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Abstract

The lung parenchyma comprises a large number of thin-walled alveoli, forming an enormous
surface area, which serves to maintain proper gas exchange. The alveoli are held open by the
transpulmonary pressure, or prestress, which is balanced by tissues forces and alveolar surface
film forces. Gas exchange efficiency is thus inextricably linked to three fundamental features of
the lung: parenchymal architecture, prestress, and the mechanical properties of the parenchyma.
The prestress is a key determinant of lung deformability that influences many phenomena
including local ventilation, regional blood flow, tissue stiffness, smooth muscle contractility, and
alveolar stability. The main pathway for stress transmission is through the extracellular matrix.
Thus, the mechanical properties of the matrix play a key role both in lung function and biology.
These mechanical properties in turn are determined by the constituents of the tissue, including
elastin, collagen, and proteoglycans. In addition, the macroscopic mechanical properties are also
influenced by the surface tension and, to some extent, the contractile state of the adherent cells.
This article focuses on the biomechanical properties of the main constituents of the parenchyma in
the presence of prestress and how these properties define normal function or change in disease. An
integrated view of lung mechanics is presented and the utility of parenchymal mechanics at the
bedside as well as its possible future role in lung physiology and medicine are discussed.

Introduction

The lung is an organ with complex internal structure that evolved to serve the gas exchange
needs of the organism. For efficient gas exchange, the internal surface area should be
maximized, while the distance traveled by O, and CO, between alveolar air and capillary
blood should be minimized (274, 275). Furthermore, the functional needs of an organism
also require a significant reserve capacity of the lung and hence a large surface area for gas
exchange. These constraints, together with the shape of the thorax, place severe limitations
on the internal structure of the lung. First, the gas exchanging regions need to be connected
with the airway opening that defines the airway structure. Second, for efficient overall gas
exchange, different regions should be supplied uniformly with fresh air (135). The three-
dimensional structure that can satisfy such constraints is a fractal branching tree (136). The
terminal branches of the tree supply air to the acinus that is composed of thousands of
alveoli where the actual gas exchange occurs via diffusion (215). The thickness of the septal
walls is only 4 to 5 pm and the diameter of the alveoli in the human lung at total lung
capacity (TLC) is approximately 200 pm. The parenchymal structure is thus a huge
collection of tiny and fine balloons that pack an enormous surface area (close to that of a
tennis court) into the chest cavity (275).
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Gas exchange in the lung is maintained via the rhythmic process of inspiration and
expiration. The acini are connected to the airway opening and consequently, the pressure in
the alveoli is near atmospheric most of the time. Since the thin-walled compliant alveoli
easily collapse, they must be held open by a positive transmural pressure. This pressure,
called transpulmonary pressure (Py), is generated by a negative pressure around the lung in
the thoracic cavity. Because of the mechanical connectedness of the lung parenchyma, the
distending action of Py, produces a tensile stress, or prestress, throughout the parenchyma.
The extent to which the alveoli become distended by the cyclic variation of prestress during
breathing depends upon the mechanical properties of the parenchyma. Thus, the efficiency
of gas exchange is inextricably linked to three fundamental features of the lung: the
structural organization of the parenchyma, the mechanical properties of its components, and
the prestress.

There are several important consequences of the fact that the parenchyma is prestressed.
First, the mechanical forces generated by the prestress will ultimately be transmitted to
pulmonary cells that adhere to the parenchymal tissue, affecting thereby many essential cell
functions and hence general lung biology (76, 264). Second, the prestress also contributes to
lung deformability itself, which influences a host of other macroscopic and microscopic
processes such as local ventilation, regional blood flow, smooth muscle contractility, surface
tension, fluid balance, and alveolar stability (234). The main pathway of stress transmission
is, however, through the extra-cellular matrix (ECM). Thus, the mechanical properties of the
ECM also play a key role both in lung function and biology. These mechanical properties in
turn are determined by the constituents of the tissue including elastin, collagen and the
“ground substance” composed mostly of proteoglycans (252). In addition to the prestress
and the ECM, the macroscopic mechanical properties are also influenced by adherent cells,
the surface tension of the air-liquid interface and the organization of the parenchyma. The
field of biomechanics attempts to uncover how the elementary properties of biological
constituents and their organization determine the specific microscopic and macroscopic
properties of an organ or tissue (80).

This article focuses on the biomechanical and structural properties of the lung parenchyma
in the presence of prestress and how these properties define function in the normal and
diseased lung. First, we present a brief review of the biomechanics of soft tissues. Next, we
summarize the constituents of the connective tissue of the lung and their structural
organization. We will then describe how the mechanical properties of the parenchyma at the
macroscale arise from the properties of its constituents that include fibers, ground substance,
surface film and cells, as well as their structural organization. In places where there is a lack
of experimental data on specific ECM properties of the lung, we will use results from other
tissues or organs. The importance of prestress is highlighted throughout. Next, we examine
how the most important load-bearing elements of the parenchyma transmit the prestress
down to the level of cells since these stresses are critical in determining the homeostasis and
cellular responses to lung injury. We also discuss lung stability since it is an important
determinant of normal gas exchange. Finally, we provide an integrated view on lung
mechanics and speculate on the utility of parenchymal mechanics at the bedside as well as
on its possible future role in lung physiology and pulmonary medicine.

Biomechanics of Soft Tissues

Biomechanics can be defined as the application of the principles of mechanics to biology
and physiology. According to Fung (80), “Biomechanics aims to explain the mechanics of
life and living. From molecules to organisms, everything must obey the laws of mechanics.”
Beyond its power to explain the mechanical behavior of the living, biomechanics is now
recognized to be part of mechanobiology (192, 264) in that the mechanical properties of
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biological tissues, also called biomechanical properties, play fundamental roles in the
normal functioning of virtually all connective tissues, organs, and organisms. Indeed, these
biomechanical properties are critical determinants of how mechanical interactions of the
body with the environment produce physical forces at the cellular level. Mechanobiology is
particularly relevant for the lung since it is an open system cyclically stretched by external
forces generated by the respiratory muscles (76, 252, 264).

In the lung, mechanical forces can directly influence physiological function via cellular
signaling (283) such as during lung development (260), surfactant release by alveolar
epithelial cells (282), contraction of airway smooth muscle cells (74) and tissue remodeling
(144). It is now well recognized that mechanical interactions between cells and the ECM
have major regulatory effects on cellular physiology and cell-cycle kinetics, which can lead
to the reorganization and remodeling of the ECM (30, 43). This in turn influences the
macroscopic biomechanical properties and hence the functioning of the lung.

Linear Elastic Behavior

Traditional biomechanics (80) has focused on characterizing the macroscopic structural and
mechanical properties of living tissues and organs by establishing mathematical relations,
called the constitutive equations, that describe how mechanical stresses (force per unit area)
change in response to a change in the size and/or shape of a body usually given in terms of
strain (relative change in dimension). The simplest constitutive equation is Hooke's law that
relates a small uniaxial length change to the corresponding stress (o) in the material via the
following equation:

c=Ye (1)

where Y is the Young's modulus of elasticity. Here the strain ¢ is defined as the relative
change in length, € = (I = Ig)/Ig with | and |y being the deformed and resting length,
respectively, and the stress is equal to the stretching force F applied to the material divided
by the initial cross-section Ag, o = F/Ag. Equation 1 describes a static linear relationship
between stress and strain in simple uniaxial elongation that has often been used in
parenchymal tissue strip experiments (3, 21, 31, 65, 67, 69, 73, 122, 129, 154, 172, 177, 182,
208, 213, 256, 286). Note that Eq. 1 presumes that prior to the application of F, the material
is stress-free. However, many biological tissues, including lungs, are not stress-free but
rather are prestressed and their elastic properties depend on the level of the prestress, as
discussed in the next section.

The mechanical properties of an ideal isotropic linearly elastic material, are completely
characterized by two elastic moduli. One of them can be Y and the other can be one of the
following: the shear modulus, the Poisson's ratio or the bulk modulus. The shear modulus
(1v) describes the material's ability to resist shape distortion without volume changes, and is
defined as the ratio of the shear stress (shear force divided by the area it applies to) and the
corresponding shear strain. During uniaxial stretch of a tissue strip, the lateral dimensions of
the strip decrease. This decrease can be characterized by the Poisson's ratio that is defined as
the negative ratio of the strains perpendicular and parallel to the elongation. Finally, the bulk
modulus () measures the resistance of the material to uniform volume change and is given
by the change in pressure divided by the relative change in volume of the sample.

The various moduli are a function of the constituents and their organization in the material
tested. For parenchymal tissue strips measured in tissue bath, Y depends on the elastin,
collagen, and proteoglycan content of the strip (3, 31, 45, 64, 67, 69, 177, 255, 287),
alveolar diameters (31), anatomic makeup (214), tonicity of the bath (45, 172), to some
extent cellular contractile state (65, 73, 182, 286), and even genetic make-up (8). As we
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shall see below, small mechanical strains can be superimposed on a prestressed state; hence
the moduli can also depend on the prestress. These dependencies will be discussed later in
the article.

Nonlinear elastic behavior

While the simple linear constitutive equation of Eg. 1 can be useful in various applications
particularly when the modulus can be related to composition and microstructure, in reality
constitutive equations of biological materials are invariably nonlinear within the
physiological ranges of stress and strain (80). Figure 1A shows the stress-strain curves of
lung parenchymal tissue strips from a normal rat and one that had been treated with elastase
that causes functional changes in the lung akin to pulmonary emphysema (138). It can be
seen that with increasing strain, the relationship deviates from linearity, especially in the
normal lung; the slope do/de increases with increasing e, which is called strain-hardening.
Clearly, Eqg. 1 is not applicable to describe such a behavior. However, for small variations
around a given strain, Eq. 1 can still be a useful descriptor and Y becomes the incremental
modulus of the tissue that is a function of the operating point around which the slope of the
curve is evaluated. To illustrate this, consider a general nonlinear elastic constitutive
equation:

o=f(e) (

where f is a nonlinear continuous function of its argument that often takes an exponential
form (242). It is useful to approximate f with a series expansion around a given operating
strain, €q:

o=f(e0) +/ (20) (¢ = 20) + (1)) f " (e0) (e = 20)*+... @

Here ' (gg) and f”(gq) are the first and second derivatives of f, respectively, evaluated at &.
The first term on the right-hand side of Eq. 3, og = f(gg), represents the prestress. It is thus
evident that for small deviations of € from &g, the higher order terms become negligible and
the stress around the operating point, o* = o — og, becomes a linear function of the strain e*
= ¢ — gg. Thus, we obtain o* = f’ (gg)e* which is analogous to the linear stress-strain relation
in Eq. 1. The main difference is that f (gg) now represents the incremental modulus of the
material that depends on the operating strain gg. By inverting the relation 0 = f (gp), that is,
e = 1 (o), the incremental modulus can also be obtained in terms of the prestress og.

For isotropic inflation of the lung, a nonlinear constitutive equation similar to Eq. 3 is
obtained by replacing o and € with Py, and the fractional change in lung volume,
respectively. In isolated lungs, Py, = 0 cmH,O corresponds to zero gas volume in the lung,
whereas in situ, it is more convenient to choose residual volume (RV) as the reference lung
volume. The operating point in lung mechanics is often chosen to be a specific value of Py,
that can be experimentally set by the positive end-expiratory pressure (PEEP) that is
superimposed on the functional residual capacity (FRC). Figure 1B compares the pressure-
volume (P-V) curves of a normal and an emphysematous lung with inflation starting from
FRC as the operating point (138). In this case, PEEP 0 cmH,0 and both P and V are taken to
be zero at FRC. Consequently, the first term on the right-hand side of Eg. 3 now corresponds
to Py at FRC and f in the second term is the incremental bulk modulus that can be related to
the more familiar static lung elastance (E_s) as the bulk modulus normalized by absolute
lung volume. The value of E__ s can be determined simply as the change in Py, divided by
the volume slowly injected into the lung. It can be seen from Figure 1 that emphysema
reduces the ability of the lung parenchyma to resist stretching both at the tissue strip level
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during uniaxial strain (Fig. 1A) as well as in the whole lung during isotropic three-
dimensional expansion (Fig. 1B).

Viscoelasticity

When the constitutive equation includes at least one term that depends on the rate of change
of deformation or the rate of change of stress, the tissue is referred to as viscoelastic. All
living tissues display viscoelastic behavior (80), which is characterized by time- and
frequency-dependent behavior of the material responses. Unlike elastic materials, which
attain equilibrium instantaneously following the application of external loading, in
viscoelastic materials this process is delayed and impeded by internal viscous stresses.
Consequently, viscoelastic materials exhibit creep (i.e., continuous deformation in response
to a constant stress) and stress adaptation (i.e., continuous change in stress in response to a
constant strain). During cyclic loading, a phase lag develops between stress and strain due to
the impeding effects of viscous forces that in turn leads to hysteresis between the loading
and unloading limbs of the stress-strain curve.

One approach to mathematically deal with systems that exhibit hysteretic behavior is to
define a separate elastic-like stress-strain relation for the loading and unloading limbs of the
hysteresis loop (80). A more general description of nonlinear viscoelastic materials is given
by a functional series expansion of the output (stress or pressure) in terms of the time history
of the input (strain or volume) (246). In the frequency domain, the Fourier transform of the
output P is related to the Fourier transform of the input V via a series expansion involving
convolutions (246):

P(w)=E; (w)V (w)+[E; (w,w — w/) V(w)V (w — w/) dw' + ... 0

Here w is the circular frequency, E; is the first order kernel and Ey, ... are the higher order
kernels incorporating nonlinear viscoelastic effects. In general, these kernels are complex
numbers and depend on w. The expansion in Eq. 4 is not valid if the system displays static
hysteresis or discontinuities. For simplicity, we will assume that the kernels are smooth
functions of w, which allows us to linearize Eq. 4 around an operating point. If P denotes the
pressure measured above a given PEEP and V is the corresponding change in lung volume,
then E; is the complex modulus of the lung. The linear impedance Z of the lung is defined as
the pressure divided by the flow and is given by Z = Eq/(jo) where j V-1 is the imaginary
unit indicative of the out-of-phase behavior between pressure and flow.

Lung tissue was recognized to be viscoelastic as early as 1939 by Bayliss and Robertson
(22) and later by Mount (179) in 1955. Subsequently, Hildebrandt and co-workers
demonstrated in a series of studies (102-104,108,109, 244) that the frictional component of
stress in the lung tissue depends on the amount but not the rate of expansion, a finding that
appears to contradict the notion that frictional losses are caused by viscous dissipation.
Importantly, the relationship between the frictional and elastic stresses in the lung tissue
turns out to be nearly invariant; the frictional stress is invariably between 10% and 20% of
the elastic stress. The ratio of viscous and elastic stresses is referred to as the structural
damping coefficient, or “hysteresivity” (77). This fixed relationship holds at the level of the
whole lung (100), isolated lung parenchymal tissue strips (73), isolated smooth muscle strips
(75), and even isolated living cells (68). The coupling between frictional and elastic stresses
is known in the structural mechanics literature as the structural damping law (55), whereas
in the physiological literature it is often referred to as the constant phase model (100), which
is described below. The structural damping law is an empirical relation which implies that
frictional energy loss and elastic energy storage are tightly coupled (77). In the context of
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linear viscoelasticity theory, it simply means that viscoelastic responses are characterized by
a broad spectrum of time constants (80, 248).

If we limit the analysis to the lung tissues, the bulk mechanical properties of the parenchyma
can be well described by the so-called constant phase model of tissue impedance (Z;)
proposed by Hantos et al. (100,101):

Z4=(G —jH) Ju* (5)

The parameters G and H are the coefficients of tissue damping and elastance, respectively,
and being incremental moduli, they depend on the operating point defined either by the
PEEP or lung volume. The parameter « is a dependent quantity, given by 2/r) tan~1(H/G). It
is noteworthy that this model also provides a good description of tissue behavior at the tissue
strip level during cyclic uniaxial deformation (286). Both in tissue strips and whole lungs,
the first term in Eq. 5, R;j = G/lo® , is the tissue resistance and the second written as E;j =
Ho! ~ @ is the dynamic lung tissue elastance. The power-law dependence of Ry and E;; on o
is consistent with a power-law type of stress relaxation of the tissue that is detailed in the
article “Complexity and emergence in Comprehensive Physiology.” Furthermore, as
indicated above, the constant phase model is closely related to the structural damping law;
the tissue hysteresivity can be obtained from Eq. 5 simply as n = G/H which shows that the
phase angle of Z; is independent of frequency and consequently, the dissipative portion of
Z;j is a constant fraction of its elastic portion. Experimental studies confirm these model
predictions and show that viscosity changes very little with frequency and tidal volume in
whole lungs or tissue strips indicating that damping and elastic stresses are tightly coupled
(17, 77,177, 182, 287). However, several more recent studies indicated that at higher PEEP
levels viscosity decreases possibly due to the increased contribution of collagen (31, 229)
and that subtle changes in the coupling between viscous and elastic stresses reflect
biological remodeling of the ECM of the parenchyma (3, 31, 64, 67, 69, 128, 197).

Numerous studies have evaluated the PEEP dependence of E;j or H and G in a variety of
conditions including emphysema (31, 124, 126, 127), fibrosis (64, 181), and adult
respiratory distress syndrome (ARDS) (5, 132, 141, 258). Such linear analyses around an
operating point can be useful since the way E;j and H depend on PEEP carries information
about the underlying pathology. For example, in anesthetized animals, lung volume
decreases significantly in the supine position. Consequently, alveoli become unstable and
collapse, a phenomenon that will be discussed later. Therefore, in healthy anesthetized
animals H decreases when PEEP is increased from 0 to about 6 cmH,0 due to alveolar
recruitment in several species (94) including mice (99, 127, 128). Beyond a PEEP of about
10 cmH,0, H increases with PEEP due to the dominating contribution of stiff collagen.
However, in various mouse models of emphysema such as the tight skin mouse (126), the
rate of increase of H with PEEP is much stronger than in normal mice. Indeed, despite the
much lower H in the tight skin than in the normal mice at low PEEP, H is similar in
magnitude at a PEEP of 9 cmH,0 in the two groups (Fig. 2), implying abnormal ECM
organization and collagen function in the tight skin mouse (126).

Although the incremental analysis discussed above is useful, the full nonlinear dynamic
stress-strain curve or P-V relation carries more information about the structure and
composition of the parenchyma than the incremental modulus. Indeed, the incremental
analysis is limited to mapping the values of the moduli as a function of the operating point
and neglects all higher order components. While powerful, such nonlinear analysis is
complicated and only a few studies have applied it to the lung (155, 157, 246, 250, 288).
Nevertheless, the natural way the lung functions is similar to the incremental analysis since
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breathing involves relatively small amplitude tidal oscillations superimposed on an
operating point, Py, at FRC. Furthermore, some information about the nonlinearity can be
extracted from forced oscillatory data when breathing amplitudes are employed (289). In
this case, nonlinear distortion of the waveforms can be analyzed which can provide
information on collagen function (126, 128).

The precise link between the viscoelastic behavior of the lung tissue and its microstructure is
still poorly understood, although various theories have been proposed. For example, stress
relaxation may occur through cascades of microruptures within the tissue (18) or as a result
of slow undulation of fibers (248) or fiber-fiber kinetic interaction (173). In any case, the
constitutive equations are commonly determined from measured dynamic stress-strain or P-
V curves. These relations generally reflect behavior that emerges from the mechanical
properties of the individual constituents as well as their structural arrangement in the tissue.
This article focuses mostly on the elastic behavior of the lung tissue. Viscoelasticity will be
treated only briefly and mostly for the purposes of identifying the roles or the changes in the
roles of certain components of the tissue following a given intervention or disease condition.
Some possible mechanistic insight into the viscoelastic behavior of the ECM of the normal
lung tissue is presented in the article on “Complexity and Emergence,” whereas the
rheological behavior of cells is treated in the “Material Properties of the Cytoskeleton”
article in Comprehensive Physiology.

Structure-function relations

One of the primary goals of biomechanics is to develop quantitative relationships between
the biochemical composition and microstructure of the tissue and its functional properties,
usually characterized by the constitutive equation. For example, functional properties can be
given by the elastic modulus such as Y at the tissue strip level or lung elastance at the organ
level. The dependence of the functionality on the composition and microstructure is called
the structure-function relation. Quantitative understanding of structure-function relations in
the normal lung can help identify structural defects from noninvasive functional
measurements at the organ level in diseases. To develop such structure-function relations, it
is necessary to determine the bulk composition of the tissue and to gain understanding of the
structure and interaction of the components.

Generally, connective tissues are composed of cells and ECM that includes water and a
variety of biological macromolecules. The macromolecules that are most important in
determining the mechanical properties of these tissues are collagen, elastin, and
proteoglycans. Among these macromolecules, the most abundant and perhaps the most
critical for structural integrity is collagen. One might expect therefore that the amount of
collagen in a tissue is the primary determinant of its mechanical properties. However,
different connective tissues with similar collagen content can exhibit different viscoelastic
behavior (80). During the last decade, the advent of novel imaging techniques (54) and
quantitative computational modeling (205) have allowed the study of micromechanics of
specific components of tissues and hence improved our understanding of the relationships
between tissue composition, microstructure, and macrophysiology. In particular, it has
become evident that macrophysiology reflects both the mechanical properties of the
individual components of the tissues, as well as the complexity of its structure (19, 252).
Consequently, an understanding of lung parenchymal mechanics and function requires the
integration of the physical properties of the constituent molecules with their organization
into fibrils, fibers, ground substance, and cells. The next section provides an overview of the
most important components of the ECM of the lung and other determinants of lung
mechanical function including interstitial cells and surfactant.
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Main Constituents of the Parenchyma

The lung parenchyma consists of a large collection of near spherical gas exchanging units,
the alveoli. The internal surface of the alveoli is lined by a layer of cells, the epithelium,
which is covered by a thin liquid film. There is a surface tension at the air-liquid interface
that contributes to lung elastic recoil. The alveolar septal walls are composed of interstitial
cells and the ECM. Cells can modulate the local tension on the ECM. Alternatively,
mechanical forces of breathing are transmitted to the cells via the ECM fibrils and fibers
such as collagen and elastin that are embedded in a soft gel called the proteoglycan matrix.
Figure 3 depicts the general organization of the parenchyma from the scale of tens of alveoli
surrounding an alveolar duct to cell-ECM interactions within the septal wall. Below, we
describe in detail the structure and basic mechanical properties of the constituents of the
alveolar wall tissue.

Extracellular matrix

The collagen system—There are nearly 30 different types of collagen molecule. Most
interstitial collagens (I, 11, 11, V, and XI) are helical that provides them with a basic
structure supporting role. The helices consist of three polypeptide chains each of which is a
left-handed coil of approximately 1000 amino acids, with the three chains forming a right-
handed super helix (34). These helical molecules are rod-like rigid structures with length
and diameter of about 300 nm and 1.5 nm, respectively, and capable of spontaneous fibril
forming (226). The helical subunits are first assembled in the endoplasmic reticulum of the
cell in precursor forms called procollagens that have amino and carboxyl terminal globular
regions known as propeptides. These serve to solubilize the procollagen, and correctly align
the individual peptide chains to facilitate helix formation (226). Following secretion, the
propeptides are enzymatically cleaved, which allows the collagen molecules to associate
both axially and laterally and start forming fibrils. Apparently, type I collagen is thermally
unstable at body temperature and folding of the least stable microdomains can trigger self-
assembly of fibrils where the helices are protected from complete unfolding (146). The fibril
structure itself also shows tremendous hierarchical complexity. For example, the lateral
packing of molecules can exhibit significant fluid-like disorder (106, 117). The collagen
fibrils can further organize into thicker fibers through cross-linking of lysine and
hydroxylysine residues present within the overlapping terminal helical and teleopeptide
regions of the molecules (226). Figure 4A summarizes the hierarchical complexity of the
collagen system. These fibrils and fibers may be arranged either in a randomly oriented
manner (e.g., in lung tissue or cartilage) or as quasi-deterministic networks (e.g., in tendon)
within an organ. In the lung, the collagen fibers are wavy at low inflation and become
straight at higher lung volumes (Fig. 4B).

The interstitium of the lung parenchyma contains mostly types I and 111 collagen that
provide the structural framework for the alveolar wall. Fiber thickness ranges from several
hundred nanometers to well over a micron (232). The distribution of fiber thickness is
skewed, and has a long “tail” (232) similar to a power law (245), indicating broad variability
of fiber structure. This blend of deterministic order (exact amino sequence and axial
packing) and random disorder (from fluid-like lateral packing to random networks) may
partly be responsible for the existence of a broad range of time constants that characterizes
the viscoelastic properties of the connective tissue of the lung (21, 248). These collagen
fibers in the parenchyma are further organized to form an axial fiber network extending
down from the central airways to the alveolar ducts, a peripheral fiber network extending
centrally from the visceral pleura, and a parenchymal interstitium that connects the two
(273). Variations in the collagen content of the parenchyma during development (255, 256),
in fibrosis (64) or following in vitro digestion (287) have suggested an important role for
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these protein fibers in the biomechanical properties of the parenchyma. In addition to the
fibrillar types I and 11 collagen, type IV collagen is more sheet like and is part of the
basement membrane to which epithelial cells adhere. The role of type IV collagen in the
mechanical properties of the ECM of the lung is currently unknown.

The Young's modulus of the type I collagen molecule has been estimated to be between 3
and 9GPa (217, 226). The elasticity of a single collagen molecule has been attributed to the
existence of amino acid sequences along the triple helix that lack proline and hydroxyproline
(227). These regions are more flexible than other regions of the helix. Such variation of rigid
and flexible regions likely has a significant effect on the fibril-forming ability and hence the
elasticity of the fibrils. Additionally, the unfolding of thermally activated molecular kinks or
“crimps” along the molecule may also contribute to elasticity (175). The stress-strain curve
of fibrils appears reasonably linear up to 3% to 5% strain with a modulus in the order of 0.5
to 5 MPa (226).

The elastic fiber system—Elastin is another essential load bearing component of the
ECM. Elastin is known for its resilience over a large range of strains, and hence its ability to
provide elasticity to tissues. Consequently, tissues and organs that need elasticity because
they undergo cyclic stretching throughout the life time of an organism can generally be
expected to contain a significant amount of elastin. Elastin is synthesized in a soluble
precursor form called tropoelastin with a molecular weight of 72 kDa by smooth muscle
cells, endothelial cells, and fibrob-lasts (40, 167, 185). In contrast to collagen, which is rich
in hydrophylic amino-acid residues, the amino acid composition of elastin is rich in
hydrophaobic residues including glycine and proline (211). The hydrophobic residues
together with the dense interchain crosslinking make elastin highly stable and insoluble.
Tropoelastin is capable of self-assembly under physiological conditions (24) to form
insoluble fibrils and fibers with a half-life of 70 years (201). Because heparan sulfate, a
glycosaminoglycan (GAG) and an essential component of the proteoglycans, interacts with
tropoelastin, it also plays a role in elastic fiber formation (88).

Elastic fibers are composed of elastin and microfibrils. The three most important groups of
microfibrils that are closely associated with elastin include fibrillins, fibulins, and the
microfibril-associated glyoproteins (56, 206, 211). The microfibrils also play a role in
elastogenesis by regulating the deposition of tropoelastin onto the developing elastic fiber
(176). The elasticity of microfibrils is controversial and their role in lung elasticity has not
been studied. Values of the Young's modulus of microfibrils have been reported to be as low
as 0.2 MPa (259), which is about 3 to 5 times lower than the stiffness of elastin (80, 223),
and as high as 96 MPa (224), which is closer to that of collagen (80). The microfibrils often
form a fibrous outer mantle surrounding the more amorphous elastin. While the 3D
molecular structure of elastin fibers is not as well understood (117, 139), elastin organizes
itself into easily extensible fibers and has a linear stress-strain relation up to 200% strain
(80). The elastin molecules organize themselves into cross-linked fibers. The distributions of
the diameters and lengths of elastin fibers in the lung are skewed with long “tails,” and
appear similar to the distribution of collagen fiber properties (232). Thus, the elastic fibers
exhibit significant structural heterogeneity and are also known to be mechanically connected
to the collagen (35) via microfibrils and/or proteoglycans (117, 133, 204).

It is notable that the stiffness of elastin is at least 2 orders of magnitude smaller than that of
collagen (80). This is likely a result of the amorphous nature of elastin compared to the more
regular organization of collagen fibers. The elastic resistance of elastin is thought to be of
entropic origin. Figure 5A shows the stretch-induced conformational changes in elastic
fibers. However, this is not simply the entropic elasticity of a random chain. The tropoelastin
has two major types of alternating domains, the hydrophilic helical domains and the
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hydrophaobic lysine-rich domains. These nonrandom, regularly repeating structures exhibit
dominantly entropic elasticity by means of a damping of internal chain dynamics on
extension (266). In the lung, elastin forms a complete network of fibers (Fig. 5B).
Traditionally, elastin is thought to dominate parenchymal elasticity at normal breathing lung
volumes (221), while collagen becomes progressively more important as volume approaches
TLC. However, comparing the effects of elastin and collagen digestion on the constitutive
equation of parenchymal strips suggests that collagen and elastin may be equally important
even at lower lung volumes (287).

The proteoglycans—Within the lung, collagen and elastin fibers of the connective tissues
are embedded in a hydrated gel, the ground substance. The composition of the matrix and
the ratio of fiber to gel vary among tissues (117) and change during maturation and with
disease states (131). Critical constituents of this matrix are the GAGs that are long chains of
repeating disaccharide units that are variably sulfated and highly charged (117). There are
several different types of GAGs (e.g., hyaluronic acid, chondroitin sulfate, heparan sulfate,
dermatan sulfate, and keratan sulfate) whose molecular weights vary over three orders of
magnitude implying that the polymer chains can contain as many as 10% units with a huge
variability in size and structure (36, 220). Within the lung parenchyma, the most abundant
GAGs are heparan sulfate and chondroitin sulfate. Except for hyaluronic acid, GAGs
covalently attach to a PG core protein via a link tetrasaccharide to form proteoglycans.
Similar to collagen, GAGs can also have secondary and tertiary structures by forming
helical and randomly organized regions depending on the ionic environment and pH of the
matrix (220). Images of the proteoglycans obtained by electron microscopy reveal an
extraordinarily complex structure (36, 71). Proteoglycans can also associate ionically with
one another to form large aggregates that exhibit an even higher level of hierarchical
organization. Usually, the hyaluronic acid forms a long core to which various proteoglycans
attach (Fig. 6).

Proteoglycans have a number of important biological roles (41, 209). For example, they can
act as receptors on the cell surface and hence influence intracellular signaling (42).
Proteoglycans on the cell surface can bind to growth factors and various other proteins and
this binding can regulate the secretion of proteins, such as proteolytic enzymes that are
involved in cell migration and tissue remodeling (125). Furthermore, the lateral and axial
growth of collagen fibrils appears to be, in part, determined through interactions with the
proteogly-cans (117,118, 204). Proteoglycans have also been reported to influence elastic
fiber assembly (112). Thus, through a variety of indirect mechanisms, proteoglycans can
significantly alter lung mechanics. As we shall see below, their elastic behavior can also
directly influence the macroscopic stress-strain curve.

The majority of studies on proteoglycan mechanics have been carried out in cartilage. The
elastic modulus of the cartilage tissue measured using the indentation atomic force
microscopy appears to depend on the size of the probe (241). At the millimeter to
micrometer scale, values in the order of 2 MPa were obtained, whereas at the nanometer
scale a 100-fold lower modulus similar to that of simple agarose gel was seen. The reason is
that at the millimeter scale, the elastic modulus includes contributions from both collagen
and proteoglycans and the value is dominated by the properties of the collagen. In contrast,
at the nanometer scale individual elements, mostly GAGs, appear to dominate elasticity
(241). Little is known about the mechanics of the proteoglycans in the lung. It is likely that
their role in lung function has been underestimated. Indeed, only a few studies have
examined their role in lung mechanics (3, 45, 84).
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The lung parenchyma, prestressed by the Py, is a habitat of up to 40 different cell types. The
prestress within the parenchymal tissue that is transmitted to the cells through the ECM
adhesions influences cellular mechanical responses and mechanotransduction. On the other
hand, forces generated within cells directly and indirectly affect the mechanical properties of
the parenchyma.

From the point of view of mechanics, the most important cells are the contractile cells.
Although recent findings suggest that both epithelial (263) and endothelial (137) cells can
also contract, their contractile force is small. The stronger contractile cell types include
smooth muscle cells in the alveolar duct and mouth and blood vessel walls and the
myofibroblasts and fibroblasts (147). Beside airway and blood vessel walls, the protein a-
actin associated with contractile force generation has been found in septal ends and bends
but not in septal walls (187). Stimulation of the contractile machinery of these cells with
different agonists induces local internal stresses in the fiber network of the ECM that can
lead to changes in the viscoelastic properties of the lung tissue (65, 73, 182, 286). However,
during contractile challenge, the mechanical properties of excised parenchymal tissue strips
have also been found to vary with the number of medium-size airways in the sample (214).
Thus, it is possible that part of the previously observed changes in the mechanical response
during agonist challenge were in fact related to smooth muscle contraction and airway-
parenchymal interaction. Nevertheless, the viscoelastic properties of the lung parenchyma
are only moderately affected by the active tone of the interstitial cells (65, 286). A more
important function of the interstitial cells is to actively remodel and repair the connective
tissue during growth or after injury. For example, transforming growth factor beta (TGF-),
which is the main cytokine that stimulates fibroblasts to produce and secrete ECM
molecules, is upregulated by mechanical stretch (97). Tensile forces also regulate the
connective tissue growth factor that is able to stimulate ECM protein release through a TGF-
B-independent pathway (218). As a result of such cellular processes, the nonlinear
viscoelastic properties of the lung tissue can significantly change both at the organ and the
alveolar wall levels (31). Thus, while cellular mechanical properties contribute little to the
mechanical properties of the parenchyma in response to physical (e.g., deformation) or
chemical stimuli (e.g., histamine challenge) over a short time period, they are responsible for
the longer term homeostatic maintenance as well as the remodeling of the composition and
structure of the ECM. Below we provide a short summary of the mechanical properties of
cells and the reader is referred to a more complete account in the “Mechanics of the Cell”
section.

Mechanical properties of cells—The cellular response to mechanical perturbation such
as the prestress in the lung is governed by the cytoskeleton (CSK), an intracellular molecular
network composed of filamentous biopolymers (actin filaments, microtubules, and
intermediate filaments) and a number of actin binding and crosslinking proteins. The CSK is
the site of the actomyosin contractile machinery that generates mechanical forces through
ATP-dependent processes. Furthermore, the CSK also transmits forces across the cytoplasm.
Many signaling molecules are immobilized in the CSK network and are very highly
sensitive to mechanical deformation. In other words, the deformable cytoskeletal network
provides a physical scaffold for mechanotransduction. To understand how mechanical forces
regulate cellular function, it is necessary to know how cells develop mechanical stresses as
they deform under applied mechanical forces. This mechanical response of the CSK is
determined by the passive material properties of the molecules of the CSK, by the
contractile forces generated within the CSK and by changes in biochemistry that modify
cytoskeletal composition and structure through remodeling. It was found that the actin
network has the bulk contribution to cell stiffness (>50%), whereas the contributions of
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microtubules and intermediate filaments are substantially lower (236, 270, 271). It was also
found that measured cell stiffness (0.1-10 kPa) is much lower than the Young's modulus of
any of the cytoskeletal filament or stress fibers (16, 68, 70), indicating that the network
properties of the CSK play an important role in cell deformability. The roles of cytoskeletal
filaments and cytoskeletal architecture on cellular mechanical behaviors are discussed in
detail in articles “Stress Transmission within the Cell” and “Material Properties of the
Cytoskeleton” in Comprehensive Physiology.

Microrheological measurements on living cells have shown that their mechanical behavior is
governed by two major principles: (1) the CSK exists in a state of tension, that is, the
prestress, which is critical for stabilizing cell shape and regulating cell rigidity; and (2)
cellular rheological behavior is driven by very slow dynamics such that global viscoelastic
responses of cells scale with time and frequency of loading according to a weak power law.
Various theories have been proposed to explain the experimentally observed mechanical
behaviors of cells, but there is a lack of consensus between those theories about the
biophysical mechanisms that govern cell mechanical behaviors. Currently, none of those
theories can provide a complete description of cellular mechanical responses that include
both prestress-dependent and power-law behaviors. These models are discussed in detail in
the articles “Stress Transmission within the Cell” and “Material Properties of the
Cytoskeleton in Comprehensive Physiology”

Cell-ECM interactions—TForce transmission between the CSK and the ECM is not
continuous. Forces are transmitted across the cell membrane at discrete sites of focal
adhesion composed of integrin receptors with their extracellular domain attached to the
ECM and their cytoplasmic domain to a cluster of proteins (a-actinin, paxillin, vinculin,
talin, zxyin, etc.) that are physically linked to the cytoskeletal actin (52, 130). Therefore, the
mechanical properties of the ECM and the focal adhesions also play an important role in
mechanical behaviors of cells. More importantly, these mechanical properties together with
biochemical cues influence intracellular signaling that in turn determines the type and
amount of remodeling enzymes and load bearing ECM components produced and secreted
by interstitial cells (47). Thus, cells maintain the composition and architecture of the ECM
of the lung, while the prestress related to Py, and the local mechanical properties of the ECM
are key regulators of essential cellular processes (249). Figure 7 shows a small region of the
lung tissue fixed in formalin and immunohistochemically labeled for types I and 111 collagen
as well as cell nuclei. It can be seen that some nuclei appear rounded (green arrow), whereas
some appear to be stretched in a direction parallel with the alveolar wall (blue arrow). One
may speculate that forces in the wall primarily carried by the collagen at the high fixation
pressure were transmitted to the nucleus.

Although the mechanical properties of cells contribute less to the macroscopic mechanical
properties of the parenchyma than those of the ECM, there are striking similarities between
cellular and parenchymal tissue mechanics. Indeed, the mechanical properties of both cells
and the parenchyma are characterized by a weak-power-law viscoelasticity and by strain
hardening with increasing levels of the prestress. While these similarities may reflect
common biophysical mechanisms that are reiterated at different length scales (76), it is not
clear whether they occur by mere chance or have some functional advantages. For example,
matching the viscoelastic responses of cells and the parenchyma would ensure that cells and
the tissue matrix deform synchronously during breathing. This in turn would facilitate
efficient stress transmission from the tissue to adhering cells which is important for
mechanotransduction. On the other hand, there are phenotypic differences in alveolar
epithelial cell stiffness that likely contribute to the observed heterogeneity of alveolar cell
deformation during lung inflation and hence help better understand stretch-induced
surfactant release (13).
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Surfactant and surface tension

The airways and alveoli are lined with a thin liquid film containing pulmonary surfactant
which derives from type Il epithelial cells. During volume excursions between FRC and
TLC, the P-V curves of air-filled and liquid-filled lungs have remarkably different hysteretic
behaviors; on the inflation limb, the recoil pressure is substantially higher in the air- than in
the saline-filled lungs, whereas along the deflation limb this difference is much smaller (15,
90, 166, 231, 240, 269). The greater hysteresis in the air-filled lung is attributed to the
hysteretic behavior of the alveolar surface film and associated phenomena such as airway
opening as discussed later. The specific mechanical behavior of the surface film arises from
changes in film composition and from asymmetry in the adsorption-desorption kinetics
during the expansion-compression cycle (49, 92, 231). In addition to its direct effects on
lung recoil, the surfactant also influences lung macrophysiology by ensuring alveolar
stability, and preventing collapse at low lung volume by reducing the surface tension (11).
Among the various components of the surfactant, phospholipids, and low-molecular weight
hydrophobic surfactant proteins play a critical role in determining its biophysical properties
that help maintaining low surface tension (123). The amount and composition of surfactant
released by the type Il epithelial cells into the air-liquid interface are largely determined by
the dynamic stretching pattern of the lung parenchyma (10, 184, 282). Type Il cells respond
to the proximity of an air-liquid interface by a graded calcium response, which results in
lamellar body secretion, implying that the physical environment in the vicinity of cells can
initiate a complex biological response which, in turn, modulates the physical environment of
the cell via a feedback loop (200).

Pulmonary surfactant must adsorb rapidly to the air-liquid interface to form a surface active
film. Recent models suggest that phospholipid adsorption is mediated by pores that bridge
the gap between the vesicular bilayer and the air-liquid interface (111). Proposed
mechanisms are akin to vesicle-plasma membrane fusion during neurotransmission and are
thought to require hydrophobic surfactant proteins to aid in bending of the outer lipid leaflet
(212). Moreover, it appears that the adsorption and transformation of lamellar body lipids to
the air-liquid interface is surface tension dependent and does not require tubular myelin as
intermediary structure (26). Classic models assume that alveolar stability at low lung
volumes requires the presence of a highly DPPC (Dipalmitoyl-phosphatidylcholine)-
enriched monolayer, implying the “squeeze out” of unsaturated phospholipids during film
compression (49). More recent studies combining fluorescence microscopy and atomic force
microscopy have invoked the formation of multilayers during film compression, which may
act as a surface-associated surfactant reservoir (290).

Surface tension has various effects on lung mechanics. First, surface tension directly
contributes to the overall recoil stress of the parenchyma. Second, it distends the alveolar
ducts and by distorting duct geometry, it indirectly alters the elastic properties of the
associated connective tissues (234, 281). For small deformations, similar to those that occur
during normal tidal breathing, the hysteresis of the surface film is negligible and surface film
viscoelasticity may be less important than lung tissue viscoelasticity (219). Indeed, tissue
hysteresivity, as defined above, was found to be very similar in isolated lungs with an intact
air-liquid interface and in lung tissue strips that lack an air-liquid interface (213). While
interfacial phenomena may not contribute greatly to energy dissipation during quiet
breathing, they do exert a profound effect on lung recoil under conditions when lung
expansion is limited by neuromuscular disease, obesity, or chest wall restriction (243).
Moreover, the invariable need to call upon the lungs' reserve capacity during activities of
daily living and the devastating consequences of impaired surfactant function in disease,
underscore its critical role in lung biology as well as lung mechanics. A more detailed
review of surface tension and surfactant biology may be found in the articles “Air-liquid
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interface and Alveolar” surface tension and lung surfactant as well as in the section on
alveolar duct mechanics below.

Mechanical Properties of the Normal Lung

In this section, we will overview the elasticity of the normal lung parenchyma at several
length scales. We will start with the elasticity of collagen molecules, fibrils, and fibers
followed by elastin fibers. We will then examine the elastic behavior of the alveolar wall
and how these fibers fold within the ground substance of the wall. The parenchyma is a
network of alveolar walls and hence it is also important to understand its network behavior.
Next, we present various models of the tissue strip. Even though the tissue strip and the
uniaxial stretching condition are not physiological, the tissue strip is a viable preparation and
many important physiological and biological questions can be and have been answered at
the level of the tissue strip. Finally, we present a comprehensive picture of the mechanics of
the entire parenchyma of the normal lung during breathing.

Molecular, fibril, and fiber elasticity

The structure of the lung is largely determined by the connective tissue network. The
complex organization and the nonlinear viscoelastic properties of these tissue components
lead to complex mechanical behavior. One of the main load-bearing components of the
parenchyma is collagen. As discussed above, molecular kinks or crimps contribute to
collagen elasticity. Crimps also exist at the fibril and fiber level (226). When thicker fibers
in the tissue are stretched, it is the crimps along the fibers that first unfold followed by an
unfolding of the crimps in the fibrils (175). Further stretching the fibers results in stretching
of the triple helices and the cross-links which also raises the possibility of slipping of
molecules and fibrils within the fiber (72). In addition to the elasticity of a single molecule,
collagen fiber stiffness may depend on the number of fibrils through a given cross section,
that is, the diameter as well as the type of cross-linking between molecules and fibrils. Both
increasing diameter and cross-linking tend to increase fiber stiffness in normal collagen (7,
226). Furthermore, fibril length as well as small proteoglycan bridges between fibrils can
contribute to the stiffness of collagen fibers (205).

The stress-strain curve of tendon composed of many fibrils arranged in parallel is nonlinear
with a toe and a steep region (216, 242). The toe region is usually attributed to the crimps
along the fibrils which, upon stretching, become straight (91) (Fig. 8). The composition of
the fibrils and fibers is also important because fibers can contain a mixture of different
collagen types (see Fig. 7). It has been argued that type I collagen is stiffer than type 111
(227) implying that fiber stiffness can depend on the relative amounts of type I and type 111
collagen within the fiber. Furthermore, there are notable species-related differences. A small
amount (5-10%) of variation in amino acid composition between bovine and equine
collagen can lead to a 2- to 3-fold difference in elastic modulus of in vitro cross-linked
collagen gels (7). All these factors can give rise to significant inter- and intra-species
variability in the mechanical properties of the alveolar walls. However, as both mechanical
and biochemical factors contribute to collagen production and assembly, it is likely that
there is a significant regional variability in collagen fiber properties within the lung. For
example, even though not studied systematically, it is possible that fiber properties are
different near the sharp edges of the lobes, where increased stability is required, compared to
regions deeper inside the parenchyma. This variability is in addition to the different fiber
content and mechanical properties of alveolar ducts and alveolar walls (60, 168). The former
has been argued to be stiffer and hence contribute more to lung elasticity at higher lung
volume based on relative volume changes along the P-V curve (170) as well as the larger
concentration of fibers in ducts than in septal walls (168).
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As discussed earlier, elastin is thought to behave as a linearly elastic material. However, thin
ECM sheets containing elastin and proteoglycans do exhibit some mild nonlinear behavior
during uniaxial stretch (29). The reason for this mechanical behavior is as follows. Elastin
fibers in the tissue are not parallel. There is a distribution of angles relative to the direction
of macroscopic strain. When the tissue is stretched, elastin fibers change shape and
gradually reorient into the direction of macroscopic strain. This is a recruitment-like process
in which more and more fibers become aligned with the strain and contribute more to
stiffness. Nevertheless, elastin is still significantly softer than collagen and hence in a tissue
containing both fiber types, the recruitment of collagen would ultimately dominate
macroscopic elasticity. Figure 9 shows the stretch-induced shape change and recruitment of
elastin together with the recruitment of collagen toward the direction of macroscopic strain
in thin ECM sheets (28).

Elasticity of the alveolar wall and the tissue strip

The stress-strain curve of individual tissue fibers may become linear once the crimps are
unfolded (Fig. 8). However, for larger lung tissue samples that contain many fibers, the
stress-strain curve often exhibits exponential-like stiffening (79, 172, 174, 182, 287). During
uniaxial stretching, the non-linear stress-strain curve (Eg. 2) of the tissue strip can be written
as:

o=aceb (6)

where a is the amplitude of the stress-strain curve and can be related to the incremental
elastic modulus near zero strain. Indeed, with gy = 0 it follows from Egs. (3) and (6) that the
first term disappears and we obtain;

0:a5+052—|— ...

The parameter ¢ = ab characterizes thus the strength of the nonlinearity which is thought to
reflect the progressive recruitment of collagen fibers. In other words, at low strains, most of
the stress in the tissue is borne by the relatively compliant elastin fibers and hence a in Eq.
(6) would primarily be a function of the volume fraction of elastin. As the applied strain
increases, the initially flaccid collagen fibers start to straighten (Fig. 4B), fold into the
direction of strain and gradually take up the load-bearing role. As progressively more of the
stiff collagen fibers are recruited in this way, the bulk stiffness of the tissue increases
commensurately. The parameter c is therefore a function of the volume fraction of both
elastin and collagen as well as their ability to fold toward the direction of strain. As we shall
see below, the folding and the recruitment of the fibers is related to the third major ECM
component, the proteoglycans. Macroscopic tissue stiffness thus arises largely because of
the way in which the various constituent fibers are organized with respect to each other,
rather than being a reflection of the constitutive properties of any particular fiber type.
Maksym and Bates (154) modeled this behavior analytically in terms of a linear chain of
pairs of parallel spring and string units. If the springs (representing extensible elastin fibers)
are all identical then the overall stress-strain behavior of the model is determined by the
length distribution of the strings (representing inextensible collagen fibers). Alternatively,
the model can be constructed using strings of equal length and springs with distributed
stiffness. They found that the exponential nonlinearity in Eg. (6) could be explained by a
power-law distribution of collagen fiber properties, which is compatible with morphometric
assessment of collagen in the lung (168, 232).

Maksym et al. (156) also extended their model into two dimensions by using a triangular
network of line elements each containing a parallel combination of a crimped collagen fiber
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and an elastin fiber. The force-transmission through such a model displays an interesting
heterogeneous spatial distribution similar to the phenomenon known as percolation
suggesting a complex network behavior (see article “Complexity and Emergence” in
Comprehensive Physiology). When the microstrain in a material follows the macrostrain, the
deformation is called affine. This is the case in a homogeneous continuum. In a network,
however, the heterogeneous viscoelastic properties of neighboring segments can
significantly contribute to a given segment's microscopically observed mechanical behavior.
The deformation and folding of an isolated segment can thus behave differently from a
segment that is part of a network. Using diffuse light scattering, Butler et al. (39) estimated
that the microstrain followed the macrostrain during externally imposed isovolumetric
uniaxial deformation of the lung. In contrast, Brewer et al. (31) directly imaged individual
alveolar walls of lung tissue strips during uniaxial stretching and found that alveolar walls
did not follow the macroscopic deformation (Fig. 10). The former study superimposed the
uniaxial deformation on a uniformly prestressed state of the air-filled lung, which
homogenizes the system, whereas in the latter study, tissue strips submerged in fluid were
stretched starting from the relaxed state. Additionally, Butler et al. (39) considered length
scales of 1 to 2 cm sampled by an optical probe, and their data may correspond to the
average behavior of several hundred alveoli. In the study by Brewer et al. (31), the authors
examined the mechanics of individual alveolar walls at length scales of about two orders of
magnitude smaller than those of Butler et al. (39). The results in Figure 10 suggest that
continuum analysis cannot be used to evaluate the configurations of individual alveolar
walls and that network models must be used to describe the behavior instead. As we shall
see in the next section, such network effects can have significant impact on the focal
development of lung diseases. Here it is sufficient to point out that these network effects
also represent recruitment processes at the level of alveolar walls at a length scale of about 2
orders of magnitude larger than those in Figure 9.

To describe the deformation of individual alveolar walls, it is thus necessary to include a
realistic geometry such as a hexagonal network in a model as originally proposed by Mead
et al. (165). Such hexagonal network models of the lung parenchyma have since been
developed (31, 45, 277). Simulations using the hexagonal network to mimic the
microscopically observed deformation of the alveoli in normal, hypotonic, and hypertonic
solutions suggest that the folding of the alveolar wall and collagen during uniaxial stretching
is elastically limited by the proteoglycan matrix (45). The reason is that the proteoglycans
are highly sensitive to the osmolarity of the bath, whereas collagen and elastin are much less
sensitive. In hypertonic solution, the negatively charged proteoglycans collapse resulting in
low stiffness, whereas in hypotonic solution they become inflated and their stiffness
increases. Thus, the proteoglycans by their compressive resistance hinder the folding of
fibers into the direction of the macroscopic strain and so contribute to the elastic behavior of
the tissue. A simple hexagonal model without prestress would be unable to mimic the
exponentially increasing stress-strain curve of lung tissue strip [e.g., Eq. (6)] because
without external constraints such a model is unstable and angles of the hexagons collapse
upon stretching that leads to zero elasticity. However, this is not observed experimentally in
the tissue strip as Figure 1A demonstrates.

Accordingly, a structurally reasonable model of the tissue strip needs to include both line
element elasticity and a mechanism that hinders the collapse of angles. This can be achieved
by using an angular spring or bond bending that resists the folding of two neighboring line
elements (9). The analysis of such a system needs to include the energy associated with
stretching the springs and bending the angle 6 between two springs:
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U:Z (ai€2/2+ci£2/3) +quA9J2/2) (8)
i J

where ¢ is the macroscopic strain and A indicates the local change in angle between
adjacent springs. The first and second summations in Eqg. (8) go through all the springs and
all the nodes, respectively. The g and ¢; are the linear and nonlinear parameters of an
individual spring based on Eq. (7) and the g; are the bond-bending constants. The
equilibrium configuration of the network following deformation corresponds to minimum of
U. Such a model is shown in Figure 11 for two network configurations corresponding to two
values of g (taken to be the same throughout the network) while the line element parameters
were kept constant (45). Notice that the minimum energy configuration of the same exact
structure is very different when the bond-bending is low (left panel) or high (right panel).
This means that (1) the Poisson's ratio of the network is significantly influenced by the
mechanical interaction between collagen and proteoglycans; and (2) the deformation pattern
of the alveolar wall network does not follow the macroscopic deformation, that is, it is not
affine. However, by incorporating this mechanical interaction between collagen and
proteoglycans into the hexagonal network model and comparing its stress-strain curve to
measured data, the average Young's modulus of a single alveolar wall could be calculated
and it was estimated to be about 5 kPa. Furthermore, by taking into account the volume
fraction of collagen fibers in the alveolar walls, a lower limit of collagen fiber stiffness in
the alveolar wall was also estimated and a value of 300 kPa was obtained when tissue was
stretched to 30% uniaxial macroscopic strain (45).

The tissue strip preparation is simple and popular partly because of its easy manipulation
and partly because the complexities associated with surface tension and circulation are
eliminated. The lack of circulation does not pose a technical problem. The tissue strip can be
placed in cell culture media that keeps the cells alive. The lack of surface tension is probably
also not a serious limitation because the recoil due to surface tension can be restored by
applying a prestress, albeit uniaxial in the strip as opposed to the uniform three-dimensional
deformation in the lung. Despite these limitations, mechanobiology of lung cells can be
conveniently studied in the tissue strip preparation since the cells are in their native ECM.
While the study by Cavalcante et al. (45) offered novel insight into the mechanics of the
tissue strips at multiple scales, it is still based on a two-dimensional analysis, and the
mechanical influence of the alveolar ducts were neglected. Hence a more realistic three-
dimensional model of the tissue strip integrating the detailed mechanics of the alveolar wall
ECM with the mechanobiology of the interstitial cells embedded in a network of alveoli will
eventually be needed.

Mechanics of the lung parenchyma

The mechanical properties of the parenchyma in situ are different from those of the tissue
strip due to the presence of prestress related to Py, and surface tension at the air-liquid
interface. Both of these factors also influence the three-dimensional architecture of the
parenchyma and the corresponding mechanical properties that are considered next.

Mechanics of the alveolar ducts—Pressure-volume measurements on air- and liquid-
filled lungs (15, 90, 166, 231, 240, 269) led to the conclusion that the lung tissue and
alveolar surface tension are major stress-bearing components of the lung. Orsés (189) and
Weibel and Gil (273) described the lung tissue as comprising three interconnected tissue
systems (Fig. 12): (1) a peripheral tissue system consisting of the pleural membrane and the
interlobular membranes and their extensions into the parenchyma; (2) an axial tissue system
comprising sheaths enveloping airways and pulmonary arteries into the acini, where they
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form a network of the alveolar duct tissue; and (3) a parenchymatous tissue system of
delicate septa that links the axial and the peripheral tissue systems. The appearance of the
tissues obtained from scanning electron micrographs of air-filled, saline-filled, and
detergent-rinsed air-filled lungs suggested that at a given lung volume, the bore of the
alveolar duct is the greatest in the detergent-rinsed lungs and the smallest in the saline-filled
lungs. Furthermore, the alveolar septa of air-filled and detergent-rinsed lungs appear taut
and tensed, whereas in the saline-filled lungs they are flimsy and slack (14, 90). These
differences were attributed to the variation in the alveolar surface tension among the
conditions that was the highest in the detergent-rinsed and the smallest (zero) in the saline-
filled lungs.

Modeling the lung parenchyma as a two-compartment system composed of tissue and
surface film acting mechanically “in parallel” has not been satisfactory. For example,
Bachofen et al. (15) assumed that the difference in the recoil pressures Py, of air-filled and
saline-filled (Pg) lungs can be entirely attributed to surface forces, that is, Py — Ps= 2y §/3
V, where v is the surface tension, Sis the alveolar surface area, and V is the lung volume. If
this were the case, then during uniform lung expansion, Swould be proportional to /3, and
hence (P = Pg)/y o< V~13 However, experimental data on lungs in which y was maintained
constant showed that (Pyp — Pg)/y is nearly independent of V below y = 20 dyn/cm and
increases with V for y > 20 dyn/cm (231, 238). This discrepancy suggested that during lung
expansion, Sdoes not change uniformly with V23 and that the reason for this behavior may
be due to the distortion of Scaused by surface tension. Subsequently, several investigators
pointed out that v acts in two ways: directly, by providing a recoil pressure equal to 2y 3V,
and indirectly, by distorting parenchymal geometry and thus providing an additional tissue
component of the recoil pressure (153, 279). These observations as well as the
morphometric studies by Weibel and co-workers (14, 90) led to the development of a novel
microstructural model of the alveolar duct by Wilson and Bachofen (281).

According to this model, the peripheral tissue network predominantly provides P of the
saline-filled lung. Increasing vy at a given V has a minor influence on this network. The axial
tissue network of the alveolar duct and the septal tissue network are not affected by volume
changes in the saline-filled lung, but they are distended by v in the air-filled lung. Wilson
and Bachofen (281) assumed that the tension carried by the alveolar septal tissue is much
smaller than the tension carried by the alveolar duct tissue and thus they neglected the
contribution of the septal tissue. An analysis of the mechanics of the model yielded the
following relation between recoil pressure, alveolar surface area, surface tension, and lung
volume

29§ nFL

3V + 3V

Pt _Ps (9)

P

where nand L are the number and the length of fibers forming the alveolar duct lattice and F
is the force on the fibers. The axial fibers are described as a system of intersecting helices
(Fig. 12). The first term on the right-hand side of Eq. (9) is due to surface tension, whereas
the second term is indicative of the indirect contribution of surface forces through distortion
of the alveolar duct lattice. It was found (281) that Eq. (9) can fairly accurately predict data
for P — Pgversus Srelationships for lung volumes up to 80% of TLC, which were obtained
from P-V and morphometric measurements on air-filed, saline-filled, and detergent-rinsed
lungs (14, 90). For higher lung volumes, the authors suggested that the contribution of the
alveolar septal tissue might need to be included.

While the Wilson and Bachofen model was very successful because it was capable of
predicting the quasi-static P-V behavior of the lung, it also has several limitations. First,
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more recent electron microscopic imaging results predict larger changes in epithelial
basement membrane surface area with lung volume (265) than the original studies (14, 90)
which the model was based on. Second, the model does not include separate mechanical
properties of the collagen and elastic fibers and their contribution cannot be understood
during lung inflation. Third, the model considers only the average properties of the
parenchyma and it cannot be used to infer the effects of regional heterogeneities on overall
mechanics. Finally, the model is elastic and hence it is unable to predict lung mechanics
during breathing. With regard to structure, several newer models of the alveolar duct were
proposed subsequently. In all these models, alveolar geometry was described as a collection
of space filling 14-sided regular polyhedra (tetrakaidecahedron) and the ducts and alveoli
are formed by opening specific common faces between the polyhedra (58-62, 82). While
these models provided a description of the alveolar duct morphology which is consistent
with average morphometric data, they are limited to a single acinus and hence do not
incorporate the variability in structure. A stochastic model of a large collection of irregular
polyhedra that incorporated viscoelastic effects was also proposed (145). With regard to the
mechanical properties of the structural elements, a refined deterministic model of the acinus
was introduced more recently by Denny and Schroter (61). These authors developed a three-
dimensional model of the acinus that also included separate and realistic viscoelastic
properties of the collagen and elastin fibers together with surface tension properties of the
air-liquid interface. They used the structure as a representative model of the acinus and
calculated its resistance and elastance as a function of frequency. The model predicted little
difference in R;j between the air-filled and lavaged lungs. Additionally, surface tension
contributed significantly to both R;j and E; in the air-filled lung. Interestingly, the surface
tension tended to amplify any existing tissue hysteresis despite the fact that the surface area-
tension curve itself exhibited very little hysteresis during small amplitude tidal oscillations.
Future efforts could incorporate the effects of proteoglycans, interstitial cells and, given the
ever increasing computational power, multiple acini and gravity to explore the effects of
heterogeneity and mechanical interaction among the acini.

Experimentally, different studies appear to provide a somewhat controversial picture of the
role of surface tension. For example, Stamenovic and Barnas (235) found that the dissipative
properties of the lung's ECM are the major determinants of Ryj, whereas the elastic
properties of both the tissue and surface film are important determinants of E. In contrast,
Navajas et al. (183) found that E;; was smaller in isolated liquid-filled lungs than in air-filled
lungs, whereas n was similar in both lungs. Hence, they concluded that surface tension
accounts for a considerable part of both elastance and resistance of the air-filled lung within
the volume range of normal breathing. Sakai et al. (213) reported similar values of viscosity
in isolated lungs and tissue strips despite different deformation and the lack of surface film
in the latter. Additionally, for breathing frequencies, the energy loss in the lung parenchyma
is a much smaller fraction of the stored elastic energy in shear than during isotropic
volumetric oscillations and it is Py and not the properties of the surface film that primarily
determines the lung's dynamic properties in shear (53). Furthermore, dynamic oscillations
invoking small changes in surface area of a surfactant monolayer have shown negligible
hysteresis in the surfactant itself (219). Others also argued that parenchymal mechanics are
largely dominated by the connective tissues for tidal-like oscillations (286). It is also
possible that the contribution of the surface film to parenchymal mechanics during breathing
is species dependent since the average size of the alveolus shows a moderate increase with
body mass while minimum surface tension appears to be independent of size suggesting that
the role of surface tension may be less important in larger species (150). On the other hand,
septal wall thickness and the amounts of collagen and elastin fibers in the wall increase
linearly with alveolar diameter (171) suggesting a species-specific fine balance between
surface and tissue forces. Nevertheless, it appears now that during breathing, surface film
mechanics contribute much more to E;j than to Ryj. More experimental studies are needed to
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better understand the role of surface film and surfactant and their interaction with tissue
elasticity in the lung during tidal breathing.

Parenchymal interdependence—Mead and co-workers (165) introduced the concept of
mechanical interdependence into pulmonary mechanics to explain how the parenchyma
resists nonuniform deformation. They pointed out that Py, acting on the pleural surface is
transmitted into deeper regions of the lung by the interconnected parenchymal network.
Specifically, they showed that if the parenchymal network is homogeneous and alveolar gas
pressure is uniform, then the stress at any point in the parenchyma equals Py, and thus “all
distensible regions could be thought of as being exposed to transpulmonary pressure.” If,
however, gas pressure in one region of the lung is lower than in the surrounding tissue, the
net inward pressure would cause the lower pressure region to shrink. Through mechanical
interdependence, however, this shrinkage would be resisted by the distortion of the
surrounding parenchyma that produces an outward stress and hence counterbalances the net
inward pressure. The authors identified three mechanisms by which the parenchymal
network resists deformation: change in the spacing of the network elements, change in their
orientation and change in the forces carried by those elements. The first two mechanisms are
purely kinematic and are determined by the topological arrangement of the microstructure.
The third mechanism depends on the material properties of tissue elements and surface film.
These notions are consistent with the network modeling of Cavalcante et al. (45) discussed
above.

As described earlier, the bulk modulus represents the lung's ability to resist uniform volume
change and is defined as = VdPy/dV. The value of k can be obtained from the local slope
of the P-V curve (238, 240) and was found to increase faster than linearly with increasing
Ptp, for example, from 3 Py to 6 Py, between 40% and 90% TLC for dog lungs (142). The
shear modulus micron representing the lung's ability to resist shear deformation cannot be
inferred from P-V measurements but rather from measurements where a nonuniform
deformation is applied to the lung. Values of micron were obtained from local indentations
applied to the lung surface via a cylindrical punch (98, 142, 143, 238, 240). It was found that
micron increases approximately linearly with increasing Pyp; for example, for dog lungs 1 ~
0.7 Pyp over a wide range of volumes (142). Two conclusions can be drawn from these
results. First, since k is much larger than micron, the lung responds to a force applied locally
by changing shape more than by changing volume, and therefore the gas volume per unit
mass of tissue remains uniform in the deformed region. Second, since micron depends only
on Py, the material properties of the parenchymal tissue and the surface film seem to have
little effect on micron. This, in turn, suggests that the lung resists shape distortion primarily
by reorientation and changes in spacing of its tissue and surface film elements, and not by
deforming those elements.

The linear shear modulus versus prestress relationship is characteristic of the so-called
stress-supported structures. In the absence of prestress, these structures become unstable
since rigidity and connectedness of their structural elements are insufficient to fully
constrain their freedom to move and deform. Consequently, these structures do not have
intrinsically stable shape (like, e.g., rocks, beams, or rubber), and thus they require the
prestress for shape stabilization. When an external force is applied to a prestressed structure,
its taut structural elements undergo primarily reorientation and change in spacing, and to a
lesser degree extension/shortening, until a new equilibrium configuration is attained. The
greater the prestress, the smaller the configurational changes are, that is, the greater the
stiffness of the structure. Indeed, in such structures micron can remain finite and small even
if the stiffness of its members becomes very large. This explains why micron is small
despite the relatively stiff connective tissue fibers that comprise the alveolar walls and why
it must be a nearly constant fraction of Py, (37, 78, 234). Microstructural models of the lung
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parenchyma that incorporated the above principles successfully predicted the observed
linear dependence of micron on prestress, regardless of whether they used very simple line-
element networks (38, 277) or morphologically more realistic surface-element networks (59,
134). Thus, the structural connectedness and the stabilizing role of the prestress appear to be
key features of parenchymal mechanics that lead to the linear j1-Py, relationship, whereas the
geometrical and material properties of the structural elements may be secondary.

The situation, however, appears to be different at low lung volumes. Cavalcante et al. (45)
studied the contribution of proteoglycans to parenchymal elasticity as described earlier. The
authors found that proteoglycans contribute to the stress-strain properties as well as to the
macroscopic shear modulus of parenchymal tissue strips. Microscopic imaging
measurements showed that at the level of individual alveoli, bath tonicity, which only
influences proteoglycans (and pulmonary cells) but not elastin or collagen, does change the
configuration of the alveolar wall network. Importantly, they showed that stretching of
relaxed strips causes an immediate buildup of stress, that is, the tissue exhibits a finite elastic
modulus at zero stress. This finding appears to be at odds with the idea that in the whole
lung resistance to shear is conferred to the parenchyma by Py, and that if Py, = 0, resistance
to shear should be lost. If the parenchyma indeed behaved as an unstable structure in the
absence of prestress, then uniaxial stretching of a relaxed parenchymal strip should develop
no stress until all alveolar walls become aligned with applied strain and individual walls
begin to stretch. The results of Cavalcante et al. (45) therefore suggest that the parenchymal
structure is not unstable even if Py, = 0 and that proteoglycans provide stability and
resistance to shear at low lung volumes. The authors argued that at the scale of the alveolar
wall ECM, proteoglycans, due to their large negative surface charge density, resist
compression and shear and hence they serve as a bond-bending spring producing elastic
resistance against alignment of fibers and alveolar walls with the direction of macroscopic
strain (Fig. 11).

Data from punch indentation experiments show that at low Py, the relationship between
micron and Py, deviates from the observed linear relation at medium and higher Py, (237,
240). While this could be a result of air-trapping that occurs at low lung volumes, it can also
indicate the increasing contribution of proteoglycans as discussed above. In fact, this
deviation is even more pronounced in liquid-filled lungs where there is no effect of air
trapping (240). Taken together, the picture that emerges is that at low Py, where surface
tension is low and alveolar architecture is not fully recruited, proteoglycans in the ECM may
play a major role in resisting lung distortion. With increasing Py, the alveolar network
becomes fully recruited and the contribution of structural mechanisms becomes
predominant.

Contributions of non-parenchymal and cellular structures—It should be also
mentioned that non-parenchymal structures may play role in pulmonary mechanics. For
example, using indentation tests, it was determined that the pleural membrane contributes
~20% to recoil pressure during uniform expansion of the lung (98, 188) and at least 30% to
the resistance to shear (119, 233). However, tissue hysteresivity of the pleura was estimated
to be small (251). The deformation of the parenchyma associated with the axial forces along
the airways may locally distort the parenchyma. It was inferred that the parenchyma
stabilizes airway length against transmitted axial forces, and perhaps even forces on airway
plugs (107). Interestingly, the elasticity of the bronchial and vascular trees was found to
contribute to lung recoil pressure only up to 10% (230).

Other potentially important contributors to lung elasticity include cellular structures. Initial
studies found that activation of the airway smooth muscle can cause a decrease in lung
compliance invivo (51, 284, 285). Among the four major alveolar cell types, alveolar type |
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and type Il epithelial cells, endothelial and fibroblasts, the latter cells are the most
contractile and have the highest elastic modulus (13). Additionally, there are smooth muscle
and perhaps contractile myofibroblast cells in the alveolar ducts (147, 187) that are highly
contractile. Therefore, it is possible that the contraction of these cells modulates lung
elasticity. However, at the whole lung level, it is important to partition the
bronchoconstriction response into separate airway and tissue properties because airway
heterogeneities can produce apparent increases in estimated lung properties. Indeed, using
gases of different viscosities, it has been demonstrated that airway smooth muscle activation
mainly causes time constant heterogeneities and little change occurs in R;j and E;; at least in
small animals (152). This finding is also in agreement with tissue strip studies that reported
only a modest 5% to 20% increase in stiffness during contractile stimulation depending on
the concentration of the agonist (65, 182, 286). Interestingly, a recent study reported that the
overall mechanical behavior of the lung may be sensitive to a specific cytoskeletal
intermediate filament protein, desmin, which is expressed in smooth muscle cells of the
lung. Specifically, desmin-null mice showed lower lung stiffness and recoil pressure both at
baseline and following induced airway constriction than control mice (222). However, as
discussed earlier, it is generally thought that the most important structural element of the
CSK that dominates cell stiffness is actin (236, 270, 271). Furthermore, it is unclear whether
the ECM of the desmin knockout mice is comparable to that of the wild-type mice.
Nevertheless, this area at the interface of lung biology and parenchymal mechanics warrants
more attention and further studies are needed to determine the specific role of various
proteins as well as the effect of different biological interventions. Before physiological
conclusions can be drawn from any biological intervention, it is crucial to understand the
role of heterogeneities in the whole lung response. Besides using gases of different
viscosities, another possibility is model-based partitioning of heterogeneities from physical
changes in tissue properties (127, 254). Alternatively, the tissue strip can be studied in
isolation as it is minimally sensitive to airway heterogeneities.

Stability of the Lung

Generally, a thermodynamic system responds to an applied load by developing a restoring
force. For example, when air is pumped into a rigid chamber, the pressure inside the
chamber increases monotonically. However, during inflation of the collapsed lung, the lung
does not always develop an increasing restoring force; instead, the pressure inside the lung
can decrease intermittently due to the sudden opening of airways and alveolar airspaces.
Thus, the local slope of the P-V curve of the lung can become negative indicating the
presence of instabilities. Lung parenchymal stability is closely associated with collapsing of
the airways and air spaces known as atelectasis. In normal lungs, atelectasis is present only
during abnormal conditions such as the first inflation of degassed lungs, ventilation with
pure oxygen, pressing on lung surface at low lung volumes or ventilation of anesthetized
subjects. Figure 13 shows a series of images of a region of an isolated lung during inflation
from the collapsed state. It can be seen that the atelectatic regions gradually disappear as Py,
increases. Conversely, when the regional distending pressure of the parenchyma decreases
below some critical value, the region can collapse hindering gas exchange. In lungs with
abnormally high surface tension, atelectasis can occur spontaneously with the lungs inflated
by small but uniformly positive Py, (50, 231). The occurrence of atelectasis in prematurely
born infants (32, 33) is associated with abnormally high and nearly constant surface tension
(11). In this section, we will examine instabilities associated with surface tension and with
the dynamics of airway opening and closing.
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Analysis of static instability

The earliest models of parenchymal stability depicted the alveolar structure as a collection of
independent spherical balloons connected to a common airway tree (203, 269). The tension
in the balloon wall was assumed to be the sum of the surface tension y and tissue tension T.
Using the law of Laplace, the transmural pressure p that keeps each balloon inflated is

T
p:2 ﬂ (10)
T

where r is the radius of the balloon and T and possibly y depend on r. As the lung expands, r
increases and, according to Eq. (10), p tends to decrease unless the total wall tension
increases faster than linear with increasing r. Since the alveolar septal tissue exhibits
exponential-like nonlinear tension-extension behavior (79, 182, 287), it is reasonable to
assume that T/r increases with increasing r. If y were constant, then y/r would decrease with
increasing r and if y were sufficiently high, then p would reach a maximum and start to
decrease as r further increases. The first balloon with decreasing p would set up an unstable
situation: all balloons with smaller r and higher p would empty into the balloon with a
bigger r and lower p. This implies that if the alveoli had slightly different size, constant and
elevated y would make the lung intrinsically unstable. In the normal lung, this instability is,
however, avoided because type Il alveolar epithelial cells secret surfactant that reduces y and
makes it dependent on r such that v/r increases with increasing r (81, 239).

In his conceptual model of stability, Mead (164) identified three mechanisms of
parenchymal stability which he referred to as geometrical stability, surface film stability,
and tissue stability. As a criterion of stability, Mead employed the notion that an increase in
Py must be accompanied by an increase in lung volume, that is, a positive slope of the P-V
curve and thus a positive k. Fung (81) and Wilson (278, 280) formalized Mead's idea as
follows. Because the lung's recoil pressure equals the sum of all tissue and surface forces
transmitted across any plane through the parenchyma per unit area of the plane, the rate of
increase of these forces (i.e., tissue and surface stability) during lung expansion must exceed
the rate of increase in spacing between the force-bearing components of the parenchyma
(i.e., geometrical stability) to have increasing recoil pressure. Because the contribution of vy
to the recoil pressure depends on the alveolar surface-to-volume ratio (S/V) [the first term
on the right-hand side of Eq. (9)], Wilson (279) concluded that if v were constant and high
enough, this term would decrease with increasing V leading to a decrease in Py, and thus « <
0, which implies instability. Stamenovic and Smith (237) studied the P-V behavior of lungs
with constant and elevated y and did not observe negative P-V slopes. Instead, they observed
very small slopes accompanied by regional atelectasis at low volumes. They argued that
these atelectatic regions occur as V decreases, with most of the expiring volumes from the
collapsing regions being transferred to the remaining expanded regions. Fung (81, 83)
analyzed regional collapsing of the air spaces and concluded that if a region that tends to
collapse is entirely surrounded by the parenchyma, then its collapsing will be prevented
through the stabilizing effect of mechanical interdependence. A planar regional collapse
would be marginally stabilized by the surrounding parenchyma and would be susceptible to
collapse if a small local compression force is applied. However, this analysis did not take
into account the effect of alveolar surface film properties. Similar conclusions were also
reached by Graves et al. (95). Stamenovic and Wilson (239) attempted to reconcile the
different results obtained from the various models. Using both continuum and
microstructural analysis, they showed that in a homogeneous lung, the parenchyma would
be stable and local atelectasis would not occur at any positive Py,. If, however, the alveolar
S/V ratio is inhomogeneous, regions of higher S/V ratio would collapse if surface tension is
elevated and constant. This may explain the observed atelectatic regions at low volumes of
lungs where surface tension is high and insensitive to changes in alveolar surface area.
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Dynamic instabilities

As described in the previous section, alveolar stability during a small deformation is
determined by the relation among the local shear and bulk moduli and surface tension. The
analysis of stability can be extended to include airways and gas flows during slow inflation
as follows.

Figure 14A depicts the P-V curve of an isolated rat lung during inflation from the collapsed
and degassed state to TLC (4). The lung's recoil pressure Py, was measured with respect to
atmospheric pressure as a function of the volume displacement V of a piston that slowly
inflated the lung. It can be seen that with increasing V, Py, also increases, but this increase is
not monotonic and Py, intermittently decreases. Therefore, the elastance E = dPy/dV can
take both negative and positive values. Successive values of E were estimated as the local
slope of a straight line fit within a short moving window along the P-V curve. The
magnitudes Eeq of elastance with negative values show fluctuations and the distribution TI
of Eneg Was found to be exponential:

T(Epeg)e” oo/ ™0 )

where Ep, the characteristic value of Eeg, increased with inflation rate (Fig. 14B). It was
found that the pattern of Eneg varied from inflation to inflation, but the distribution in Eq.
(11) was reproducible. This excludes the possibility that Eneq arises from tissue rupture.

To understand the existence and fluctuations of the negative elastance, a dynamical model of
a system consisting of a piston chamber and a lung was developed (4). The lung was
modeled as a binary tree terminating in elastic alveoli (4). The root of the tree, the trachea,
was connected to the chamber containing air at atmospheric pressure, corresponding to the
experimental conditions. Inflation was then simulated by increasing V at a constant rate. At
the beginning of the inflation, all airways were closed and no alveoli are connected to the
root, so a small increase in V increased Py, A closed airway opens when Py, exceeds the
airway's critical opening threshold pressure (86) Py, which was assumed to be a random
variable uniformly distributed between 0 and 40 cmH,0 (the pressure at TLC). When a
segment opens, the pressure propagates deeper into the lung. If the Py, of either daughter
airway is also smaller than Py, then this daughter opens together with its parent. This
process leads to an avalanche of openings involving a large number of airways and alveoli
(247). The newly opened airways and alveoli increase the volume of the lung, the gas
suddenly redistributes in a larger volume and consequently the pressure decreases according
to Boyle's law. The reduction in Py, however, can terminate the propagation of the
avalanche and Py, increases again due to the steady influx of air. This phenomenon of the
decrease in Py, following a single avalanche and the subsequent rise in Py, was termed an
avalanche shock (Fig. 14C inset), which is not a traditional propagating shock wave. The
time course of an avalanche shock is smoothed by relaxation processes due to flow
resistance of the airways such as regional airway resistance and viscoelasticity of the
parenchymal tissue. The decreasing part of an avalanche shock corresponds to instabilities
characterized by negative elastance. The continuous increase in Py, is intermittently
interrupted by avalanche shocks of different sizes until all air in the piston chamber is
injected into the lung.

Simulations using the above model with an 18-generation airway tree ending in elastic
alveoli produced P-V curves (Fig. 14C) that are similar to the P-V curves observed
experimentally (Fig. 14A). The local Eneg Was then determined in the same way as for the
measured data. The distributions IT (Eneg) from the simulations fit the experimentally ob
tained distributions for both slow and fast inflation rates (Fig. 14B). These results indicate
that inflating the lung from a state in which a considerable part of the gas exchange region is
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collapsed is a complex, nonequilibrium dynamical process characterized by regions of
instabilities that manifest macroscopically as negative elastance. For slow inflation, the
system has enough time following each avalanche to reach equilibrium, so the individual
avalanche shocks are distinct and nonoverlapping. With increasing inflation rate, however,
avalanche shocks due to separate avalanches increasingly overlap, resulting in smoother P-V
curves with fewer regions of negative elastance. Thus, the mechanism for the paradoxical
negative elastance and its distribution arises from the avalanche shocks involving the sudden
recruitment and subsequent relaxation of a large number of airways and alveoli.

It can be concluded that the instabilities that were attributed to a combination of the static
properties of the alveolar liquid lining (50) and the nonuniform deformation of the lung
tissue (239) can be dynamic in nature. These simulations also suggest that both airways and
alveoli are inextricably involved in the processes producing macroscopic instabilities of the
lung during inflation. Since the topological properties of the airway tree are also involved in
these instabilities, the associated phenomena can become very complex due to the
avalanches (see article on “Complexity and Emergence” in Comprehensive Physiology).
Furthermore, it appears that the rate of deformation plays an important role in the formation
of instabilities and their contribution to the global mechanical properties of the lung. Next,
we examine the influence of taking into account the rate of deformation of individual airway
opening and closing on dynamic lung elastance.

Instabilities during cyclic deformations

Opening and closing of lung units are not processes that occur instantaneously once critical
pressure thresholds have been crossed. A closed airway takes a finite amount of time to open
when it is subjected to sufficient pressure (86), and the same is true for an open airway that
closes when pressure is reduced enough (44). This is also evident from the progressive
decrease in lung compliance seen during mechanical ventilation following a recruitment
maneuver (6). Both the opening and closing processes together with the time to open and
close are significantly influenced by the presence of surfactant. The precise biophysical
mechanisms governing these processes are beyond the scope of this article and here we
concentrate on a simple and more phenomenological description that can be used to simulate
whole lung behavior. Such a model was developed by Bates and Irvin (20). The temporal
dynamics of recruitment and derecruitment in the lungs have been simulated by representing
the lungs as a parallel collection of compliant units each served by an airway that connects
to a common entry point. Each lung unit is associated with a virtual trajectory,
parameterized by the quantity x that can take values between 0 and 1. Each unit can exist in
one of two states, either fully open or fully closed, with the transition between the two states
governed by the behavior of x, as follows. If the pressure, P, applied to an airway exceeds
the airway's critical opening pressure, Py, then x increases toward 1 with a speed
proportional to the difference P — P, and a constant of proportionality s,. Similarly,
movement toward 0 occurs with speed so(P 7#x2212; P.), where P is a critical closing
pressure, & is another constant of proportionality, and P. < Py, It is assumed that x does not
change for P; < x < P, If an airway is closed and its value of x reaches 1, the airway
immediately opens. Conversely, if the airway is open and x reaches 0, the airway closes. The
quantity x thus does not correspond to anything physical in particular; the virtual trajectory
is merely an empirical mechanism that allows each airway to exhibit hysteretic opening and
closing as the pressure applied to it varies in time. Even so, the airway behavior produced by
the virtual trajectory mechanism shows similarities to that observed experimentally in in
vitro models of elastic conduits that open and close as a result of bridging across the lumen
by a fluid lining layer (86, 190, 194,195).
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This computational model has been fit to data obtained in mice with acute lung injury (ALI)
caused by intratracheal instillation of hydrochloric acid (161). The mice were given a
recruitment maneuver (deep lung inflation) to recruit closed lung regions and then ventilated
with a normal tidal volume and frequency for several minutes during which time lung
elastance was monitored. This procedure was repeated at three different levels of PEEP. The
model was able to fit the experimental data closely (Fig. 15) when the values of P, and P
were normally distributed. While P, and P; had the same variance, the mean P, was about 4
cmH-,0 greater than mean P.. Furthermore, the speeds of opening and closing were
hyperbolically distributed, with the speed of opening being about an order of magnitude
greater than the speed of closing. The best-fit model parameters for the acid-injured mice
were the same as for control (uninjured) mice except that the mean values of P, and P were
both increased by about 5 cmH,0, which is consistent with an increase in surface tension at
the air-liquid interface in the lung (86, 194, 195). An analytical version of this model was
also used to account for the derecruitment dynamics of rats injured by saline lavage (6).
Again, the model simulated the lung stiffness data accurately, but the rate of rise of elastance
following a recruitment maneuver in the rats was much greater than in the acid-injured mice
in Figure 15. This shows that recruitment and derecruitment dynamics may be species
dependent and are greatly influenced by the type and degree of lung injury.

In summary, we have reviewed three different approaches to lung stability. The
corresponding mechanisms are not exclusive. For example, the local shear and bulk moduli
of the parenchyma could be incorporated into the model of dynamic instabilities via
avalanches by making the critical opening pressures dependant on the local moduli. Also,
the velocity of opening could be taken into account in avalanche dynamics. Alternatively,
gas redistribution and possibly avalanche dynamics likely occur during cyclic breathing-like
deformation of the injured lung during mechanical ventilation. Furthermore, the bulk and
shear moduli of the parenchyma should also influence the speed of opening and closing.
Understanding these processes may become critical in determining the nature of ventilator-
induced lung injury such as repetitive opening and collapse induced by high shear and
normal stresses on the epithelium during mechanical ventilation.

Biomechanics of the Lung Parenchyma in Diseases

Elastin, collagen, and mechanics in interstitial diseases

Using scanning electron microscopy, the three-dimensional microstructure of normal lung
parenchyma has recently been visualized in extraordinary detail (see also Fig. 4B and Fig.
5B) and shows complex intermingled networks of elastin and collagen (261). In diseases of
the parenchyma, these structures become remodeled (149, 268). While the detailed cellular
machinery behind this remodeling is not well understood, it has significant consequences for
the structural and mechanical properties of the parenchyma. In mouse models of
emphysema, for example, these elastin and collagen fiber networks show tortuous and
substantially damaged structures (186). Cultures of cells exposed to elastase exhibit
damaged elastic fibers with a frayed, porous appearance, and a granular texture (178).
Following 7 days of repair, the granular texture of damaged fibers disappears and the porous
areas become filled in. By 22 days following elastase exposure, the elastic fibers are
indistinguishable from fibers in control cultures. Nevertheless, this repair is likely to be
aberrant because elastase treatment has been shown to lead to progressive airspace
enlargement in rat lungs despite normal levels of elastin (169).

A recent study characterized the force-extension curves of collagen fibrils and whole
tendons from rats that had been pretreated with -APN, which inhibits the formation of
cross-links among fibrils (202). In the absence of cross-links, the stress required to stretch
the tendon decreased dramatically almost 10-fold from 120 MPa in the normal to 15 MPa in
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the tendon from the treated rats. Furthermore, the stress quickly reached a plateau and in
certain samples actually started to decrease beyond a critical stretch, indicating the
breakdown of the tendon. It has also been shown that the collagen in the alveolar walls, and
indeed the walls themselves, mechanically fail at a lower stress in emphysematous lungs
than in normal lungs (128, 138). Since the failure stress of the alveolar wall is determined by
the strength of collagen, this could indicate abnormal cross-linking of the collagen in
emphysematous lungs as a consequence of inflammation and remodeling. Enzymatic
digestion of fibers makes them susceptible for mechanical failure. Ultimately, it is not the
digestion that generates failure but the mechanical force on the fibers (253). When actual
fiber rupture occurs, fragments of the molecules forming the original fiber are exposed. Such
fragments do have an important biological effect; for example, elastin fragments have
chemotactic activity, they attract monocytes (110) which in turn can prolong local
inflammation with further tissue deterioration. The progression of the functional decline of
the lung due to cascades of failure is discussed in detail in the article “Complexity and
Emergence” in Comprehensive Physiology.

During fibrosis, there is significant collagen deposition in the lung that is accompanied by
stiffening of the lung tissue (64, 67, 69, 198). Interestingly, while both the elastin and
collagen contents increase, changes in the overall viscoelastic properties of the lung tissue
appear to correlate with the contents of collagen (64) or proteoglycans (67), suggesting that
it is the reorganization of the fibers that is most responsible for the altered mechanical
properties of the tissue. However, little is known about the organization and stiffness of
individual collagen fibrils and fibers in fibrosis, making this an important area for future
research. In cardiovascular tissues, the fibrotic increase in stiffness is attributed to the
deposition of extra collagen and also to increased collagen cross-linking associated with the
formation of advanced glycation end-products (228). If the maturation of cross-linking is
faster than the turnover of collagen itself, then fibrotic lesions develop and lead to an
increased local stiffness, a process similar to aging (12). It is unclear, however, how the
locally formed fibrotic lesions influence organ level function. Indeed, the few published
studies in the lung are somewhat contradictory in their accounts of the correlation between
mechanical properties and collagen content (67, 93). Using network modeling of the lung, it
has been show that collagen content alone cannot account for the organ level functional
properties of the lung (19). Instead, of key importance is how the remodeled tissue is
organized spatially. Additionally, the stiff fibrotic tissue can alter the character of the
residing cells such as fibroblasts by promoting cell differentiation into more fibrogenic
myofibroblasts. This can then set up a vicious circle since the myofibroblasts start secreting
the excessive stiff ECM component which in turn cause more phenotypic change in
fibroblasts (105).

In summary, various microscopic alterations in the ECM of the lung parenchyma result in
changes in the mechanical properties of fibrils, fibers, and the alveolar walls. These
microscopic pathological alterations are invariably heterogeneous and the extent to which
they influence organ level lung function critically depends on the spatial organization these
lesions (19). In the case of emphysema, the missing alveolar walls together with the reduced
elasticity of individual walls lead to lower stiffness and recoil pressure (Fig. 1) as well as an
altered PEEP dependence of lung elastance (Fig. 2). In fibrosis, opposite changes occur,
tissue strip stiffness and lung elastance increase. In both cases, changes in lung mechanics
can severely compromise the functionality of the parenchyma as a gas exchanger.

Surfactant, edema, and mechanics in acute lung injury

The syndrome ALI and its more severe form the ARDS are characterized by the
accumulation of an inflammatory exudate in small airways, alveolar ducts, and air sacs. The
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edema fluid contains many bioactive molecules with complex, interdependent, and
incompletely understood effects on parenchymal remodeling and repair (272). Serum
proteins, phospholipases and cholesterol among them exert profound effects on adsorption
and spreading kinetics of pulmonary surfactant, effectively inactivating it, and thereby
contributing to alveolar instability, additional flooding, gas absorption atelectasis and
alveolar derecruitment. (96). It is one of the reasons why, in contrast to children with
immature lungs, surfactant replacement in adults with ARDS has been disappointing. The
effects of edema and surfactant inhibition are not only an important source of the increased
mechanical load resisting lung inflation, but they also place airway and alveolar epithelial
cells at risk for wounding by interfacial stress (27, 115). This injury mechanism is thought to
operate in so-called atelect-trauma, a form of mechanical ventilation-induced lung injury
associated with the cyclic recruitment and derecruitment of unstable alveolar units (180).

The advent of computed tomography provided the important insight that parenchymal
mechanics of the injured lungs are regionally heterogeneous (85). This in turn had a
profound impact on the practice of mechanical ventilation insofar as it motivated clinical
trials, which established that minimizing parenchymal stress and strain can be life saving
(1). Initial models of the regional mechanics of injured lungs viewed dependent airspaces as
compressed by the increased weight of the overlying edematous tissue (193). This
interpretation was subsequently challenged in favor of a model that considered the
dependent lung units as airless, but with normal tissue dimensions on account of unit
expansion by foam and liquid (113, 159). Figure 16 compares subpleural alveoli in a normal
and an injured rat lung. It can be seen that gas bubbles of different sizes and shapes are
surrounded by flooded alveoli indicating nonuniform surface tensions and/or regional
pressures. These images then suggest that following injury, liquid bridges form at the level
of the alveolar ducts that trap air in some alveoli while others can be partially or completely
flooded.

At the macroscale, the global P-V curve of injured lungs is characterized by substantial
hysteresis and a prominent lower inflection point, a nonlinearity marking a volume-
dependent increase in lung compliance along the inflation limb (Fig. 17). Impaired
surfactant function, effects of edema on interfacial forces and the corresponding reduction in
the number of recruitable lung units all contribute to the increased resistance of the injured
lung to inflation (158). Furthermore, these abnormalities are regionally heterogeneous and
consequently the regional P-V curves of the lung can be quite different from each other (23).
The focus of this article precludes a comprehensive review of the literature devoted to the P-
V curve of injured lungs. Nevertheless, we consider liquid and foam in alveoli and
peripheral airways as central to this issue. For small applied forces, foam is an elastic
material. Foam yields and begins to flow at a critical shear stress. Typical values of critical
stresses in foam are of the order of a few tenths of a cmH,0 (140). However, flow of foam
through an airway branch requires simultaneous yield of more than one surface, and the
pressure required to drive foam through a branch may be many times the yield stress of a
single liquid plug. The theory of plasticity shows that the pressure required to drive flow of a
perfectly plastic material is independent of the scale of the flow. Thus, the pressure drop
across a branch may be almost the same for all-sized airways. Therefore, the pressure drop
required to drive flow through a self-similar branching network of n generations is n times
the pressure drop required to drive flow across a single branch, and the pressure drop that
would be required to drive flow through the bronchial tree may be quite large (160). Figure
17 underscores the importance of interfacial forces as determinants of the elastic resistance
of the lung during inflation. A comparison of P-V curves between an air-filled and a
completely fluid-filled canine lower lobe shows the expected differences in compliance and
hysteresis. However, the P-V characteristics drastically change when a fluid-filled lobe is
inflated with air. Note that the pressure required to advance but a few presumably surfactant
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poor air-liquid interfaces in lobar and segmental bronchi is considerable as is reflected in the
prominent lower inflection point of the inflation curve. Thus, while the P-V curve of
degassed lungs also show apparent similarities and instabilities (Fig. 14), the mechanisms
contributing to the P-V curve of an edematous lung appear to be different.

Mechanical Force Transmission in the Parenchyma

Mechanical forces and mechanotransduction in the normal lung

As discussed earlier, lung tissue is constantly under a prestress which is a result of the
distension of the lung by the Py,. The regional distribution of prestress is determined by
gravity-related hydrostatic pressure in the pleural space and the shape of the chest cavity
(113, 276). As a consequence, alveoli are somewhat bigger at the apex than at the base of
the lung. Prestress also changes cyclically and irregularly with breathing. Again, due to the
smaller alveoli at the base, regional tidal volumes are also bigger at the base. The
mechanical tension in the alveolar walls is transferred through the ECM fibers to the
adhering cells with important consequences for cellular biophysics, biochemistry and
phenotype (89). Such mechanical interactions between cells and the matrix are known to
modulate cell contractility and myosin light chain phosphorylation (199), cell rheology
(210), and focal adhesion assembly (46), all of which are critical for control of cell adhesion,
migration, growth, contractility, and viability (63). Additionally, the mechanical properties
of the ECM may influence angiogenesis (121), as well as connective tissue homeostasis
itself (48). The direct interaction between the ECM and cellular biochemistry also has
important implications for the biomechanical properties of the connective tissues.

Cells in the interstitium sense mechanical forces via the integrin adhesion receptors that
connect the CSK to the ECM (120). In addition to collagen, integrin receptors can also
anchor to other ECM molecules such as fibronectin or laminin. However, since collagen is
the main load-bearing component in connective tissue, any prestress in the lung would likely
be transferred from the collagen to the other ECM molecules. Although the exact molecular
mechanisms by which this mechanotransduction occurs are not entirely clear (225), it has
been found that modulation of stresses on the cell surface leads to a dynamic remodeling of
focal adhesions (57). Thus, integrins serve as a mechanotransduction device and can activate
various cellular processes (89) when the forces along the collagen network change. For
example, integrins have been shown to downregulate collagen alpha-1(I) and upregu-late
interstitial collagenase when fibroblasts were grown on a collagen matrix without prestress
(144). However, mechanical forces can also induce direct secretion of various growth
factors that accelerate the remodeling of the matrix. For example, tensile force-mediated
upregulation of the alpha-1(1) procollagen gene was found to depend on the release of TGF-
B (97). Tensile force also appears to regulate the connective tissue growth factor that is able
to stimulate extracellular protein release through a TGF-f independent pathway (218).
Additionally, fibroblasts appear to respond differentially to various types of mechanical
stimuli (e.g., uniaxial vs. biaxial deformation) (25).

It is clear that the presence of specific types of mechanical forces and various signaling cues
in the ECM jointly regulate how the cells create their microenvironment to maintain an
optimal structure and biomechanical properties of an organ (116). Thus, cells and the
prestressed ECM live in a dynamic balance in which about 10% of total lung collagen is
newly synthesized each day, 40% of which is immediately degraded, resulting in continuous
remodeling of the matrix (162). A schematic diagram of the hierarchical transmission of
mechanical stimuli from the level of the whole lung down to single cells, and the various
possible feedback loops controlling ECM remodeling and ultimately organ level mechanics,
are shown in Figure 18. We note, however, that there are several other important
mechanisms related to the effects of mechanical forces on lung biology such as surfactant
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secretion (282) and smooth muscle contractility (74, 199) or mechanical ventilation-induced
cellular injury (267) which are not considered in Figure 18.

Mechanical forces in the diseased lung

ECM-related diseases—In disease, the biochemical cues within the alveolar walls
change either because of the expression of enzymes and/or cytokines, or secondary to injury
caused by external agents such as cigarette smoke. This can drastically change the turnover
half-time of matrix molecules. For example, increased collagen mRNA expression in the
lung was detected within 6 h of elastase treatment of hamsters (149). In this case, matrix
remodeling was directly initiated by the acute injury caused by elastase. It is conventional to
think that diseases such as emphysema or fibrosis develop as a result of the changes in the
biochemical microenvironment. However, as soon as the composition of the ECM is altered,
either because of direct injury or cellular remodeling, corresponding changes occur in the
biomechanical properties of the matrix and consequently of the alveolar wall. Such changes
affect the local deformation of the alveolar wall, causing the wall network to reorganize
itself to re-establish mechanical equilibrium. Thus, it is conceivable that diseases can change
local prestress on the alveolar wall which, in turn, can have a positive feedback effect on cell
signaling, leading to further assembly of matrix molecules or release of digestive enzymes.
In this way, the initiation of a disease process has the potential to lead to chronic and
progressive tissue remodeling in which mechanical forces and ECM stiffness can play a
regulatory role.

While virtually nothing is known about the remodeling effects of mechanical forces in the
fibrotic lung, the possibility that mechanical forces contribute to the progression of
emphysema has been put forth as early as 1971 by West (276) who showed that the
topological distribution of emphysema scores closely resemble the regional distribution of
mechanical stresses in the lung due to its own weight. Consequently, West argued that
mechanical forces should contribute to tissue pathophysiology. In a two-dimensional finite
element model of the alveolar structure, Gefen et al. (87) demonstrated that alterations in the
elastic properties of the alveolar wall in emphysema can lead to a stress concentration up to
6 times higher than in the normal lung tissue. Such high stresses might lead to rupture of
remodeled fibers (87). This idea was further explored by imaging of alveolar walls coupled
with simultaneous measurement of the mechanical properties of tissue strips during uniaxial
stretching (138). It was found that the alveolar walls from elastase-treated rats can break
under the influence of mechanical forces akin to those likely occur in vivo. The notion that
mechanical forces might contribute to tissue destruction is also consistent with lung CT
images of patients with emphysema (174).

The breakdown of the alveolar wall network driven by mechanical forces has been shown to
lead to significant heterogeneities in structure at the parenchymal tissue level, with collagen
expected to play a major role in this process since it is the most important load-bearing
constituent of the alveolar wall (253). At high lung volumes, collagen in the alveolar wall
normally protects the parenchyma from rupture. Therefore, rupture of alveolar walls
observed in the emphysematous lung at strains corresponding to normal breathing suggests
that the yield stress of collagen must be weaker following remodeling (138). This notion is
supported by a recent study reporting that tissue strips from elastase-treated mice failed at ~
50% less stress than control even though the treated animals had a 50% increase in total
collagen content of the lung (128). It is important to note, however, that the mean linear
intercept, an index that is often invoked as a measure of airspace enlargement (191), was
also increased, indicating that the number of alveolar walls available to support the stress per
cross-sectional area perpendicular to the direction of stretching was reduced. One may be
tempted to conclude that the reduction in failure stress was simply due to the larger stress
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per alveolar wall in the emphysematous tissue. However, it has also been argued that the
increase in mean linear intercept cannot fully explain the decrease in failure stress,
especially when the collagen content per alveolar wall is increased (128). Therefore, despite
the increased collagen content of alveolar walls in the emphysematous lung, wall stiffness is
still smaller than in healthy animals.

These findings suggest that the normal dynamic equilibrium between matrix turnover and
mechanical forces is disturbed in emphysema, which can lead to the additional positive
feedback mechanisms reinforcing disease progression as shown by dotted lines in Figure 18.
For example, direct injury to the alveoli might lead to an alteration in matrix turnover and
reduction in collagen failure strength that ultimately results in the breakdown of alveolar
walls, which then causes further stress on the remaining walls so that they themselves can
break. Such positive feedback loops can cause a continuous deterioration of lung function
and may explain the progressive nature of emphysema (253). One might also speculate that
positive feedback loops would persist in fibrosis. One possibility is that chemical or genetic
influences stimulate fibroblasts to secrete more collagen and hence the stiffness of the local
ECM increases. The regional expansion of the lung during breathing would be altered and
hence mechanical forces on the ECM and the fibroblasts would also change. Abnormal
levels of mechanical force can then further stimulate cells to produce stiff ECM components
that would eventually lead to focal development of fibrotic lesions. Indeed, ECM stiffening
has recently been shown to shift fibroblasts toward a more fibrogenic myofibroblast
phenotype with increased matrix synthesis and reduced matrix proteolytic gene expression
(148). In any case, the finding in emphysema that increased collagen content is accompanied
by decreased stiffness is in stark contrast to the mechanics of the fibrotic lung in which total
collagen content also increases but is accompanied by an increase in stiffness (64). The
conclusion is thus inescapable that, following the remodeling process, the internal structural
organization of the collagen fibers in the alveolar wall is drastically different in
emphysematous and fibrotic lungs. If, as is widely suspected, both emphysema and fibrosis
are triggered by an aberrant cellular repair response to an initial insult, the grossly different
mechanical and structural fates of the parenchyma in these two diseases could be due to a
bifurcation at some point in the process of tissue repair. To further complicate matters,
however, there is evidence to suggest that emphysema and fibrosis can co-exist, so it may be
that different repair processes can take place concurrently within the same lung (151).

Acute lung injury—Physiologists have long realized that in healthy lungs, the vertical in
situ gradients in pressure and volume do not scale with lung density (2, 114). They
concluded that the topographical distribution of parenchymal stress resulted from a shape
matching constraint between two gravitationally deformed solids, the lungs and the thorax
(207). One can conclude then that next to the gravitational deformation of the thorax/
abdomen, the resistance of the lungs to a shape change, as reflected in the lung's shear
modulus, is an important determinant of the topographical distribution of stresses and
strains. As mentioned earlier, based on punch indentation measurements, Hajji et al.
estimated that the shear modulus of the normal canine lung scales as 0.7 Py, (98). Magnetic
resonance-elastography-derived measurements of parenchymal shear wave propagation
characteristics (163) indicate that the shear moduli of injured rat lungs are an order of
magnitude larger, that is, between 1 and 2 kPa at volumes near FRC (McGee et al.
unpublished observations). It is therefore likely that the gray scale gradients in CT images of
human lungs with ARDS reflect gradients in regional alveolar edema as opposed to
gradients in parenchymal prestress and alveolar size.

In the injured lung, edema usually collects in the gravitationally dependent, normally well-
perfused paraspinal regions of the lower lobes. When such a lung undergoes mechanical
ventilation, regional tidal volumes are generally delivered into the low resistance and high
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compliance regions of “open” nondependent lung zones. Unless tidal volume is adjusted, the
open regions will experience substantial mechanical forces compared to the regions that are
occluded by liquid plugs. This results in overdistension of alveolar units in the open regions.
Consequently, matrix adherent cells, foremost the epithelium and endothelium of the thin
part of the blood gas barrier, may experience stress failure of the CSK and plasma
membranes, which in turn trigger innate pro-inflammatory immune responses (66, 262,
267). On the macroscale, hyperinflation has been inferred from the grayscale patterns of
thoracic CT images. Specifically, some patients with severe ARDS have lung regions with
end-inspiratory grayscale values corresponding to air/tissue ratios that exceed those
observed in maximally inflated normal lungs (257). However, it cannot be known from
imaging alone whether the parenchyma surrounding such regions experiences abnormally
high mechanical stresses, or perhaps these regions are overdistended because they have low
bulk moduli on account of prior stress failure and/or tissue remodeling. While a contribution
from mechanotransduction in shaping this injury manifestation is likely, it is not clear that
the observation in and of itself establishes a cause and effect relationship or that airway
inflation pressure safety limits can be derived from it. Nevertheless, it is clear that regional
mechanics have to be considered in ALI and cellular responses to regional mechanical
stresses play an important if not dominating role in the development, progression, and
resolution of this pathophysiological condition of the lung.

An integrated View of Parenchymal Mechanics

The experimentally determined quasi-static stress-strain curve of lung tissue strips can be
completely accounted for by various phenomenological models such as Eq. (6). However,
despite the considerable progress described in this article, the relationship between the
molecular organization of collagen-elastin fibers or potentially other ECM structures
embedded in the proteoglycan gel and the stress-strain curve is not fully understood.
Furthermore, the picture is even less clear in the in vivo lung where surface tension and
cellular contraction-induced airway phenomena can further complicate the understanding of
the quasi-static P-V curve or the dynamic impedance spectrum of the lung. A mechanistic
link between molecular features at the nanoscale, atelectasis, and opening phenomena at the
microscale and organ level function that incorporates the effects of heterogeneities would
obviously be valuable. Indeed, such a link would help to better understand the
pathophysiology observed in emphysema, fibrosis, and ALI, the main diseases in which the
mechanical properties of the lung change in a manner that implies alteration in collagen and
elastin elasticity or surface tension properties. In this section, we attempt to provide such a
mechanistic link for the tissue strip as well as separately for the whole lung to the extent
current knowledge allows it. Since some of the links are missing, the interpretation
necessarily contains speculative elements. While future studies will fill in the missing links,
generating structure-function relations with current knowledge is still a useful exercise since
function can be easily measured, whereas structure and composition are available only to a
limited resolution (e.g., CT imaging) or extent (biopsy).

Before going into the details of these structure-function relations, we must point out their
relation to the concept of prestress that has been emphasized throughout this article. Since
FRC represents the elastic equilibrium between the outward pulling of the chest and the
inward pulling of the lung recoil, the externally imposed prestress is borne out by the
various components of the lung parenchyma. Therefore, when discussing how these
components contribute to the stress-strain or the P-V curve, it should also be realized that
these are exactly the constituents that carry the prestress at a given strain or lung volume.

In Figure 19, we show a conceptual stress-strain curve of a lung parenchymal tissue strip
during uniaxial stretching in a tissue bath. In region 1, the strip appears soft and the stress
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builds up slowly. The fibers are wavy and stretching causes them to start aligning with the
direction of macroscopic strain. The alignment process is opposed by the compressibility
and shear resistance of the proteoglycan matrix. It is also possible that some wavy elastin
fibers that are much softer than the collagen fibers start to become straight. It is a balance
between fiber stiffness in elongation and proteoglycan stiffness in compression and shear
that determines their relative contribution to stress. As stretching proceeds, the fibers
become progressively more aligned with macroscopic strain and their waviness begins to
unfold in region 2. Here the crimps along the fibers produce a disproportionately larger
stress and hence the stress-strain curve becomes nonlinear. In this region, proteoglycans may
still contribute to this nonlinearity. Indeed, if all springs in a network are linear but their
alignment is opposed by bond-bending, gradual recruitment occurs which causes the stress-
strain curve to become more nonlinear as a consequence of more springs operating in
parallel. Hence nonlinearity of a network does not necessarily reflect nonlinearity of its
constituent elements. In region 3, most fibers are aligned and become progressively less
wavy. The stress increases rapidly and eventually when all fibers are aligned, the stress-
strain curve becomes linear again. This region is dominated by the stiff collagen especially
at the highest strains. Because the tissue strip is in fluid bath, surface tension forces do not
contribute to the stress. Also, there is no circulation in the tissue strip so that the vessels are
likely collapsed. While this phenomenon has not been studied extensively, at low Py, lung
elastance in isolated lungs is sensitive to perfusion due to altered organization of elastin
fibers around the alveoli in the absence of perfusion (196).

The mechanisms contributing to whole lung behavior are considerably more complex than
those at the tissue strip level. Furthermore, the shape of the P-V curve depends on the
volume history of the lung. A schematic representation of the P-V curve is shown in Figure
20. First, the lung is inflated from the collapsed state to TLC. The primary mechanism
contributing to the P-V curve can be summarized as follows. In region 1, Py, increases but
little change occurs in lung volume. This is due to the massive airway and alveolar collapse
and the slight increase in volume is likely a result of the expansion of the larger airways. As
Pyp further increases in region 2, the critical opening pressures of airways are gradually
exceeded and around Py, = 10 cmH,0 airways start to open in avalanches which recruit
substantial alveolar airspaces and hence lung volume increase accelerates. The open regions
now begin to expand and consequently surface film expansion and possibly proteoglycan
compression and shear contribute to the curve. The slope of the curve here can be
significantly steeper depending on the initial amount of collapse and the inflation rate. Next,
in region 3, surface film and alveolar tissue elasticity dominate the rate of change of lung
volume. Local fiber alignment and crimp unfolding can occur together with stretching of the
elastin. Finally, once almost all alveoli are recruited and the fiber crimps are eliminated,
collagen fiber recruitment starts to dominate region 4 with a sharp increase in the bulk
modulus of the whole lung. During deflation these processes are likely reversed, although
the adsorption-desorption kinetics of the surfactant are quite different during deflation than
inflation that gives rise to lower closing pressures than opening pressures and a prominent
hysteresis. Thus, airway and alveolar collapse happen at a Py, much lower than 10 cmH,0
and the amount of air trapped behind the collapsed segments will determine RV.

During breathing, the situation is drastically different. In the normal lung, no airway or
alveolar collapse occurs. The surface film undergoes much smaller stretches than during
inflation from RV to TLC. Consequently, most of the hysteresis area is a result of the
viscoelastic properties of the ECM. However, surface tension toward end-expiration is low
due to the active role of pulmonary surfactant. Thus, the low stiffness of the lung along the
P-V curve during tidal breathing is determined both by the efficiency of the surfactant and
the mechanics of the ECM of the tissue. The latter is in turn dominated by the alignment
processes of elastin and collagen, the stretching of elastin and perhaps to a smaller extent
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stretching of collagen with small contribution from compressing and shearing the
proteoglycans. Additionally, the basal tone of interstitial and airway smooth muscle cells
can mildly modulate the slope of the loop.

During diseases, these processes as well as their contribution to parenchymal mechanics can
significantly change and some of these alterations have been described in this article. The
characteristic changes in the stress-strain and the P-V curve are specific to the given disease
state. For example, in the fibrotic lung parenchyma, the stress at any strain along the stress-
strain curve would be higher than in the normal tissue. Similarly, in the ARDS, the P-V
curve even starting from FRC significantly deviates from the small loop shown in Figure 20
and may be more similar to the air/saline curve in Figure 17. It is important to understand
the specific mechanisms contributing to lung mechanics during breathing in the diseased
lung and this is an area for future research. Specifically, new computational models will be
necessary that incorporate not only the mechanics of the ECM and surface film, but the
home-ostasis of lung cells during cyclic deformation over prolonged time periods. Such
models should ultimately be able to predict changes in cellular phenotype and the associated
alterations in ECM composition and structure and hence provide clinical insight into the
progression or resolution of diseases.

Conclusion

Currently, we have a reasonable understanding of the mechanical and functional properties
of the lung parenchyma at the macroscale both under normal and diseased conditions. This
understanding stems from the mechanics of the surface film, the ECM and, to some extent,
the mechanics and contractility of lung cells at the micro scale. A more fundamental
understanding based on theories of the mechanics of molecules, their interaction in the
surface film and in fibrils and fibers is still lacking and likely require novel experiments and
multi-scale analyses. Prestress appears to play a major role both in the mechanics and
function of the parenchyma. The effect of prestress on the homeostasis of a wide variety of
cells is just beginning to receive attention.

The act of breathing generates cyclic variations in prestress and undoubtedly shapes the
lung's response to noxious stimuli. The recognition of mechanical ventilation-associated
lung injury and the recent insights regarding parenchymal stress failure in experimental
models of emphysema underscore the delicate interplay between deforming stress and the
biologic response of the lung to it. In the normal lung, these responses are generally
considered adaptive, while following external or internal biological, biochemical and/or
mechanical insults they are viewed as maladaptive. To a clinician or translational scientist,
these distinctions are not always straightforward because adaptive and maladaptive
processes often share the same biomarkers. Yet, their meaning can vary a great deal
regionally in the lung as well as over time. It is easy to think of inflammation or apoptosis as
injury manifestations, but it is hard to imagine effective tissue repair and return of normal
function without them. Many have lamented that there is no specific treatment for a given
parenchymal disease condition because single molecule/mediator-targeted interventions
have not proven efficacious. But this notion is missing the point: every breath generates
innumerable mechanotransduction events in the lung which are fundamental for the
pathogenesis of the syndrome and likely for the repair as well. These mechanotransduction
events can neither be understood nor influenced unless their relation to lung mechanical
properties is identified. Thus, any future attempt to prevent the development, stop the
progression or improve the conditions of parenchymal diseases will have to incorporate the
influence of prestress and the mechanical properties of the parenchyma at the ECM and
cellular levels.
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conclusion, understanding parenchymal mechanics has entered a new phase; it is now

clear that mechanics, physiology, and cell biology are all involved in maintaining normal
lung function and responding to injury or disease. Many aspects of this complex interaction
have to be further studied both at the small scale and at the organ level because this is the
only way a comprehensive understanding can be obtained. In this effort, both novel
experimental and improved computational studies will play a significant role.

Acknowledgments

Th

e authors acknowledge the following funding sources from the National Institutes of Health: HL090757,

HL59215, HL096005, HR 56176 and HL63178.

References
1.

10

11.

12.

13.

14.

15.

Ventilation with lower tidal volumes as compared with traditional tidal volumes for acute lung
injury and the acute respiratory distress syndrome. The Acute Respiratory Distress Syndrome
Network. N Engl J Med. 2000; 342:1301-1308. [PubMed: 10793162]

. Agostoni E, D'Angelo E, Bonanni MV. The effect of the abdomen on the vertical gradient of pleural

surface pressure. Respir Physiol. 1970; 8:332-346. [PubMed: 5434416]

. Al Jamal R, Roughley PJ, Ludwig MS. Effect of glycosaminoglycan degradation on lung tissue

viscoelasticity. Am J Physiol Lung Cell Mol Physiol. 2001; 280:L.306-L315. [PubMed: 11159010]

. Alencar AM, Arold SP, Buldyrev SV, Majumdar A, Stamenovic D, Stanley HE, Suki B.

Physiology: Dynamic instabilities in the inflating lung. Nature. 2002; 417:809-811. [PubMed:
12075340]

. Allen GB, Leclair T, Cloutier M, Thompson-Figueroa J, Bates JH. The response to recruitment

worsens with progression of lung injury and fibrin accumulation in a mouse model of acid
aspiration. Am J Physiol Lung Cell Mol Physiol. 2007; 292:L.1580-1589. [PubMed: 17351059]

. Allen GB, Pavone LA, DiRocco JD, Bates JH, Nieman GF. Pulmonary impedance and alveolar

instability during injurious ventilation in rats. J Appl Physiol. 2005; 99:723-730. [PubMed:
15831795]

. Angele P, Abke J, Kujat R, Faltermeier H, Schumann D, Nerlich M, Kinner B, Englert C, Ruszczak

Z, Mehrl R, Mueller R. Influence of different collagen species on physico-chemical properties of
crosslinked collagen matrices. Biomaterials. 2004; 25:2831-2841. [PubMed: 14962561]

. Antunes MA, Abreu SC, Damaceno-Rodrigues NR, Parra ER, Capelozzi VL, Pinart M, Romero PV,

Silva PM, Martins MA, Rocco PR. Different strains of mice present distinct lung tissue mechanics
and extracellular matrix composition in a model of chronic allergic asthma. Respir Physiol
Neurobiol. 2009; 165:202—-207. [PubMed: 19135181]

. Arbabi S, Sahimi M. Elastic properties of three-dimensional percolation networks with stretching

and bond-bending forces. Phys Rev B Condens Matter. 1988; 38:7173-7176. [PubMed: 9945432]

. Arold SP, Bartolak-Suki E, Suki B. Variable stretch pattern enhances surfactant secretion in
alveolar type Il cells in culture. Am J Physiol Lung Cell Mol Physiol. 2009; 296:1.574-581.
[PubMed: 19136581]

Avery ME, Mead J. Surface properties in relation to atelectasis and hyaline membrane disease.
AMA J Dis Child. 1959; 97:517-523. [PubMed: 13649082]

Avery NC, Bailey AJ. Enzymic and non-enzymic cross-linking mechanisms in relation to turnover
of collagen: Relevance to aging and exercise. Scand J Med Sci Sports. 2005; 15:231-240.
[PubMed: 15998340]

Azeloglu EU, Bhattacharya J, Costa KD. Atomic force microscope elastography reveals
phenotypic differences in alveolar cell stiffness. J Appl Physiol. 2008; 105:652-661. [PubMed:
18535125]

Bachofen H, Gehr P, Weibel ER. Alterations of mechanical properties and morphology in excised
rabbit lungs rinsed with a detergent. J Appl Physiol. 1979; 47:1002-1010. [PubMed: 511700]
Bachofen H, Hildebrandt J, Bachofen M. Pressure-volume curves of airand liquid-filled excised
lungs-surface tension in situ. J Appl Physiol. 1970; 29:422-431. [PubMed: 4990020]

Compr Physiol. Author manuscript; available in PMC 2014 February 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suki et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Page 36

Balland M, Desprat N, Icard D, Fereol S, Asnacios A, Browaeys J, Henon S, Gallet F. Power laws
in microrheology experiments on living cells: Comparative analysis and modeling. Phys Rev E
Stat Nonlin Soft Matter Phys. 2006; 74:021911. [PubMed: 17025476]

Barnas GM, Stamenovic D, Fredberg JJ. Proportionality between chest wall resistance and
elastance. J Appl Physiol. 1991; 70:511-515. [PubMed: 2022540]

Bates JH. A recruitment model of quasi-linear power-law stress adaptation in lung tissue. Ann
Biomed Eng. 2007; 35:1165-1174. [PubMed: 17380389]

Bates JH, Davis GS, Majumdar A, Butnor KJ, Suki B. Linking parenchymal disease progression to
changes in lung mechanical function by percolation. Am J Respir Crit Care Med. 2007; 176:617—
623. [PubMed: 17575096]

Bates JH, Irvin CG. Time dependence of recruitment and derecruitment in the lung: A theoretical
model. J Appl Physiol. 2002; 93:705-713. [PubMed: 12133882]

Bates JH, Maksym GN, Navajas D, Suki B. Lung tissue rheology and 1/f noise. Ann Biomed Eng.
1994; 22:674-681. [PubMed: 7872575]

Bayliss LE, Robertson GW. The visco-elastic properties of the lungs. Quart J Exp Physiol. 1939;
29:27-47.

Bellardine Black CL, Hoffman AM, Tsai LW, Ingenito EP, Suki B, Kaczka DW, Simon BA,
Lutchen KR. Relationship between dynamic respiratory mechanics and disease heterogeneity in
sheep lavage injury. Crit Care Med. 2007; 35:870-878. [PubMed: 17255854]

Bellingham CM, Woodhouse KA, Robson P, Rothstein SJ, Keeley FW. Self-aggregation
characteristics of recombinantly expressed human elastin polypeptides. Biochim Biophys Acta.
2001; 1550:6-19. [PubMed: 11738083]

Berry CC, Cacou C, Lee DA, Bader DL, Shelton JC. Dermal fibrob-lasts respond to mechanical
conditioning in a strain profile dependent manner. Biorheology. 2003; 40:337-345. [PubMed:
12454424]

Bertocchi C, Ravasio A, Bernet S, Putz G, Dietl P, Haller T. Optical measurement of surface
tension in a miniaturized air-liquid interface and its application in lung physiology. Biophys J.
2005; 89:1353-1361. [PubMed: 15951375]

Bilek AM, Dee KC, Gaver DP Ill. Mechanisms of surface-tension-induced epithelial cell damage
in a model of pulmonary airway reopening. J Appl Physiol. 2003; 94:770-783. [PubMed:
12433851]

Black LD, Allen PG, Morris SM, Stone PJ, Suki B. Mechanical and failure properties of
extracellular matrix sheets as a function of structural protein composition. Biophys J. 2008;
94:1916-1929. [PubMed: 17993498]

Black LD, Brewer KK, Morris SM, Schreiber BM, Toselli P, Nugent MA, Suki B, Stone PJ.
Effects of elastase on the mechanical and failure properties of engineered elastin-rich matrices. J
Appl Physiol. 2005; 98:1434-1441. [PubMed: 15640390]

Breen EC. Mechanical strain increases type | collagen expression in pulmonary fibroblasts in vitro.
J Appl Physiol. 2000; 88:203-209. [PubMed: 10642382]

Brewer KK, Sakai H, Alencar AM, Majumdar A, Arold SP, Lutchen KR, Ingenito EP, Suki B.
Lung and alveolar wall elastic and hysteretic behavior in rats: Effects of in vivo elastase treatment.
J Appl Physiol. 2003; 95:1926-1936. [PubMed: 12871961]

Briggs JN, Hogg G. Perinatal pulmonary pathology. Pediatrics. 1958; 22:41-48. [PubMed:
13553602]

Brismar B, Hedenstierna G, Lundquist H, Strandberg A, Svensson L, Tokics L. Pulmonary
densities during anesthesia with muscular relaxation—a proposal of atelectasis. Anesthesiology.
1985; 62:422-428. [PubMed: 3885791]

Brown JC, Timpl R. The collagen superfamily. Int Arch Allergy Immunol. 1995; 107:484-490.
[PubMed: 7620364]

Brown RE, Butler JP, Rogers RA, Leith DE. Mechanical connections between elastin and collagen.
Connect Tissue Res. 1994; 30:295-308. [PubMed: 7956207]

Buckwalter JA, Rosenberg LC. Electron microscopic studies of cartilage proteoglycans. Direct
evidence for the variable length of the chondroitin sulfate-rich region of proteoglycan subunit core
protein. J Biol Chem. 1982; 257:9830-9839. [PubMed: 6809744]

Compr Physiol. Author manuscript; available in PMC 2014 February 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suki et al.

37.
38.
39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

Page 37

Budiansky B, Kimmel E. Elastic moduli of lungs. J Appl Mech. 1987; 54:351-358.

Buldyrev, SV. Fractals in biology. 2009.

Butler JP, Miki H, Squarcia S, Rogers RA, Lehr JL. Effect of macroscopic deformation on lung
microstructure. J Appl Physiol. 1996; 81:1792-1799. [PubMed: 8904601]

Campagnone R, Regan J, Rich CB, Miller M, Keene DR, Sakai L, Foster JA. Pulmonary
fibroblasts: A model system for studying elastin synthesis. Lab Invest. 1987; 56:224-230.
[PubMed: 3807319]

Carey DJ. Biological functions of proteoglycans: Use of specific inhibitors of proteoglycan
synthesis. Mol Cell Biochem. 1991; 104:21-28. [PubMed: 1922002]

Carey DJ. Syndecans: Multifunctional cell-surface co-receptors. Biochem J. 1997; 327(Pt 1):1-16.
[PubMed: 9355727]

Carver W, Nagpal ML, Nachtigal M, Borg TK, Terracio L. Collagen expression in mechanically
stimulated cardiac fibroblasts. Circ Res. 1991; 69:116-122. [PubMed: 2054929]

Cassidy KJ, Halpern D, Ressler BG, Grotberg JB. Surfactant effects in model airway closure
experiments. J Appl Physiol. 1999; 87:415-427. [PubMed: 10409603]

Cavalcante FS, Ito S, Brewer KK, Sakai H, Alencar AM, Almeida MP, Andrade JS Jr, Majumdar
A, Ingenito EP, Suki B. Mechanical interactions between collagen and proteoglycans: Implications
for the stability of lung tissue. J Appl Physiol. 2005; 98:672-679. [PubMed: 15448123]

Chen CS, Alonso JL, Ostuni E, Whitesides GM, Ingber DE. Cell shape provides global control of
focal adhesion assembly. Biochem Biophys Res Commun. 2003; 307:355-361. [PubMed:
12859964]

Chiquet M, Gelman L, Lutz R, Maier S. From mechanotransduction to extracellular matrix gene
expression in fibroblasts. Biochim Biophys Acta. 2009; 1793:911-920. [PubMed: 19339214]
Chiquet M, Renedo AS, Huber F, Fluck M. How do fibroblasts translate mechanical signals into
changes in extracellular matrix production? Matrix Biol. 2003; 22:73-80. [PubMed: 12714044]
Clements JA. Functions of the alveolar lining. Am Rev Respir Dis. 1977; 115:67—-71. [PubMed:
577382]

Clements JA, Hustead RF, Johnson RP, Gribetz I. Pulmonary surface tension and alveolar stability.
J Appl Physiol. 1961; 16:444-450. [PubMed: 13694048]

Colebatch HJ, Olsen CR, Nadel JA. Effect of histamine, serotonin, and acetylcholine on the
peripheral airways. J Appl Physiol. 1966; 21:217-226. [PubMed: 5904533]

Colombelli J, Besser A, Kress H, Reynaud EG, Girard P, Caussinus E, Haselmann U, Small JV,
Schwarz US, Stelzer EH. Mechanosensing in actin stress fibers revealed by a close correlation
between force and protein localization. J Cell Sci. 2009; 122:1665-1679. [PubMed: 19401336]
Coughlin MF, Suki B, Stamenovic D. Dynamic behavior of lung parenchyma in shear. J Appl
Physiol. 1996; 80:1880-1890. [PubMed: 8806890]

Cox G, Kable E, Jones A, Fraser I, Manconi F, Gorrell MD. 3-dimensional imaging of collagen
using second harmonic generation. J Struct Biol. 2003; 141:53-62. [PubMed: 12576020]

Crandall SH. The role of damping in vibration theory. J Sound Vibr. 1970; 11:3-18.

Daamen WF, Veerkamp JH, van Hest JC, van Kuppevelt TH. Elastin as a biomaterial for tissue
engineering. Biomaterials. 2007; 28:4378-4398. [PubMed: 17631957]

Davies PF, Shi C, Depaola N, Helmke BP, Polacek DC. Hemodynamics and the focal origin of
atherosclerosis: A spatial approach to endothelial structure, gene expression, and function. Ann N
Y Acad Sci. 2001; 947:7-16. discussion 16-17. [PubMed: 11795312]

Denny E, Schroter RC. The mechanical behavior of a mammalian lung alveolar duct model. J
Biomech Eng. 1995; 117:254-261. [PubMed: 8618376]

Denny E, Schroter RC. A model of non-uniform lung parenchyma distortion. J Biomech. 2006;
39:652-663. [PubMed: 16439235]

Denny E, Schroter RC. Relationships between alveolar size and fibre distribution in a mammalian
lung alveolar duct model. J Biomech Eng. 1997; 119:289-297. [PubMed: 9285342]

Denny E, Schroter RC. Viscoelastic behavior of a lung alveolar duct model. J Biomech Eng. 2000;
122:143-151. [PubMed: 10834154]

Dewey, TG. Fractals in Molecular Biophysics. Oxford University Press; Oxford; New York: 1997.

Compr Physiol. Author manuscript; available in PMC 2014 February 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suki et al.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Page 38

Discher DE, Janmey P, Wang YL. Tissue cells feel and respond to the stiffness of their substrate.
Science. 2005; 310:1139-1143. [PubMed: 16293750]

Dolhnikoff M, Mauad T, Ludwig MS. Extracellular matrix and oscillatory mechanics of rat lung
parenchyma in bleomycin-induced fibrosis. Am J Respir Crit Care Med. 1999; 160:1750-1757.
[PubMed: 10556151]

Dolhnikoff M, Morin J, Ludwig MS. Human lung parenchyma responds to contractile stimulation.
Am J Respir Crit Care Med. 1998; 158:1607-1612. [PubMed: 9817715]

Dreyfuss D, Soler P, Basset G, Saumon G. High inflation pressure pulmonary edema. Respective
effects of high airway pressure, high tidal volume, and positive end-expiratory pressure. Am Rev
Respir Dis. 1988; 137:1159-1164. [PubMed: 3057957]

Ebihara T, Venkatesan N, Tanaka R, Ludwig MS. Changes in extracellular matrix and tissue
viscoelasticity in bleomycin-induced lung fibrosis. Temporal aspects. Am J Respir Crit Care Med.
2000; 162:1569-1576. [PubMed: 11029378]

Fabry B, Maksym GN, Butler JP, Glogauer M, Navajas D, Fredberg JJ. Scaling the microrheology
of living cells. Phys Rev Lett. 2001; 87:148102. [PubMed: 11580676]

Faffe DS, Silva GH, Kurtz PM, Negri EM, Capelozzi VL, Rocco PR, Zin WA. Lung tissue
mechanics and extracellular matrix composition in a murine model of silicosis. J Appl Physiol.
2001; 90:1400-1406. [PubMed: 11247940]

Fernandez P, Pullarkat PA, Ott A. A master relation defines the nonlinear viscoelasticity of single
fibroblasts. Biophys J. 2006; 90:3796-3805. [PubMed: 16461394]

Fratzl P, Daxer A. Structural transformation of collagen fibrils in corneal stroma during drying. An
X-ray scattering study. Biophys J. 1993; 64:1210-1214. [PubMed: 8494978]

Fratzl P, Misof K, Zizak I, Rapp G, Amenitsch H, Bernstorff S. Fibrillar structure and mechanical
properties of collagen. J Struct Biol. 1998; 122:119-122. [PubMed: 9724612]

Fredberg JJ, Bunk D, Ingenito E, Shore SA. Tissue resistance and the contractile state of lung
parenchyma. J Appl Physiol. 1993; 74:1387-1397. [PubMed: 8482682]

Fredberg JJ, Inouye D, Miller B, Nathan M, Jafari S, Raboudi SH, Butler JP, Shore SA. Airway
smooth muscle, tidal stretches, and dynamically determined contractile states. Am J Respir Crit
Care Med. 1997; 156:1752-1759. [PubMed: 9412551]

Fredberg JJ, Jones KA, Nathan M, Raboudi S, Prakash YS, Shore SA, Butler JP, Sieck GC.
Friction in airway smooth muscle: Mechanism, latch, and implications in asthma. J Appl Physiol.
1996; 81:2703-2712. [PubMed: 9018525]

Fredberg JJ, Kamm RD. Stress transmission in the lung: Pathways from organ to molecule. Annu
Rev Physiol. 2006; 68:507-541. [PubMed: 16460282]

Fredberg JJ, Stamenovic D. On the imperfect elasticity of lung tissue. J Appl Physiol. 1989;
67:2408-2419. [PubMed: 2606848]

Fredberg, JJ.; Wang, N.; Stamenovic, D.; Ingber, DE. Micromechanics of the lung: From the
parenchyma to the cytoskeleton. In: Hlastala, MP.; Robertson, HT., editors. Complexity in
Structure and Function of the Lung. Dekker; New York: 1998. p. 99-122.

Fukaya H, Martin CJ, Young AC, Katsura S. Mechanial properties of alveolar walls. J Appl
Physiol. 1968; 25:689-695. [PubMed: 5727194]

Fung YC. Does the surface tension make the lung inherently unstable? Circ Res. 1975; 37:497—
502. [PubMed: 1182941]

Fung YC. Stress, deformation, and atelectasis of the lung. Circ Res. 1975; 37:481-496. [PubMed:
1182940]

Fung YC. A model of the lung structure and its validation. J Appl Physiol. 1988; 64:2132-2141.
[PubMed: 3391912]

Fung, YC. Biomechanics: Mechanical Properties of Living Tissues. Springer-Verlag; New York:
1993.

Fust A, LeBellego F, lozzo RV, Roughley PJ, Ludwig MS. Alterations in lung mechanics in
decorin-deficient mice. Am J Physiol Lung Cell Mol Physiol. 2005; 288:L159-L166. [PubMed:
15447936]

Compr Physiol. Author manuscript; available in PMC 2014 February 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suki et al.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 39

Gattinoni L, Presenti A, Torresin A, Baglioni S, Rivolta M, Rossi F, Scarani F, Marcolin R,
Cappelletti G. Adult respiratory distress syndrome profiles by computed tomography. J Thorac
Imaging. 1986; 1:25-30. [PubMed: 3298678]

Gaver DP I11, Samsel RW, Solway J. Effects of surface tension and viscosity on airway reopening.
J Appl Physiol. 1990; 69:74-85. [PubMed: 2394665]

Gefen A, Elad D, Shiner RJ. Analysis of stress distribution in the alveolar septa of normal and
simulated emphysematic lungs. J Biomech. 1999; 32:891-897. [PubMed: 10460125]

Gheduzzi D, Guerra D, Bochicchio B, Pepe A, Tamburro AM, Quaglino D, Mithieux S, Weiss AS,
Pasquali Ronchetti I. Heparan sulphate interacts with tropoelastin, with some tropoelastin peptides
and is present in human dermis elastic fibers. Matrix Biol. 2005; 24:15-25. [PubMed: 15748998]

Giancotti FG, Ruoslahti E. Integrin signaling. Science. 1999; 285:1028-1032. [PubMed:
10446041]

Gil J, Bachofen H, Gehr P, Weibel ER. Alveolar volume-surface area relation in air- and saline-
filled lungs fixed by vascular perfusion. J Appl Physiol. 1979; 47:990-1001. [PubMed: 511725]

Giraud-Guille MM, Besseau L. Banded patterns in liquid crystalline phases of type | collagen:
Relationship with crimp morphology in connective tissue architecture. Connect Tissue Res. 1998;
37:183-193. [PubMed: 9862220]

Goerke J. Pulmonary surfactant: Functions and molecular composition. Biochim Biophys Acta.
1998; 1408:79-89. [PubMed: 9813251]

Goldstein RH, Lucey EC, Franzblau C, Snider GL. Failure of mechanical properties to parallel
changes in lung connective tissue composition in bleomycin-induced pulmonary fibrosis in
hamsters. Am Rev Respir Dis. 1979; 120:67-73. [PubMed: 88916]

Gomes RF, Shen X, Ramchandani R, Tepper RS, Bates JH. Comparative respiratory system
mechanics in rodents. J Appl Physiol. 2000; 89:908-916. [PubMed: 10956333]

Graves, IA.; Hildebrandt, J.; Hoppin, FG, Jr. Handbook of Physiology. The Respiratory System.
Mechanics of Breathing. Am Physiol Soc; Bethesda: 1986. Micromechanics of the lung; p.
217-231.

Gunasekara L, Schoel WM, Schurch S, Amrein MW. A comparative study of mechanisms of
surfactant inhibition. Biochim Biophys Acta. 2008; 1778:433-444. [PubMed: 18036553]

Gutierrez JA, Perr HA. Mechanical stretch modulates TGF-betal and alphal(l) collagen
expression in fetal human intestinal smooth muscle cells. Am J Physiol. 1999; 277:G1074-G1080.
[PubMed: 10564114]

Hajji MA, Wilson TA, Lai-Fook SJ. Improved measurements of shear modulus and pleural
membrane tension of the lung. J Appl Physiol. 1979; 47:175-181. [PubMed: 468657]

Hantos Z, Adamicza A, Janosi TZ, Szabari MV, Tolnai J, Suki B. Lung volumes and respiratory
mechanics in elastase-induced emphysema in mice. J Appl Physiol. 2008; 105:1864-1872.
[PubMed: 18845778]

100. Hantos Z, Daroczy B, Suki B, Nagy S, Fredberg JJ. Input impedance and peripheral

inhomogeneity of dog lungs. J Appl Physiol. 1992; 72:168-178. [PubMed: 1537711]

101. Hantos Z, Suki B, Csendes T, Daroczy B. Constant-phase modelling of pulmonary tissue

impedance (Abstract). Bull Eur Physiopathol Respir. 1987; 23(Suppl. 12):326s.

102. Hildebrandt J. Comparison of mathematical models for cat lung and viscoelastic balloon derived

by Laplace transform methods from pressure-volume data. Bull Math Biophys. 1969; 31:651—
667. [PubMed: 5360349]

103. Hildebrandt J. Dynamic properties of air-filled excised cat lung determined by liquid

plethysmograph. J Appl Physiol. 1969; 27:246-250. [PubMed: 5796316]

104. Hildebrandt J. Pressure-volume data of cat lung interpreted by a plastoelastic, linear viscoelastic

model. J Appl Physiol. 1970; 28:365-372. [PubMed: 5414773]

105. Hinz B. Tissue stiffness, latent TGF-betal activation, and mechanical signal transduction:

Implications for the pathogenesis and treatment of fibrosis. Curr Rheumatol Rep. 2009; 11:120—
126. [PubMed: 19296884]

106. Holmes DF, Gilpin CJ, Baldock C, Ziese U, Koster AJ, Kadler KE. Corneal collagen fibril

structure in three dimensions: Structural insights into fibril assembly, mechanical properties, and
tissue organization. Proc Natl Acad Sci U S A. 2001; 98:7307-7312. [PubMed: 11390960]

Compr Physiol. Author manuscript; available in PMC 2014 February 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suki et al.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Page 40

Hoppin FG Jr, Hughes JM, Mead J. Axial forces in the bronchial tree. J Appl Physiol. 1977;
42:773-781. [PubMed: 863846]

Horie T, Hildebrandt J. Dynamic compliance, limit cycles, and static equilibria of excised cat
lung. J Appl Physiol. 1971; 31:423-430. [PubMed: 5111861]

Horie T, Hildebrandt J. Volume history, static equilibrium, and dynamic compliance of excised
cat lung. J Appl Physiol. 1972; 33:105-112. [PubMed: 5037393]

Houghton AM, Quintero PA, Perkins DL, Kobayashi DK, Kelley DG, Marconcini LA, Mecham
RP, Senior RM, Shapiro SD. Elastin fragments drive disease progression in a murine model of
emphysema. J Clin Invest. 2006; 116:753-759. [PubMed: 16470245]

Huang KC, Lin CM, Tsao HK, Sheng YJ. The interactions between surfactants and vesicles:
Dissipative particle dynamics. J Chem Phys. 2009; 130:245101. [PubMed: 19566182]

Huang R, Merrilees MJ, Braun K, Beaumont B, Lemire J, Clowes AW, Hinek A, Wight TN.
Inhibition of versican synthesis by antisense alters smooth muscle cell phenotype and induces
elastic fiber formation in vitro and in neointima after vessel injury. Circ Res. 2006; 98:370-377.
[PubMed: 16385080]

Hubmayr RD. Perspective on lung injury and recruitment: A skeptical look at the opening and
collapse story. Am J Respir Crit Care Med. 2002; 165:1647-1653. [PubMed: 12070067]

Hubmayr RD, Walters BJ, Chevalier PA, Rodarte JR, Olson LE. Topo-graphical distribution of
regional lung volume in anesthetized dogs. J Appl Physiol. 1983; 54:1048-1056. [PubMed:
6853280]

Huh D, Fujioka H, Tung YC, Futai N, Paine R 11, Grotberg JB, Takayama S. Acoustically
detectable cellular-level lung injury induced by fluid mechanical stresses in microfluidic airway
systems. Proc Natl Acad Sci U S A. 2007; 104:18886-18891. [PubMed: 18006663]

Huiskes R, Ruimerman R, van Lenthe GH, Janssen JD. Effects of mechanical forces on
maintenance and adaptation of form in trabecular bone. Nature. 2000; 405:704-706. [PubMed:
10864330]

Hukins, DWL. Connective Tissue Matrix. Macmillan; London: 1984.

Hulmes DJ, Wess TJ, Prockop DJ, Fratzl P. Radial packing, order, and disorder in collagen
fibrils. Biophys J. 1995; 68:1661-1670. [PubMed: 7612808]

Humphrey JD, Vawter DL, Vito RP. Pseudoelasticity of excised visceral pleura. J Biomech Eng.
1987; 109:115-120. [PubMed: 3599935]

Ingber D. Integrins as mechanochemical transducers. Curr Opin Cell Biol. 1991; 3:841-848.
[PubMed: 1931084]

Ingber DE. Mechanical signaling and the cellular response to extracellular matrix in angiogenesis
and cardiovascular physiology. Circ Res. 2002; 91:877-887. [PubMed: 12433832]

Ingenito EP, Mark L, Davison B. Effects of acute lung injury on dynamic tissue properties. J Appl
Physiol. 1994; 77:2689-2697. [PubMed: 7896608]

Ingenito EP, Mark L, Morris J, Espinosa FF, Kamm RD, Johnson M. Biophysical characterization
and modeling of lung surfactant components. J Appl Physiol. 1999; 86:1702-1714. [PubMed:
10233138]

Ingenito EP, Tsai LW, Mentzer SJ, Jaklitsch MT, Reilly JJ, Lutchen K, Mazan M, Hoffman A.
Respiratory impedance following bronchoscopic or surgical lung volume reduction for
emphysema. Respiration. 2005; 72:406-417. [PubMed: 16088285]

lozzo RV. Matrix proteoglycans: From molecular design to cellular function. Annu Rev Biochem.
1998; 67:609-652. [PubMed: 9759499]

Ito S, Bartolak-Suki E, Shipley JM, Parameswaran H, Majumdar A, Suki B. Early emphysema in
the tight skin and pallid mice: Roles of microfibril-associated glycoproteins, collagen, and
mechanical forces. Am J Respir Cell Mol Biol. 2006; 34:688-694. [PubMed: 16439805]

Ito S, Ingenito EP, Arold SP, Parameswaran H, Tgavalekos NT, Lutchen KR, Suki B. Tissue
heterogeneity in the mouse lung: Effects of elastase treatment. J Appl Physiol. 2004; 97:204-212.
[PubMed: 15020580]

Ito S, Ingenito EP, Brewer KK, Black LD, Parameswaran H, Lutchen KR, Suki B. Mechanics,
nonlinearity, and failure strength of lung tissue in a mouse model of emphysema: Possible role of
collagen remodeling. J Appl Physiol. 2005; 98:503-511. [PubMed: 15465889]

Compr Physiol. Author manuscript; available in PMC 2014 February 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suki et al.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.
141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Page 41

Ito S, Majumdar A, Kume H, Shimokata K, Naruse K, Lutchen KR, Stamenovic D, Suki B.
Viscoelastic and dynamic nonlinear properties of airway smooth muscle tissue: Roles of
mechanical force and the cytoskeleton. Am J Physiol Lung Cell Mol Physiol. 2006; 290:L.1227—
1237. [PubMed: 16414980]

Ji L, Lim J, Danuser G. Fluctuations of intracellular forces during cell protrusion. Nat Cell Biol.
2008; 10:1393-1400. [PubMed: 19011623]

Juul SE, Kinsella MG, Wight TN, Hodson WA. Alterations in nonhuman primate (M. nemestrina)
lung proteoglycans during normal development and acute hyaline membrane disease. Am J
Respir Cell Mol Biol. 1993; 8:299-310. [PubMed: 8448019]

Kaczka DW, Hager DN, Hawley ML, Simon BA. Quantifying mechanical heterogeneity in
canine acute lung injury: Impact of mean airway pressure. Anesthesiology. 2005; 103:306-317.
[PubMed: 16052113]

Kielty CM, Sherratt MJ, Shuttleworth CA. Elastic fibres. J Cell Sci. 2002; 115:2817-2828.
[PubMed: 12082143]

Kimmel E, Budiansky B. Surface tension and the dodecahedron model for lung elasticity. J
Biomech Eng. 1990; 112:160-167. [PubMed: 2345446]

Kitaoka H, Suki B. Branching design of the bronchial tree based on a diameter-flow relationship.
J Appl Physiol. 1997; 82:968-976. [PubMed: 9074989]

Kitaoka H, Takaki R, Suki B. A three-dimensional model of the human airway tree. J Appl
Physiol. 1999; 87:2207-2217. [PubMed: 10601169]

Kolozsvari B, Szijgyarto Z, Bai P, Gergely P, Verin A, Garcia JG, Bako E. Role of calcineurin in
thrombin-mediated endothelial cell contraction. Cytometry A. 2009; 75:405-411. [PubMed:
19235203]

Kononov S, Brewer K, Sakai H, Cavalcante FS, Sabayanagam CR, Ingenito EP, Suki B. Roles of
mechanical forces and collagen failure in the development of elastase-induced emphysema. Am J
Respir Crit Care Med. 2001; 164:1920-1926. [PubMed: 11734447]

Kozel BA, Wachi H, Davis EC, Mecham RP. Domains in tropoelastin that mediate elastin
deposition in vitro and in vivo. J Biol Chem. 2003; 278:18491-18498. [PubMed: 12626514]
Kraynic AM. Foam flows. Ann Rev Fluid Mech. 1988; 20:325-357.

Krebs J, Pelosi P, Tsagogiorgas C, Alb M, Luecke T. Effects of positive end-expiratory pressure
on respiratory function and hemo-dynamics in patients with acute respiratory failure with and
without intra-abdominal hypertension: A pilot study. Crit Care. 2009; 13:R160. [PubMed:
19804634]

Lai-Fook SJ. Elastic properties of lung parenchyma: The effect of pressure-volume hysteresis on
the behavior of large blood vessels. J Biomech. 1979; 12:757-764. [PubMed: 489626]

Lai-Fook SJ, Wilson TA, Hyatt RE, Rodarte JR. Elastic constants of inflated lobes of dog lungs. J
Appl Physiol. 1976; 40:508-513. [PubMed: 931871]

Lambert CA, Soudant EP, Nusgens BV, Lapiere CM. Pretranslational regulation of extracellular
matrix macromolecules and collagenase expression in fibroblasts by mechanical forces. Lab
Invest. 1992; 66:444-451. [PubMed: 1316527]

Lanir Y. Constitutive equations for the lung tissue. J Biomech Eng. 1983; 105:374-380.
[PubMed: 6645447]

Leikina E, Mertts MV, Kuznetsova N, Leikin S. Type I collagen is thermally unstable at body
temperature. Proc Natl Acad Sci U S A. 2002; 99:1314-1318. [PubMed: 11805290]

Leslie KO, Mitchell JJ, Woodcock-Mitchell JL, Low RB. Alpha smooth muscle actin expression
in developing and adult human lung. Differentiation. 1990; 44:143-149. [PubMed: 2283003]
Liu F, Mih JD, Shea BS, Kho AT, Sharif AS, Tager AM, Tschumperlin DJ. Feedback
amplification of fibrosis through matrix stiffening and COX-2 suppression. J Cell Biol. 2010;
190:693-706. [PubMed: 20733059]

Lucey EC, Goldstein RH, Stone PJ, Snider GL. Remodeling of alveolar walls after elastase
treatment of hamsters. Results of elastin and collagen mRNA in situ hybridization. Am J Respir
Crit Care Med. 1998; 158:555-564. [PubMed: 9700135]

Lum H, Mitzner W. A species comparison of alveolar size and surface forces. J Appl Physiol.
1987; 62:1865-1871. [PubMed: 3597260]

Compr Physiol. Author manuscript; available in PMC 2014 February 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suki et al.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Page 42

Lundblad LK, Thompson-Figueroa J, Leclair T, Sullivan MJ, Poynter ME, Irvin CG, Bates JH.
Tumor necrosis factor-alpha overexpression in lung disease: A single cause behind a complex
phenotype. Am J Respir Crit Care Med. 2005; 171:1363-1370. [PubMed: 15805183]

Lutchen KR, Hantos Z, Petak F, Adamicza A, Suki B. Airway inhomogeneities contribute to
apparent lung tissue mechanics during constriction. J Appl Physiol. 1996; 80:1841-1849.
[PubMed: 8727575]

Macklem PT. Respiratory mechanics. Annu Rev Physiol. 1978; 40:157-184. [PubMed: 416744]

Maksym GN, Bates JH. A distributed nonlinear model of lung tissue elasticity. J Appl Physiol.
1997; 82:32-41. [PubMed: 9029195]

Maksym GN, Bates JH. Nonparametric block-structured modeling of rat lung mechanics. Ann
Biomed Eng. 1997; 25:1000-1008. [PubMed: 9395045]

Maksym GN, Fredberg JJ, Bates JH. Force heterogeneity in a two-dimensional network model of
lung tissue elasticity. J Appl Physiol. 1998; 85:1223-1229. [PubMed: 9760309]

Maksym GN, Kearney RE, Bates JH. Nonparametric block-structured modeling of lung tissue
strip mechanics. Ann Biomed Eng. 1998; 26:242-252. [PubMed: 9525764]

Martynowicz, MA.; Hubmayr, RD. Mechanisms of regional lung expansion in acute respiratory
distress syndrome. In: Vincent, J-L., editor. Yearbook of Intensive Care and Emergency
Medicine. Springer-Verlag; Berlin: 1999. p. 252-268.

Martynowicz MA, Minor TA, Walters BJ, Hubmayr RD. Regional expansion of oleic acid-
injured lungs. Am J Respir Crit Care Med. 1999; 160:250-258. [PubMed: 10390408]
Martynowicz MA, Walters BJ, Hubmayr RD. Mechanisms of recruitment in oleic acid-injured
lungs. J Appl Physiol. 2001; 90:1744-1753. [PubMed: 11299264]

Massa CB, Allen GB, Bates JH. Modeling the dynamics of recruitment and derecruitment in mice
with acute lung injury. J Appl Physiol. 2008; 105:1813-1821. [PubMed: 18948446]

McAnulty RJ, Laurent GJ. Collagen synthesis and degradation in vivo. Evidence for rapid rates of
collagen turnover with extensive degradation of newly synthesized collagen in tissues of the
adult rat. Coll Relat Res. 1987; 7:93-104. [PubMed: 3497767]

McGee KP, Hubmayr RD, Levin D, Ehman RL. Feasibility of quantifying the mechanical
properties of lung parenchyma in a small-animal model using (1)H magnetic resonance
elastography (MRE). J Magn Reson Imaging. 2009; 29:838-845. [PubMed: 19306407]

Mead J. Mechanical properties of lungs. Physiol Rev. 1961; 41:281-330. [PubMed: 13768766]
Mead J, Takishima T, Leith D. Stress distribution in lungs: A model of pulmonary elasticity. J
Appl Physiol. 1970; 28:596-608. [PubMed: 5442255]

Mead J, Whittenberger JL, Radford J EP. Surface tension as a factor in pulmonary volume-
pressure hysteresis. J Appl Physiol. 1957; 10:191-196. [PubMed: 13428643]

Mecham RP, Madaras J, McDonald JA, Ryan U. Elastin production by cultured calf pulmonary
artery endothelial cells. J Cell Physiol. 1983; 116:282-288. [PubMed: 6350324]

Mercer RR, Crapo JD. Spatial distribution of collagen and elastin fibers in the lungs. J Appl
Physiol. 1990; 69:756-765. [PubMed: 2228886]

Mercer RR, Crapo JD. Structural changes in elastic fibers after pancreatic elastase administration
in hamsters. J Appl Physiol. 1992; 72:1473-1479. [PubMed: 1592740]

Mercer RR, Laco JM, Crapo JD. Three-dimensional reconstruction of alveoli in the rat lung for
pressure-volume relationships. J Appl Physiol. 1987; 62:1480-1487. [PubMed: 3597219]
Mercer RR, Russell ML, Crapo JD. Alveolar septal structure in different species. J Appl Physiol.
1994; 77:1060-1066. [PubMed: 7836104]

Mijailovich SM, Stamenovic D, Brown R, Leith DE, Fredberg JJ. Dynamic moduli of rabbit lung
tissue and pigeon ligamentum propatagiale undergoing uniaxial cyclic loading. J Appl Physiol.
1994; 76:773-782. [PubMed: 8175588]

Mijailovich SM, Stamenovic D, Fredberg JJ. Toward a kinetic theory of connective tissue
micromechanics. J Appl Physiol. 1993; 74:665-681. [PubMed: 8458781]

Mishima M, Hirai T, Itoh H, Nakano Y, Sakai H, Muro S, Nishimura K, Oku Y, Chin K, Ohi M,
Nakamura T, Bates JH, Alencar AM, Suki B. Complexity of terminal airspace geometry assessed

Compr Physiol. Author manuscript; available in PMC 2014 February 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suki et al.

175.

176.
177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Page 43

by lung computed tomography in normal subjects and patients with chronic obstructive
pulmonary disease. Proc Natl Acad Sci U S A. 1999; 96:8829-8834. [PubMed: 10430855]

Misof K, Rapp G, Fratzl P. A new molecular model for collagen elasticity based on synchrotron
X-ray scattering evidence. Biophys J. 1997; 72:1376-1381. [PubMed: 9138582]

Mithieux SM, Weiss AS. Elastin. Adv Protein Chem. 2005; 70:437-461. [PubMed: 15837523]
Moretto A, Dallaire M, Romero P, Ludwig M. Effect of elastase on oscillation mechanics of lung
parenchymal strips. J Appl Physiol. 1994; 77:1623-1629. [PubMed: 7836178]

Morris SM, Thomas KM, Rich CB, Stone PJ. Degradation and repair of elastic fibers in rat lung
interstitial fibroblast cultures. Anat Rec. 1998; 250:397-407. [PubMed: 9566529]

Mount LE. The ventilation flow-resistance and compliance of rat lungs. J Physiol Lond. 1955;
127:157-167. [PubMed: 14354636]

Muscedere JG, Mullen JB, Gan K, Slutsky AS. Tidal ventilation at low airway pressures can
augment lung injury. Am J Respir Crit Care Med. 1994; 149:1327-1334. [PubMed: 8173774]
Nava S, Rubini F. Lung and chest wall mechanics in ventilated patients with end stage idiopathic
pulmonary fibrosis. Thorax. 1999; 54:390-395. [PubMed: 10212101]

Navajas D, Maksym GN, Bates JH. Dynamic viscoelastic nonlinearity of lung parenchymal
tissue. J Appl Physiol. 1995; 79:348-356. [PubMed: 7559242]

Navajas D, Moretto A, Rotger M, Nagase T, Dallaire MJ, Ludwig MS. Dynamic elastance and
tissue resistance of isolated liquid-filled rat lungs. J Appl Physiol. 1995; 79:1595-1600.
[PubMed: 8594019]

Nicholas TE, Barr HA. Control of release of surfactant phospholipids in the isolated perfused rat
lung. J Appl Physiol. 1981; 51:90-98. [PubMed: 6266998]

Noguchi A, Reddy R, Kursar JD, Parks WC, Mecham RP. Smooth muscle isoactin and elastin in
fetal bovine lung. Exp Lung Res. 1989; 15:537-552. [PubMed: 2767003]

O'Donnell MD, O'Connor CM, FitzGerald MX, Lungarella G, Cavarra E, Martorana PA.
Ultrastructure of lung elastin and collagen in mouse models of spontaneous emphysema. Matrix
Biol. 1999; 18:357-360. [PubMed: 10517182]

Oldmixon EH, Carlsson K, Kuhn C 111, Butler JP, Hoppin FG Jr. alpha-Actin: Disposition,
quantities, and estimated effects on lung recoil and compliance. J Appl Physiol. 2001; 91:459—
473. [PubMed: 11408464]

Oldmixon EH, Hoppin FG Jr. Comparison of amounts of collagen and elastin in pleura and
parenchyma of dog lung. J Appl Physiol. 1984; 56:1383-1388. [PubMed: 6725092]

Orsds F. Die Geriistsysteme der Lunge und deren physiologische und pathologische Bedeutung.
Beitr Klin Tuberk. 1936; 87:568-609.

Otis DR Jr, Johnson M, Pedley TJ, Kamm RD. Role of pulmonary surfactant in airway closure: A
computational study. J Appl Physiol. 1993; 75:1323-1333. [PubMed: 8226547]

Parameswaran H, Majumdar A, Ito S, Alencar AM, Suki B. Quantitative characterization of
airspace enlargement in emphysema. J Appl Physiol. 2006; 100:186-193. [PubMed: 16166240]

Pedersen JA, Swartz MA. Mechanobiology in the third dimension. Ann Biomed Eng. 2005;
33:1469-1490. [PubMed: 16341917]

Pelosi P, D'Andrea L, Vitale G, Pesenti A, Gattinoni L. Vertical gradient of regional lung
inflation in adult respiratory distress syndrome. Am J Respir Crit Care Med. 1994; 149:8-13.
[PubMed: 8111603]

Perun ML, Gaver DP Ill. An experimental model investigation of the opening of a collapsed
untethered pulmonary airway. J Biomech Eng. 1995; 117:245-253. [PubMed: 8618375]

Perun ML, Gaver DP IlI. Interaction between airway lining fluid forces and parenchymal
tethering during pulmonary airway reopening. J Appl Physiol. 1995; 79:1717-1728. [PubMed:
8594034]

Petak F, Babik B, Hantos Z, Morel DR, Pache JC, Biton C, Suki B, Habre W. Impact of
microvascular circulation on peripheral lung stability. Am J Physiol Lung Cell Mol Physiol.
2004; 287:1.879-1L.889. [PubMed: 15208092]

Pillow JJ, Korfhagen TR, lkegami M, Sly PD. Overexpression of TGF-alpha increases lung tissue
hysteresivity in transgenic mice. J Appl Physiol. 2001; 91:2730-2734. [PubMed: 11717240]

Compr Physiol. Author manuscript; available in PMC 2014 February 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suki et al.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211

212.

213.

214.

215.

216.

217.

Page 44

Pinart M, Serrano-Mollar A, Llatjos R, Rocco PR, Romero PV. Single and repeated bleomycin
intratracheal instillations lead to different biomechanical changes in lung tissue. Respir Physiol
Neurobiol. 2009; 166:41-46. [PubMed: 19429517]

Polte TR, Eichler GS, Wang N, Ingber DE. Extracellular matrix controls myosin light chain
phosphorylation and cell contractility through modulation of cell shape and cytoskeletal
prestress. Am J Physiol Cell Physiol. 2004; 286:C518-C528. [PubMed: 14761883]

Possmayer F, Hall SB, Haller T, Petersen NO, Zuo Y'Y, Bernardino de la Serna J, Postle AD,
Veldhuizen RA, Orgeig S. Recent advances in alveolar biology: Some new looks at the alveolar
interface. Respir Physiol Neurobiol. 2010; 173(Suppl):S55-S64. [PubMed: 20206718]

Powell JT, Vine N, Crossman M. On the accumulation of D-aspartate in elastin and other proteins
of the ageing aorta. Atherosclerosis. 1992; 97:201-208. [PubMed: 1466664]

Puxkandl R, Zizak I, Paris O, Keckes J, Tesch W, Bernstorff S, Purslow P, Fratzl P. Viscoelastic
properties of collagen: Synchrotron radiation investigations and structural model. Philos Trans R
Soc Lond B Biol Sci. 2002; 357:191-197. [PubMed: 11911776]

Radford, EP, Jr. Handbook of Physiology. Respiration. Am Physiol Soc; Washington DC: 1964.
Static mechanical properties of mammalian lungs; p. 429-449.

Raspanti M, Alessandrini A, Ottani V, Ruggeri A. Direct visualization of collagen-bound
proteoglycans by tapping-mode atomic force microscopy. J Struct Biol. 1997; 119:118-122.
[PubMed: 9245751]

Redaelli A, Vesentini S, Soncini M, Vena P, Mantero S, Montevecchi FM. Possible role of
decorin glycosaminoglycans in fibril to fibril force transfer in relative mature tendons-a
computational study from molecular to microstructural level. J Biomech. 2003; 36:1555-1569.
[PubMed: 14499303]

Reinhardt DP, Sasaki T, Dzamba BJ, Keene DR, Chu ML, Gohring W, Timpl R, Sakai LY.
Fibrillin-1 and fibulin-2 interact and are colocalized in some tissues. J Biol Chem. 1996;
271:19489-19496. [PubMed: 8702639]

Rodarte JR, Hubmayr RD, Stamenovic D, Walters BJ. Regional lung strain in dogs during
deflation from total lung capacity. J Appl Physiol. 1985; 58:164-172. [PubMed: 3968007]

Romero FJ, Pastor A, Lopez J, Romero PV. A recruitment-based rheo-logical model for
mechanical behavior of soft tissues. Biorheology. 1998; 35:17-35. [PubMed: 10211127]

Roseman S. Reflections on glycobiology. J Biol Chem. 2001; 276:41527-41542. [PubMed:
11553646]

Rosenblatt N, Hu S, Chen J, Wang N, Stamenovic D. Distending stress of the cytoskeleton is a
key determinant of cell rheological behavior. Biochem Biophys Res Commun. 2004; 321:617-
622. [PubMed: 15358151]

Rosenbloom J, Abrams WR, Mecham R. Extracellular matrix 4: The elastic fiber. FASEB J.
1993; 7:1208-1218. [PubMed: 8405806]

Rugonyi S, Biswas SC, Hall SB. The biophysical function of pulmonary surfactant. Respir
Physiol Neurobiol. 2008; 163:244-255. [PubMed: 18632313]

Sakai H, Ingenito EP, Mora R, Abbay S, Cavalcante FS, Lutchen KR, Suki B. Hysteresivity of
the lung and tissue strip in the normal rat: Effects of heterogeneities. J Appl Physiol. 2001;
91:737-747. [PubMed: 11457789]

Salerno FG, Dallaire M, Ludwig MS. Does the anatomic makeup of parenchymal lung strips
affect oscillatory mechanics during induced constriction? J Appl Physiol. 1995; 79:66-72.
[PubMed: 7559249]

Sapoval B, Filoche M, Weibel ER. Smaller is better-but not too small: A physical scale for the
design of the mammalian pulmonary acinus. Proc Natl Acad Sci U S A. 2002; 99:10411-10416.
[PubMed: 12136124]

Sasaki N, Odajima S. Elongation mechanism of collagen fibrils and force-strain relations of
tendon at each level of structural hierarchy. J Biomech. 1996; 29:1131-1136. [PubMed:
8872269]

Sasaki N, Odajima S. Stress-strain curve and Young's modulus of a collagen molecule as
determined by the X-ray diffraction technique. J Biomech. 1996; 29:655-658. [PubMed:
8707794]

Compr Physiol. Author manuscript; available in PMC 2014 February 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suki et al.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

Page 45

Schild C, Trueb B. Mechanical stress is required for high-level expression of connective tissue
growth factor. Exp Cell Res. 2002; 274:83-91. [PubMed: 11855859]

Schurch S, Bachofen H, Goerke J, Green F. Surface properties of rat pulmonary surfactant studied
with the captive bubble method: Adsorption, hysteresis, stability. Biochim Biophys Acta. 1992;
1103:127-136. [PubMed: 1730014]

Scott JE. Supramolecular organization of extracellular matrix glycosaminoglycans, in vitro and in
the tissues. Faseb J. 1992; 6:2639-2645. [PubMed: 1612287]

Setnikar 1. Origin and significance of the mechanical property of the lung. Arch Fisiol. 1955;
55:349-374. [PubMed: 13314863]

Shardonofsky FR, Capetanaki Y, Boriek AM. Desmin modulates lung elastic recoil and airway
responsiveness. Am J Physiol Lung Cell Mol Physiol. 2006; 290:L890-896. [PubMed:
16387753]

Sherebrin MH, Song SH, Roach MR. Mechanical anisotropy of purified elastin from the thoracic
aorta of dog and sheep. Can J Physiol Pharmacol. 1983; 61:539-545. [PubMed: 6883206]
Sherratt MJ, Baldock C, Haston JL, Holmes DF, Jones CJ, Shuttleworth CA, Wess TJ, Kielty
CM. Fibrillin microfibrils are stiff reinforcing fibres in compliant tissues. J Mol Biol. 2003;
332:183-193. [PubMed: 12946356]

Shyy JY, Chien S. Role of integrins in endothelial mechanosensing of shear stress. Circ Res.
2002; 91:769-775. [PubMed: 12411390]

Silver FH, Freeman JW, Seehra GP. Collagen self-assembly and the development of tendon
mechanical properties. J Biomech. 2003; 36:1529-1553. [PubMed: 14499302]

Silver FH, Horvath I, Foran DJ. Mechanical implications of the domain structure of fiber-forming
collagens: Comparison of the molecular and fibrillar flexibilities of the alphal-chains found in
types I-111 collagen. J Theor Biol. 2002; 216:243-254. [PubMed: 12079374]

Sims TJ, Rasmussen LM, Oxlund H, Bailey AJ. The role of glycation cross-links in diabetic
vascular stiffening. Diabetologia. 1996; 39:946-951. [PubMed: 8858217]

Sly PD, Collins RA, Thamrin C, Turner DJ, Hantos Z. Volume dependence of airway and tissue
impedances in mice. J Appl Physiol. 2003; 94:1460-1466. [PubMed: 12391040]

Smith JC, Butler JP, Hoppin FG Jr. Contribution of tree structures in the lung to lung elastic
recoil. J Appl Physiol. 1984; 57:1422-1429. [PubMed: 6520036]

Smith JC, Stamenovic D. Surface forces in lungs. I. Alveolar surface tension-lung volume
relationships. J Appl Physiol. 1986; 60:1341-1350. [PubMed: 3754553]

Sobin SS, Fung YC, Tremer HM. Collagen and elastin fibers in human pulmonary alveolar walls.
J Appl Physiol. 1988; 64:1659-1675. [PubMed: 3379000]

Stamenovic D. Mechanical properties of pleural membrane. J Appl Physiol. 1984; 57:1189-1194.
[PubMed: 6501032]

Stamenovic D. Micromechanical foundations of pulmonary elasticity. Physiol Rev. 1990;
70:1117-1134. [PubMed: 2217556]

Stamenovic D, Barnas GM. Effect of surface forces on oscillatory behavior of lungs. J Appl
Physiol. 1995; 79:1578-1585. [PubMed: 8594017]

Stamenovic D, Ingber DE. Models of cytoskeletal mechanics of adherent cells. Biomech Model
Mechanobiol. 2002; 1:95-108. [PubMed: 14586710]

Stamenovic D, Smith JC. Surface forces in lungs. Il. Microstructural mechanics and lung
stability. J Appl Physiol. 1986; 60:1351-1357. [PubMed: 3700312]

Stamenovic D, Smith JC. Surface forces in lungs. I11. Alveolar surface tension and elastic
properties of lung parenchyma. J Appl Physiol. 1986; 60:1358-1362. [PubMed: 3700313]
Stamenovic D, Wilson TA. Parenchymal stability. J Appl Physiol. 1992; 73:596-602. [PubMed:
1399986]

Stamenovic D, Yager D. Elastic properties of air- and liquid-filled lung parenchyma. J Appl
Physiol. 1988; 65:2565-2570. [PubMed: 3215857]

Stolz M, Raiteri R, Daniels AU, VanLandingham MR, Baschong W, Aebi U. Dynamic elastic
modulus of porcine articular cartilage determined at two different levels of tissue organization by
indentation-type atomic force microscopy. Biophys J. 2004; 86:3269-3283. [PubMed: 15111440]

Compr Physiol. Author manuscript; available in PMC 2014 February 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suki et al.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

Page 46

Stromberg DD, Wiederhielm CA. Viscoelastic description of a collagenous tissue in simple
elongation. J Appl Physiol. 1969; 26:857-862. [PubMed: 5786422]

Stubbs SE, Hyatt RE. Effect of increased lung recoil pressure on maximal expiratory flow in
normal subjects. J Appl Physiol. 1972; 32:325-331. [PubMed: 5010042]

Sugihara T, Hildebrandt J, Martin CJ. Viscoelastic properties of alveolar wall. J Appl Physiol.
1972; 33:93-98. [PubMed: 5037415]

Suki B. Nonlinear phenomena in respiratory mechanical measurements. J Appl Physiol. 1993;
74:2574-2584. [PubMed: 8335594]

Suki B. Fluctuations and power laws in pulmonary physiology. Am J Respir Crit Care Med. 2002;
166:133-137. [PubMed: 12119222]

Suki B, Barabasi AL, Hantos Z, Petak F, Stanley HE. Avalanches and power-law behaviour in
lung inflation. Nature. 1994; 368:615-618. [PubMed: 8145846]

Suki B, Barabasi AL, Lutchen KR. Lung tissue viscoelasticity: A mathematical framework and its
molecular basis. J Appl Physiol. 1994; 76:2749-2759. [PubMed: 7928910]

Suki, B.; Bartolak-Suki. Roles of mechanical forces and extracellular matrix properties in cellular
signaling in the lung. In: Obradovic, B., editor. Cell and Tissue Engineering. Akademska Misao
and TMF; Belgrade: 2010. p. 158-178.

Suki B, Bates JH. A nonlinear viscoelastic model of lung tissue mechanics. J Appl Physiol. 1991;
71:826-833. [PubMed: 1757318]

Suki B, Hantos Z. Viscoelastic properties of the visceral pleura and its contribution to lung
impedance. Respir Physiol. 1992; 90:271-287. [PubMed: 1480839]

Suki B, Ito S, Stamenovic D, Lutchen KR, Ingenito EP. Biomechanics of the lung parenchyma:
Critical roles of collagen and mechanical forces. J Appl Physiol. 2005; 98:1892-1899. [PubMed:
15829722]

Suki B, Lutchen KR, Ingenito EP. On the progressive nature of emphysema: Roles of proteases,
inflammation, and mechanical forces. Am J Respir Crit Care Med. 2003; 168:516-521.
[PubMed: 12941655]

Suki B, Yuan H, Zhang Q, Lutchen KR. Partitioning of lung tissue response and inhomogeneous
airway constriction at the airway opening. J Appl Physiol. 1997; 82:1349-1359. [PubMed:
9104875]

Tanaka R, Al-Jamal R, Ludwig MS. Maturational changes in extracellular matrix and lung tissue
mechanics. J Appl Physiol. 2001; 91:2314-2321. [PubMed: 11641376]

Tanaka R, Ludwig MS. Changes in viscoelastic properties of rat lung parenchymal strips with
maturation. J Appl Physiol. 1999; 87:2081-2089. [PubMed: 10601153]

Terragni PP, Rosboch G, Tealdi A, Corno E, Menaldo E, Davini O, Gandini G, Herrmann P,
Mascia L, Quintel M, Slutsky AS, Gattinoni L, Ranieri VM. Tidal hyperinflation during low tidal
volume ventilation in acute respiratory distress syndrome. Am J Respir Crit Care Med. 2007;
175:160-166. [PubMed: 17038660]

Thammanomai A, Majumdar A, Bartolak-Suki E, Suki B. Effects of reduced tidal volume
ventilation on pulmonary function in mice before and after acute lung injury. J Appl Physiol.
2007; 103:1551-1559. [PubMed: 17690203]

Thurmond F, Trotter J. Morphology and biomechanics of the microfibrillar network of sea
cucumber dermis. J Exp Biol. 1996; 199:1817-1828. [PubMed: 9319729]

Torday JS, Sanchez-Esteban J, Rubin LP. Paracrine mediators of mechanotransduction in lung
development. Am J Med Sci. 1998; 316:205-208. [PubMed: 9749564]

Toshima M, Ohtani Y, Ohtani O. Three-dimensional architecture of elastin and collagen fiber
networks in the human and rat lung. Arch Histol Cytol. 2004; 67:31-40. [PubMed: 15125021]
Tremblay L, Valenza F, Ribeiro SP, Li J, Slutsky AS. Injurious ventilatory strategies increase
cytokines and c-fos m-RNA expression in an isolated rat lung model. J Clin Invest. 1997;
99:944-952. [PubMed: 9062352]

Trepat X, Grabulosa M, Buscemi L, Rico F, Farre R, Navajas D. Thrombin and histamine induce
stiffening of alveolar epithelial cells. J Appl Physiol. 2005; 98:1567-1574. [PubMed: 15557012]

Compr Physiol. Author manuscript; available in PMC 2014 February 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suki et al.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.
275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

Page 47

Tschumperlin DJ, Boudreault F, Liu F. Recent advances and new opportunities in lung
mechanobiology. J Biomech. 43:99-107. [PubMed: 19804885]

Tschumperlin DJ, Margulies SS. Alveolar epithelial surface area-volume relationship in isolated
rat lungs. J Appl Physiol. 1999; 86:2026—2033. [PubMed: 10368370]

Urry DW, Parker TM. Mechanics of elastin: Molecular mechanism of biological elasticity and its
relationship to contraction. J Muscle Res Cell Motil. 2002; 23:543-559. [PubMed: 12785104]

Vlahakis NE, Hubmayr RD. Cellular stress failure in ventilator-injured lungs. Am J Respir Crit
Care Med. 2005; 171:1328-1342. [PubMed: 15695492]

Vlahovic G, Russell ML, Mercer RR, Crapo JD. Cellular and connective tissue changes in
alveolar septal walls in emphysema. Am J Respir Crit Care Med. 1999; 160:2086—2092.
[PubMed: 10588633]

Von Neergaard K. Neue Auffassungen uber einen Grundbegriff der Atemmechanik; Die
Retraktionskraft der Lunge, abhaéngig von der Oberflatichenspannung in den Alveolen. Z Ges
Exp Med. 1929; 66:373-394.

Wang N. Mechanical interactions among cytoskeletal filaments. Hypertension. 1998; 32:162—
165. [PubMed: 9674654]

Wang N, Butler JP, Ingber DE. Mechanotransduction across the cell surface and through the
cytoskeleton. Science. 1993; 260:1124-1127. [PubMed: 7684161]

Ware LB, Matthay MA. The acute respiratory distress syndrome. N Engl J Med. 2000; 342:1334—
1349. [PubMed: 10793167]

Weibel, E.; Gil, J. Lung biology in health and disease. Vol. v. 3. M. Dekker; New York: 1977.
Bioengineering aspects of the lung; p. 1-81.

Weibel, ER. Morphometry of the human lung. Academic Press; New York: 1963.

Weibel ER. What makes a good lung? Swiss Med Wkly. 2009; 139:375-386. [PubMed:
19629765]

West JB. Distribution of mechanical stress in the lung, a possible factor in localisation of
pulmonary disease. Lancet. 1971; 1:839-841. [PubMed: 4102531]

Wilson TA. A continuum analysis of a two-dimensional mechanical model of the lung
parenchyma. J Appl Physiol. 1972; 33:472—-478. [PubMed: 5075845]

Wilson TA. Parenchymal mechanics at the alveolar level. Fed Proc. 1979; 38:7-10. [PubMed:
581575]

Wilson TA. Surface tension-surface area curves calculated from pressure-volume loops. J Appl
Physiol. 1982; 53:1512-1520. [PubMed: 7153148]

Wilson, TA. The mechanics of lung parenchyma. In: Chang, HK.; Paiva, M., editors. Respiratory
Physiology—An Analytical Approach. Dekker; New York: 1989. p. 317-342.

Wilson TA, Bachofen H. A model for mechanical structure of the alveolar duct. J Appl Physiol.
1982; 52:1064-1070. [PubMed: 7085408]

Wirtz HR, Dobbs LG. Calcium mobilization and exocytosis after one mechanical stretch of lung
epithelial cells. Science. 1990; 250:1266-1269. [PubMed: 2173861]

Wirtz HR, Dobbs LG. The effects of mechanical forces on lung functions. Respir Physiol. 2000;
119:1-17. [PubMed: 10701703]

Woolcock AJ, Macklem PT, Hogg JC, Wilson NJ, Nadel JA, Frank NR, Brain J. Effect of vagal
stimulation on central and peripheral airways in dogs. J Appl Physiol. 1969; 26:806-813.
[PubMed: 5786412]

Woolcock J, Macklem PT, Hogg JC, Wilson NJ. Influence of autonomic nervous system on
airway resistance and elastic recoil. J Appl Physiol. 1969; 26:814-818. [PubMed: 5786413]

Yuan H, Ingenito EP, Suki B. Dynamic properties of lung parenchyma: Mechanical contributions
of fiber network and interstitial cells. J Appl Physiol. 1997; 83:1420-1431. discussion 1418—
1429. [PubMed: 9375301]

Yuan H, Kononov S, Cavalcante FS, Lutchen KR, Ingenito EP, Suki B. Effects of collagenase

and elastase on the mechanical properties of lung tissue strips. J Appl Physiol. 2000; 89:3-14.
[PubMed: 10904029]

Compr Physiol. Author manuscript; available in PMC 2014 February 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suki et al. Page 48

288. Yuan H, Westwick DT, Ingenito EP, Lutchen KR, Suki B. Parametric and nonparametric
nonlinear system identification of lung tissue strip mechanics. Ann Biomed Eng. 1999; 27:548-
562. [PubMed: 10468239]

289. Zhang Q, Suki B, Lutchen KR. Harmonic distortion from nonlinear systems with broadband
inputs: Applications to lung mechanics. Ann Biomed Eng. 1995; 23:672-681. [PubMed:
7503467]

290. Zuo YY, Veldhuizen RA, Neumann AW, Petersen NO, Possmayer F. Current perspectives in
pulmonary surfactant-inhibition, enhancement and evaluation. Biochim Biophys Acta. 2008;
1778:1947-1977. [PubMed: 18433715]

Compr Physiol. Author manuscript; available in PMC 2014 February 19.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Suki et al. Page 49

4
(A)
3
—@— Normal
s —a&— Emphysematous
s
g 27
o
g
)
1
0
0 10 20 30
Strain (%)
8
(B)
6
©
o
£
e 4
3
"
0
L
o
2
0 4
0 5 10 15 20 25
Volume, ml

Figure 1.

(A) Stress-strain curves of parenchymal tissue strips from a normal rat and a rat that had
been treated with elastase-mimicking pulmonary emphysema. (B) Pressure-volume curves
measured by injecting 2 ml of air starting from functional residual capacity in a normal and
an elastase-treated rat. Adapted from Ref. (138) with permission.
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Figure2.

Mean and SD of dynamic lung elastance coefficient (H) as a function of positive end-
expiratory pressure (PEEP) in groups of normal and tight skin mice. *denotes significance.
Adapted from Ref. (126) with permission.
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Figure 3.

Structure and complexity of the parenchyma at three length scales. The top panel shows a
terminal bronchiole (TB) leading to an alveolar duct (AD). The bottom left is a zoom into a
single air-filled alveolus (A) with type | (E1) and type Il (E2) alveolar epithelial cells
covered by a thin liquid layer. The dots represent surfactant (S) molecules at the air-liquid
interface. Secretion of lamellar bodies (LB) by the E2 cell is also shown. The right panel is a
schematic representation of the extracellular matrix of the alveolar septal wall with various
components including amorphous elastin (El), wavy collagen (C), complex proteoglycans
(PG), basement membrane (BM) and fibroblast cells (F). (Drawing by E. Bartolak-Suki).

Compr Physiol. Author manuscript; available in PMC 2014 February 19.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Suki et al.

Page 52

(A) s o\ 87

Figure4.

(A) Structure of collagen. Top left: single alpha helix; bottom left: collagen molecule
comprising a triple helix; top right: cross-linked collagen; bottom right: schematic view of 5
molecules; with permission from Ref. (117). (B) Collagen network in the rat lung is wavy at
low transpulmonary pressure (left) and at a medium inflation level (right). AE denotes
alveolar entrance. Scale bar is 10 pm. Adapted from Ref. (261) with permission.
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Figure5.

(A) Longitudinal sections of elastin-rich extracellular matrix sheet stained with acid Orcein
at 0% strain (top) and 30% uniaxial strain in the horizontal direction (bottom). Note the
straightening and thinning of the elastin fibers with increased strain. The scale bar denotes
10 pm. With permission from Ref. (29). (B) Structure of elastin in the parenchyma. V, AS,
and AD denote vessel, alveolar sack, and alveolar duct, respectively. The scale bar is 200
um. Adapted with permission from Ref. (261).
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Figure6.
Proteoglycan structure on a larger scale (A) and at a smaller scale zoom-in (B). Different

colors represent various groups; for example, blue is chondroitin sulfate, red is keratan
sulfate, pink spheres are hyaluronan-binding sites. From Ref. (209) with permission.
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Figure7.

Double-label immunohistochemistry of mouse lung tissue. The blue labels type I collagen,
the brown corresponds to type 11 collagen, and the pink is cell nucleus. It can be seen that
some fibers comprises almost exclusively type | or type 111 collagen (black arrows), whereas
at several locations, the two collagen types also appear to colocalize suggesting that they
mix and form composite fibers (red arrow) where the color is intermediate between blue and
brown. Green arrow shows a round nucleus, whereas the blue arrow points to an elongated
nucleus suggesting that the nucleus is under mechanical tension. From Ref. (249) with
permission.
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Strain

Figure 8.
Stress-strain curve of collagen in tendon. Nonlinearity characterized by the heel region
originates from the crimp (a) unfolding with stretching. From Ref. (72) with permission.

Compr Physiol. Author manuscript; available in PMC 2014 February 19.



Suki et al. Page 57

Figure9.
Electron microscope images of ECM sheets containing both collagen and elastin at 0% (A)

and 30% (B) uniaxial strain. Images were taken at 12,500x. Arrows denote collagen fibers
and the white regions are elastin. Scale bar represents 0.5 pm. From Ref. (28) with
permission.
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Figure 10.

Fluorescent images of the same alveolar region labeled for collagen in a normal rat lung.
Left: before deformation; Right after 30% uniaxial stretching vertically. The black lines
show alveolar walls and the red lines are their new length and orientation after stretching.
The yellow arrow points to the same septal wall junction. Note the significant change in
angle between the two septal walls. Scale bar denotes 100 pm. From Ref. (31) with
permission.
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Figure 11.

Effects of the bond-bending parameter g on the configu-ration of the elastic network model
at 30% strain in the vertical direction. A: stiff network with bond-bending constant q 100. B:
soft network with g = 0.01. Color is proportional to energy carried by the springs. The
maximum energy values corresponding to dark red on A and B are different. From Ref. (45)
with permission.
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Figure12.

Schematic drawing of the connective tissue systems in the parenchyma according to the
Wilson and Bachofen model showing the alveolar duct with its axial tissue fibers organized
in a helical structure, as well as the septal and peripheral fibers. The heavy arrows indicate
the distending action of surface tension that exerts radially outward pull on the axial fibers
of the alveolar duct. Adapted from Ref. (281) with permission.
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Figure13.

Images of a region of an isolated lung at successive inflation pressures. The inflation was
started from the collapsed state and the bottom, middle, and top images correspond to
transpulmonary pressure of approximately 25, 27, and 30 cmH,0. Dark red corresponds to
collapsed regions. Notice that as inflation progresses, the pink aerated regions gradually
penetrate into the atelectatic region by pulling the underlying alveoli open (Z. Hantos and B.
Suki; unpublished data).
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Figure14.

(A) P-V curve during the inflation of a degassed rat lung. The inset shows a magnification of
a region with many local negative elastance patterns. (B) Distributions of negative elastance
from 10 inflations at rates of 2.0 ml/s (triangles) and 0.5 ml/s (circles). The regression line
fits to the measured distributions are shown by dashed lines. The solid lines correspond to
the distributions of negative elastance from 1000 simulated inflations of an 18-generation
symmetric binary tree. (C) An example of the P-V curve from the inflation of the model.
The inset shows a magnification of a region with many local negative elastance patterns
similar to those in Fig. 14A. The red line in the inset traces an avalanche shock. Adapted
from Ref. (4).
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Figure 15.

Fits of a computational model of recruitment and derecruitment in the lung (lines) to
experimental measurements of respiratory elastance (symbols) in mice with various degrees
of acid-induced injury ventilated at three different PEEP levels. Elastance was measured as a
function of time following a recruitment maneuver. From Ref. (161) with permission.
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Figure 16.

Optical sections of a normal (left) and a ventilator-injured (right) rat lung 20 mm below the
pleural surface. Because the injured lung had been perfused with a Fluorescein Dextran
alveolar edema appears white on this image. Note that some alveoli are completely filled
with edema fluid, while others retain trapped gas (dark ovals). From Ref. (113) with
permission.
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Figure17.

Pressure-volume curves of a canine caudal lobe containing air only, saline only, and an air-
saline mixture. Note the high initial impedance when air is injected into a saline-filled lung.
Adapted with permission from Ref. (158).
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Page 66

Schematic diagram of force transmission from the level of the whole lung to single cells
with various feedback mechanisms influencing ECM composition and lung mechanics.
Dotted lines show external or internal influences as well as various possible feedback loops

in disease states (see text for explanation). Adapted from Ref. (252) with permission.
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Figure19.

Schematic representation of the stress-strain curve in arbitrary units of a lung tissue strip
during uniaxial stretch in tissue bath. The regions labeled 1, 2, and 3 correspond
approximately to regions of different mechanisms contributing to the stress (see text for
explanation).
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Figure 20.

Schematic representation of the P-V curve of a lung during inflation from the collapsed state
(black solid line) to total lung capacity (TLC), deflation (dashed line) to residual volume
(RV), and during breathing with tidal volume (VT) from functional residual capacity (FRC).
The regions labeled 1, 2, 3, and 4 correspond approximately to regions of different
mechanisms contributing to the curve (see text for explanation).
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