with advanced emphysema undergoing lung volume reduction surgery (LVRS). LVRS
involves surgical resection and resizing of the hyperexpanded lung to the chest wall.48 This
therapy produced an immediate 30–50% increase in recoil pressure.49 Since the remaining
lung of these patients is stretched to fill the thoracic cavity, mechanical forces on the
connective tissue must also increase. Many patients who undergo LVRS experience a
deterioration in lung function over time that is accelerated compared to their rate of lung
function decline prior to surgery49,50 and that is far greater than would be anticipated for
nonsmokers. Also, a statistically significant correlation between the magnitude of short-term
incremental improvement and the long-term rate of deterioration in FEV1 following LVRS
has been reported.48 Thus, the increased mechanical forces on the fiber network that follow
LVRS and dictate immediate physiological benefit may also be responsible for an
accelerated rate of mechanical damage of the alveolar walls and subsequent deterioration of
lung function. The notion that mechanical forces contribute to tissue destruction is also
consistent with detailed analysis of CT images of the lung.42 Specifically, in this study a
network model was introduced which was able to mimic the early progression of the disease
as seen on CT images when airspace enlargement was based on mechanical force-induced
rupture. The network model was further refined in several other studies that provided
consistent agreement with lung mechanics in normal51 and emphysematous tissue52 as well
as imaging of alveolar-wall stretching under a microscope.53

c. mechanical Forces and the Emergence of Structure–Function relations
As discussed in the previous section, the role of mechanical forces in the progression of
emphysema is consistent with this hypothesis and can explain the irreversible and
progressive nature of the disease. While this does not exclude other mechanisms, it can
serve as an organizing principle since ultimately the mechanical failure of the alveolar wall
is due to mechanical forces and not enzymatic dissolution. Perhaps most important is the
fact that many reports present data both in patients and animal models of emphysema that
are consistent with this hypothesis. In this section, we will describe how mechanical failure
is responsible for both changes in structure and function using a simple elastic network
model.

Let us consider a simple, small hexagonal network model of the lung parenchyma54 similar
to that first proposed by Mead et al.55 The network is composed of identical perfectly elastic
and linear springs (Fig. 1A). The borders of the network are fixed in space, whereas all the
internal nodes are free to move when the equilibrium is perturbed. Additionally, all springs
are prestressed which means that the initial length of the springs at which they do not
generate recoil force is smaller than their current length. This condition is maintained via the
fixed borders. Due to symmetry, each spring inside the network carries an identical force.
Next, we mimic airspace enlargement by assuming that spring 1a becomes weak due to
enzymatic digestion and that its threshold for failure decreases below the unit force it
carries. Consequently, spring 1a ruptures, the force this spring carried just before rupture is
redistributed among the neighbors, and a new equilibrium is established. This new
configuration of the network is shown in Fig. 1B, where the color of each spring is
proportional to the force it carries. Figure 1C compares the forces on springs 1, 2, and 3
before and after the failure of spring 1a. It can be seen that the force on spring 1, and due to
symmetry on spring 1b, increases. The same happens with spring 2. However, the force on
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spring 3 decreases, since this spring is now in the horizontal direction forming a single
spring with spring 2a. It is easy to understand how this new force distribution comes about.
Before breaking, the total force in the horizontal direction is 3 units (Fig. 1C, gray bars)
carried by 3 springs: 1, 1a, and 1b. After breaking, the force is carried only by 2 springs (1
and 1b); therefore, the force these 2 springs carry must increase. Notably, the force is not
conserved here before and after breaking, since the boundary conditions are given as fixed
nodes and not fixed force.

We can now see how the failure of a single element predisposes the neighboring elements to
failure: elastic equilibrium following rupture requires that its neighbors carry a larger force
than before rupture. At the same time, the failure of a single element also induces airspace
enlargement. Furthermore, the elastic stiffness and consequently the recoil force of the
network decreases since there are fewer springs in the network. This can be seen simply as
follows. If we stretch the network by a small amount in the vertical direction, then the
network before failure resists this stretch altogether by 11 springs. After failure there are
only 10 springs remain to resist the stretch, and hence the network after failure is weaker
with an elastic modulus that is expected to be about 10% smaller. For a more accurate
analysis, the changes in angle between neighboring springs would have to be taken into
account. When solved numerically using a uniform stretch in 2 dimensions (2D) (mimicking
uniform volumetric stretch in 3D), the stiffness of the network indeed decreases following
the failure of spring 1a.51 The inverse of this stiffness is the compliance which is a measure
of the functional property of the network because it specifies the ability of the network to do
work when stretched beyond its equilibrium configuration. The compliance of the network
in Fig. 1B is larger by about 16% than that of the intact network in Fig. 1A. These findings
may be summarized as follows. The rupture of a single spring in the network induces local
airspace enlargement, which in turn also increases the global compliance of the network.
Thus, mechanical failure simultaneously drives structural and functional changes. Hence,
structure–function relations of the emphysematous lung emerge as a consequence of
topological changes in the elastic network of septal walls due to mechanical forces acting on
the enzymatically weakened parenchyma.

While mechanical failure alters the stress distribution in any network, in biological tissues it
also sets up the network for further breakdown through various biochemical and biological
mechanisms. One possibility is that increased stress leads to unfolding of binding sites and
augments cleavage.43 Recently, it has been also shown that elastin fragments are
chemotactic in that they recruit new inflammatory cells that can produce and secrete further
enzymes driving the progression of the disease.56 Furthermore, the small molecular weight
fragments of the proteoglycan hyaluronan have proinflammatory properties.57 These
biochemical changes in the local extracellular matrix (ECM) region followed by rupture
initiate a positive feedback loop which, in turn, generates slow avalanches of breakdown that
eventually gives rise to progressive emphysema. This feedback loop likely starts in a small
microscopic region as a seed. However, as successive ruptures open up larger and larger
defect holes in a self-organized manner, the effects of rupture percolate to the macroscopic
scale.58 The result can be seen in CT images as LAA. The distribution of LAA has been
shown to follow a power law,42 which invariably signifies a complex system with emergent
properties.59 Thus, mechanical force-induced network breakdown leads to an emergent
structure that can be detected in clinical settings. Indeed, the analysis of the power law with
regard to LAA distribution has been useful for the selection of patients for LVRS.60

With regard to early signs of the disease, it is instructive to further analyze the network. In
addition to inducing airspace enlargement, we should also notice that the airspaces around
the large hole contract (Fig. 1B). This is a result of the requirement for mechanical
equilibrium. Thus, a homogeneous network becomes highly heterogeneous following a
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single rupture as the central airspace increases in size while the surrounding airspaces
decrease in size. Therefore the first sign of the progression of emphysema is expected to be
the appearance of heterogeneity on histological slides. This is exactly what was found in
early emphysema in the pallid mouse,52 a model of α1-antitrypsin deficiency.61 Specifically,
the standard deviation of alveolar size showed the largest difference between normal and the
pallid mouse.52 The important finding here is that this increase in heterogeneity occurred at
the age of 7 weeks. Previously, based on mean linear intercept measurements, the pallid
mouse was thought to develop emphysema only in adulthood by about 10 months of
age.61,62 However, analysis of the heterogeneity indicates that there must be early but subtle
biochemical alterations in the tissue that allow a few ruptures to create topological
heterogeneity. By looking at the mean linear intercept only, such subtle signals are easily
missed.63 To maximize our ability to capture early signs of such heterogeneity,
Parameswaran et al. recently introduced a new index, the area weighted mean alveolar
diameter D2, and showed that it is significantly more sensitive to changes in heterogeneity
than the mean linear intercept.63 In the case of the network model in Fig. 1, we should note
that the mean area of the airspaces in Fig. 1B is the same as in Fig. 1A, since the boundaries
of the network were fixed. Thus, the mean size does not change at all, and the only relevant
signal is the heterogeneity of the network structure. This notion has also been corroborated
in a 3D analysis of the alveolar structure in normal and elastase-induced emphysema in
mice.64

Given this analysis, the next question is to what extent structural heterogeneity influences
organ-level function. In a recent study, mean respiratory compliance Cmean was correlated to
biochemical and structural parameters of the mouse lung before and after elastase-induced
emphysema.65 Interestingly, Cmean did not correlate with bulk measures of soluble type I
collagen, type III collagen, or elastin. There was, however, a strong association between
Cmean and the mean equivalent diameter of airspaces (Deq), and an even stronger relation
between Cmean and D2 with r2 values of 0.675 (p<0.01) and 0.933 (p<0.001), respectively
(Fig. 2A). Since D2 includes higher-order moments of the distribution of equivalent airspace
diameters, it is highly sensitive to heterogeneities. Thus, the correlations in Fig. 2A provide
evidence that it is not the mean airspace size but its heterogeneity that primarily determines
function in agreement with the network analysis. Further insight can be gained by examining
how function emerges from the underlying structure, when heterogeneity is generated in
various ways. To do this, a 2D rectangular network of linear elastic springs was used to
predict the structure–function relations in Fig. 2A.65 A uniform negative pressure was
applied at the boundaries of the network to mimic pleural pressure, which generated tensile
forces on the springs. Emphysema progression was then simulated in 3 different ways at
subsequent iterations: (1) springs were uniformly weakened, (2) springs were randomly
eliminated, and (3) springs carrying high force were eliminated based on previous
findings.39 The 2D compliance C of the network was calculated, and the iterations were
repeated until C increased by 2, the same increase seen in Cmean in the experimental data
(Fig. 2A). Following proper normalization, the model simulations can be compared to the
data from the same study.65 It can be seen from Fig. 2B that each of these mechanisms
produces an approximately linear relation between the normalized C and the normalized D2
of the network during simulated disease progression, but the slopes of these relations are
very different. The data corresponding to the force-based destruction approximates best the
experimental results suggesting that producing a few large defect holes has a much stronger
effect on function than uniformly weakening the alveolar walls.

D. Future Recommendations
Before concluding this section, we should point out possible areas of future research that
could help unravel this debilitating disease. It is possible that extensive research will, in the
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end, identify a single molecule responsible for the pathogenesis of emphysema. However, it
is not likely that a single molecule will be able to account for its progressive nature. First,
recall that the parenchyma is a network and that its macroscopic compliance characterizing
its functional behavior emerges from network effects during the progressive breakdown of
the structure. The most important feature of emergence is that it is not the properties of the
individual components, but their nonlinear interaction that leads to unexpected structure or
behavior. Mechanical failure, a prerequisite for airspace enlargement, is a process that
occurs at multiple-length scales.

At the lowest scale, the structure and the bio-mechanical properties of single collagen and
elastin fibers are complex,66 and the physical process of how a fiber composed of thousands
of interlinked fibrils and molecules fails under mechanical tension is not well understood.
While enzymatic digestion weakens tissues and hence the fibers,43 it is not known how
inflammation and remodeling alter the failure stress of single fibers. How does a septal wall
consisting of a network of collagen and elastin fibers rupture? The failure of a simple elastin
network embedded in and cross linked by proteoglycans already shows emergent network
behavior.67 It is thus expected that the rupture of the alveolar wall as a composite material
will exhibit even greater complexity.

Since collagen is the major load-bearing element at high strain, understanding the failure
process both at the level of a fiber and the alveolar wall is important because inventing a
way to protect the collagen from rupture may yield a treatment that slows down the
progression of the disease. Aerosolized administration of hyaluronan creates a coating
around elastin and this has been shown to reduce the severity of smoke-induced
emphysema.24 Perhaps similarly, inducing a coating or cross-linking, or steering the cellular
remodeling process appropriately, might lead to such protection of collagen. With regard to
the network behavior of the parenchyma at a larger scale, a topological change induced by
septal-wall rupture alters the elastic interactions among the neighboring network elements
by increasing or decreasing the prestress.

It is not known how far such interactions reach in the network. Yet this is of crucial
importance since it determines the size of the region in which a change in biological
response is expected. The nature of this biological response is also not well characterized.
For example, how do cells respond to increased stress in a biochemically altered ECM?
While stretch alters binding-site availability and unbinding reaction rates in normal tissue,43

we do not know whether these phenomena depend on stretch in the biologically remodeled
ECM. Are there any tissue-engineering possibilities? If so, how should the size and the
physical and biological properties of the engineered tissue be optimized, and what should be
the target location of tissue replacement? Some hypothetical solutions have been proposed
based on network modeling.68 At an even larger scale, the ongoing failure process alters the
properties of CT images,42 but it is not well understood how the pattern of destruction in the
3D geometry of the parenchyma influences function. Insight from 3D network modeling
would be useful because linking regional compliance to destruction pattern might provide a
way to statistically predict regions of deterioration or suitability for LVRS. Perhaps
combining such modeling with clinical CT imaging could also be used to predict the risk of
exacerbation with impact on treatment strategy. In summary, we believe that the tools of
complexity combined with computational modeling and molecular and system level
analyses can significantly contribute to resolving many of the outstanding issues which in
turn may lead to the amelioration or perhaps the treatment of emphysema in the future.
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III. BRONCHOCONSTRICTION IN ASTHMA
A. Characterization of Bronchoconstriction

The most severe manifestations of airway diseases are airway narrowing and closure. In
asthma, which has a high prevalence and affects millions of people worldwide,69,70 acute
bronchoconstriction leads to a rapid and sometimes life-threatening decrease in airway
lumen and subsequently an increase in airway resistance and the work of breathing.
Additionally, bronchoconstriction impairs gas exchange and leads to gas trapping and
hyperinflation.71

Bronchoconstriction in asthma has been studied extensively and compared with the behavior
of normal airways, including investigations of the behavior of the whole lung, tissue strips,
cells, and molecular processes. These studies have lead to major advances in our
understanding of both isolated mechanisms and global lung behavior. The primary, although
mostly implicit, paradigm of these studies was that whole-organ behavior is determined by
the sum of behaviors of the isolated components, which may be acceptable for certain
specific questions. However, during the last decade it has become clear that there are
nontrivial behaviors of the airway tree that emerge from interdependencies among the
individual components that have previously only been studied in isolation.72

An increasing number of imaging studies suggest that the average behavior of the individual
components of the lung does not predict the lung's overall behavior during
bronchoconstriction. Examples of this disconnect come from magnetic resonance (MR)
images of asymptomatic asthmatics,73 after methacholine- and exercise-induced
challenges,74 and from dynamic positron emission tomography (PET) scans during
bronchoconstriction in sheep75 and in humans,72,76,77 which have demonstrated the presence
of large regions with very low ventilation. The large size and shape of these ventilation
defects (VDefs) led initially to the speculation that VDefs may be caused by severe
obstruction of large airways.74 However, experimental evidence78 and theoretical models79

suggest that VDefs are primarily caused by heterogeneous constriction of very small airways
(<< 2 mm diameter) that cannot be directly measured by CT imaging. In addition to the
heterogeneity in ventilation, there is evidence from imaging studies showing that VDefs
affect the regional distribution of pulmonary perfusion.76

B. Mechanisms of Bronchoconstriction
Ventilation heterogeneity, including patchy patterns of VDefs, cannot be explained by linear
correlations between 2 or more parameters of individual components of the lungs nor by the
average behavior of independent airways, even if a random component is included (e.g.,
Venegas et al.72 and Anafi et al.80). Also, how is it possible that the most severe constriction
of very small airways is not randomly scattered but clustered in VDefs?

To answer these questions, we have to consider that each airway is part of the airway tree
and embedded in the lung parenchyma. The diameter of an airway embedded in the lung
parenchyma can be determined by the balance of forces from parenchyma recoil, tissue
deformation, and transmural pressures81 so that it represents a local static behavior.82 Static
behavior refers here to a well-defined class of models in systems theory that have no
memory or state parameters. Anafi and Wilson added two important mechanisms to this
local static model: (1) the effects of the airway diameter on the airflow through the airway
and, thus, on the local tidal expansion of the parenchyma and the embedded airway, and (2)
the physiological effect of tidal expansions on the tension of ASM.83 Adding dynamics as a
local mechanism showed that interactions among the different components, that affect the
airway diameter during bronchoconstriction result, under pressure-controlled conditions, in
instability below a critical diameter and, subsequently, in airway closure. Additionally, the
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reopening of closed airways requires pressures that are substantially higher than the critical
pressure for airway closure.

An integrative model of bronchoconstriction was the first computational model that
combined Anafi et al.'s local dynamic model of a single airway with a network structure of
the airway tree.72 In this integrative model of airway behavior, the constriction of each
individual airway is determined by its interactions with other airways and the regional lung
inflation rather than by an average behavior as in lumped parameter models of
bronchoconstriction. The model includes the dynamic changes of pressures, airflows, and
local tidal expansions of a symmetric airway tree with 12 generations. The local dynamic
behavior of each airway and its constriction is influenced by the interactions of pressure
differences between inside and outside the airway wall, parenchymal tethering forces, and
airway smooth-muscle forces modulated by tidal breathing.

C. Emergence of Self-Organized Heterogeneity in Bronchoconstriction
At low partial activation of airway smooth muscle, airway constriction is very homogeneous
in the integrative model, with virtually no asymmetry. However, as activation gradually
increases and crosses a threshold, or tipping point, a highly heterogeneous airway behavior
emerges that leads to a patchy distribution of ventilation including VDefs.72 The
characteristics of the emergent behavior in the model are consistent with VDefs in PET
imaging studies72,76,77 and are similar to emergent behaviors in other natural phenomena
and computational models.84,85 However, patchiness in ventilation during
bronchoconstriction is one of the very few currently known examples, where self-organized
patterns emerge in a system with a hierarchical structure, which is in this case the
anatomical structure of the airway tree.

The emergent behavior in a virtually symmetric airway tree with a small random
perturbation in airway wall thickness of 1% coefficient of variation and with uniform
smooth muscle activation is remarkable. It suggests that the intrinsic heterogeneity in the
pulmonary structure and its functional parameters is not necessary to explain the
heterogeneous airway behavior during bronchoconstriction, although it may contribute to it.
In other words, the interdependence among airways and other components may be the
dominating mechanism for the severe heterogeneity observed in asthma.

It is also remarkable that interactions among the airways suddenly change at the tipping
point, which triggers the emergence of self-organized heterogeneity and the clustering of
constriction in peripheral airways that results in VDefs. Changes in airway diameter are also
much faster after the transition at the tipping point.

The essential mechanism that leads to the emergence of self-organized heterogeneity in
bronchoconstriction and VDefs involves a positive feedback loop, also called a vicious
cycle, including airflow distribution, airway-wall mechanics, and airway smooth-muscle
behavior (Fig. 3). For a simple explanation it is sufficient to consider a single airway
bifurcation. Two identical daughter branches would receive the same airflow and have the
same constriction. The homogeneous airflow distribution may even exist beyond the tipping
point if the unstable symmetry is not perturbed. Assuming that each daughter airway is
surrounded by lung tissue that the airway supplies with air, any small perturbation that
slightly lowers airflow in one branch during inspiration also reduces the regional tidal
expansion of the tissue surrounding that airway. The lower tidal stretch of the airway wall
and, thus, of the ASM increases ASM constriction with a subsequent reduction in airway
lumen, which in turn increases airway resistance. The increase in resistance in one daughter
airway further decreases the airflow so that the positive feedback eventually results in severe
constriction of this daughter airway. This severe constriction results in airflow redistribution
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to the other airway, if the global tidal volume is maintained, so that it increases the local
tidal stretch and leads to dilation of this branch. This is reminiscent of the redistribution of
stress in the parenchymal network following mechanical failure (Fig. 1). The interaction
between the constricting and dilating daughter airways is a manifestation of parallel airway
interdependence (Fig. 4A). In fact, the dilation of 1 daughter branch itself increases the
asymmetry in airway resistance so that it further reduces the airflow in the other branch.
Within the airway tree, the airflow and pressure distributions eventually determine the
proximity of interactions among the airways and the pattern of constriction and dilation.86 A
similar combination of airway constriction and dilation was found in a CT imaging study in
response to stimulation of ASM by cold air or methacholine.87

Does parallel interdependence also explain why the most severe bronchoconstriction occurs
in the very small airways? Since parallel interdependence among airways is not limited to
the small airways, it cannot, of course, explain the lack of severe constriction in large
airways. Anatomical reasons have also been ruled out by an animal study that showed that
the local stimulation of a single large airway at generation 3–5 can cause complete closure
although the global stimulus after inhalation of an aerosol using 10 times the concentration
of the local stimulation did not cause any closure of a large airway.88 Hence, unless the
different responses were caused by differences in the concentration after aerosol deposition
compared to the local stimulus, this finding shows that the constriction of an airway is not
only a function of its ASM stimulation. In fact, the integrative model of bronchoconstriction
shows the same behavior as in the animal study: local stimulation of a large airway leads to
its complete closure, while uniform maximum stimulation does not.86

Why does global stimulation not cause any large airway closure although local does? Also,
why are larger airways after uniform global stimulation on average less constricted than
smaller airways?86 During inspiration, there is a pressure gradient within the airway tree
from the large central airway to the smaller peripheral airways and terminal units. This
gradient in intraluminal pressure affects local transmural pressures at the airway walls, local
tidal stretches of ASM and, subsequently, the constriction of airways. The inspiratory
pressure gradient increases during bronchoconstriction as airway lumen decreases and
results in a serial interdependence among airways (Fig. 4B) in addition to the parallel
interdependence. The gradient of transmural pressures throughout the bronchial tree can
explain the higher level of constriction in the small peripheral airways compared to the
larger central airways.

It is very important to understand that the airway resistance is distributed throughout the
network of airways and that the heterogeneity in constriction causes heterogeneity in airway
resistance that affects not only the airflows but also the distribution of pressures within the
network. The distribution of pressure is an additional parameter that can affect airway
diameter directly and indirectly by its contribution to the tidal stretches that affect ASM. The
effects of the closure of a single large airway on its subtended distal airways constitute an
excellent example of serial interdependence. The obstruction of the airflow and the dramatic
reduction of peak pressures distal to the closure result in a shift of airway diameter to the
static equilibrium of the forces at the airway wall, which is substantially smaller than that of
a dynamic equilibrium in ventilated airways.86 This effect of tidal stretches on
bronchoconstriction was also demonstrated in whole-organ studies89 and in tissue strips,90

although additional factors may be involved in the constriction of isolated airways.91

In complex systems it is possible that very small external stimuli cause dramatic changes in
the system. Airway behavior during bronchoconstriction exhibits such characteristic
behavior through its high sensitivity to certain changes in conditions that affect the parallel
and serial interdependencies among airways. For example, pressure-controlled ventilation or

Winkler and Suki Page 11

Crit Rev Biomed Eng. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



similar conditions result in a catastrophic drop of the tidal volume when the airflows and
pressures are insufficient for the stability of the airways.92 The positive feedback between
bronchoconstriction and changes in tidal volume during pressure-controlled ventilation leads
to a very high sensitivity for the pressure settings when the ventilation mode is changed
from volume-controlled to pressure-controlled. Pressures that are only a few percent lower
than the critical inspiratory pressure, that prevents changes in constriction, result in a
substantial increase in constriction, while slightly higher pressures lead to a reduction or
complete elimination of VDefs.92 Interestingly, ventilation heterogeneity emerges even
under pressure-controlled ventilation although it does not lead to the clustering of severe
airway constriction in VDefs, and the heterogeneity in airway constriction seems to be
higher in distal airways. This observation suggests that parallel interdependence does not
require volume-controlled ventilation, although the large differences in airway constriction
that are associated with VDefs did not occur during pressure-controlled ventilation.

The complex behavior of the airways can be highly sensitive to changes in parameters that
affect the balance of forces at the airway wall. This means that the tipping point for the
emergence of VDefs, their size, and the specific characteristics of the airway constriction are
affected by those parameters. For example, changes in tidal volume cause dramatic changes
in the size of VDefs and show a history dependence of airway behavior.72 In a study where
tidal volume was first decreased in multiple steps and then increased again, the VDefs were
present at a higher tidal volume after the maneuver than before the maneuver. Additionally,
the location of the VDefs after the maneuver was different from where it had first appeared.
Another example is the effect of end-expiratory lung volume on bronchoconstriction,86

which showed that increased lung volume might reduce the size of ventilation defects. The
effect is most likely caused by increased tethering forces of lung parenchyma affecting the
equilibrium of forces at the airway wall. The characteristic behavior of this effect, including
the volume dependence of a tipping point, is consistent with experimental findings.86,93

The combination of local dynamic interactions at the airway wall and interdependencies
among the airways in the integrative model allows exploration of the complex behavior of
the lungs and testing of sophisticated hypotheses. However, the value of computational
modeling depends ultimately on the consistency between model predictions and
experimental results, and the model's ability to explain experimental findings that are
difficult to understand without the model. The integrative model of bronchoconstriction can
explain at least 6 characteristic behaviors of bronchoconstriction that were found in human
or animal studies, which suggests that it is a unified model of these behaviors: (1)
emergence of VDefs,72 (2) combination of constriction and dilation,86,87 (3) differences
between local and global stimulation of ASM,86,88 (4) effects of lung volume on VDefs,86,93

(5) apparent time delay between peripheral and central airway dilation during recovery,86,94

and (6) increase in the size of VDefs but not in large airway constriction when the
concentration of an inhaled stimulus is at a high level and is further increased.86,95 None of
the listed behaviors were expected to be linked to the other behaviors, illustrating a
remarkable strength of the model.

D. Future Recommendations
Complex systems, such as the lungs during bronchoconstriction, are sensitive to numerous
factors that are not independent from each other. For example, multiscale modeling
including smaller length scales than in the models we discussed in this review may be able
to explain how changes in molecular and intracellular mechanisms affect the emergent
behavior of bronchoconstriction.96 Interactions between heterogeneous airway constriction
in an airway tree and environmental stimuli that are distributed by airflow can lead to spatial
and temporal heterogeneity in bronchoconstriction.97 Beyond bronchoconstriction, there is

Winkler and Suki Page 12

Crit Rev Biomed Eng. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



also evidence from computational modeling that interdependence among airways during
mechanical ventilation in ARDS can lead to emergent behaviors and history dependence.98

The sensitivity of bronchoconstriction to changes in different parameters and combinations
of changes is completely unknown. To identify parameters that are both effective in
reducing or preventing severe bronchoconstriction and suitable as therapeutic targets is a
challenge. However, computational modeling provides the necessary tools for studying the
complex behavior of lungs. In fact, interdependencies among airways cannot be studied
directly in experiments since it is impossible to control or measure the numerous interactions
within the complex system. Eventually, additional factors such as gravitational gradients in
lung inflation need to be incorporated in models including both spatially distributed
parameters, as realized by Politi et al.,96 and dynamic interdependencies among airways72 to
study how additional factors affect the emergent behavior of airways.

IV. CONCLUSIONS
Studies of self-organized and complex behavior in respiratory physiology are difficult but
essential for the understanding of normal function as well as complex disease processes. The
examples of complex models reviewed here suggest that self-organized behavior can emerge
in networks from interactions among its elements. In contrast, the behavior of completely
independent elements with an imprinted heterogeneity does not lead to emergent behavior.
Emergence may include irreversible changes in the structure of a network, as in the case of
emphysema, but it is not required, as the example of bronchoconstriction demonstrates. The
network structure also implies that at least 1 parameter must be spatially distributed among
the elements to allow for interactions and self-organized patterns in contrast to lumped
parameter models that focus on the average behavior of the whole system.

A better understanding of complex disease processes may have important implications for
new therapeutic concepts. Efficient targets are those which prevent the system from reaching
the tipping points beyond which the healthy state transitions to a diseased state which in turn
can trigger mechanisms of positive feedback such as the stress redistribution-induced
ruptures in emphysema or the serial and parallel interdependencies during
bronchoconstriction. Potential targets include mechanisms, properties, signaling pathways,
or single-molecule inhibitors that affect the interactions within the system. However, since
the result of the influence of a single target on the system's functional behavior depends on
other properties of the network, unexpected side effects can arise. Hence, we suggest that
emergent multiscale structure–function relations should be taken into account when the
efficacy of novel treatments or drug therapies is evaluated. Advances will crucially depend
on the development of more sophisticated theoretical and computational network models,
and on experimental studies that are linked to these models. Based on multiscale modeling
similar to those considered here, it should eventually be possible to set up recommendations
for mechanical ventilation of patients, delivery of inhaled therapies, breathing during asthma
attacks, or the type and strength of exercise that would impact quality of life. The ability to
shift tipping points could open new opportunities to stop the progression of diseases or to
trigger the body's own defense mechanisms for recovery. Such integrative approaches may
be more successful in diseases where traditional approaches have yielded only marginal
advances.
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FIGURE 1.
A small hexagonal network (A and B) and the distribution of normalized mechanical forces
(C) on the network elements before (A) and after (B) mechanical failure. Springs are labeled
with numbers. On (B) spring 1a is missing and the network was solved for its equilibrium
configuration using simulated annealing. The color inside the network is proportional to
force carried by the springs. See text for further explanation. Modified with permission from
B. Suki.54
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FIGURE 2.
Structure–function relations obtained in saline control and porcine pancreatic elastase-
treated mice. (A) Respiratory compliance, Cmean, as a function of the mean equivalent
diameter (Deq) or the area weighted mean equivalent diameter (D2). (B) Comparison of
structure-function relation from the network model and experiments. Experimental data
were normalized with the mean value of Cmean and D2 of control mice. Each black square
corresponds to data of a single mouse. The symbols corresponding to the various model
cases represent model outputs normalized by the output of the base-line model. The data and
simulations are from Hamakawa et al.65 Reprinted with permission of the American
Thoracic Society. Copyright© American Thoracic Society.
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FIGURE 3.
Schematic of local dynamic interactions that affect the airway diameter and the positive
feedback loop that can result in airway closure during bronchoconstriction. The main
components of the positive feedback (bold) dominate the airway behavior but minor
components can, nevertheless, have a substantial influence on sensitive domains of the
complex system.
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FIGURE 4.
Typical Interdependencies among airways during bronchoconstriction. (A) Parallel
interdependence results in asymmetric constriction of daughter airways at bifurcation of the
bronchial tree including both constriction and dilation relative to the homogeneous
constriction before the heterogeneity emerges. (B) Serial interdependence leads to more
severe constriction in distal and, thus, smaller airways. Airways that are distal to a severe
constriction or occlusion are not exposed to tidal stretches by airflow and have lower peak
airway pressures so that the ASM constriction increases until it reaches the static
equilibrium.
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