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doi:10.1152/japplphysiol.00715.2015.—Airway hyperresponsiveness
(AHR) is a key characteristic of asthma that remains poorly under-
stood. Tidal breathing and deep inspiration ordinarily cause rapid
relaxation of airway smooth muscle (ASM) (as demonstrated via
application of length fluctuations to tissue strips) and are therefore
implicated in modulation of AHR, but in some cases (such as
application of transmural pressure oscillations to isolated intact air-
ways) this mechanism fails. Here we use a multiscale biomechanical
model for intact airways that incorporates strain stiffening due to
collagen recruitment and dynamic force generation by ASM cells to
show that the geometry of the airway, together with interplay between
dynamic active and passive forces, gives rise to large stress and
compliance heterogeneities across the airway wall that are absent
in tissue strips. We show further that these stress heterogeneities result
in auxotonic loading conditions that are currently not replicated in
tissue-strip experiments; stresses in the strip are similar to hoop stress
only at the outer airway wall and are under- or overestimates of
stresses at the lumen. Taken together these results suggest that a
previously underappreciated factor, stress heterogeneities within the
airway wall and consequent ASM cellular response to this microme-
chanical environment, could contribute to AHR and should be ex-
plored further both theoretically and experimentally.

airway hyperresponsiveness; circumferential stress; extracellular ma-
trix; tidal breathing; deep inspirations

NEW & NOTEWORTHY

Airway geometry, and the interplay between dynamic active
and passive forces, give rise to large stress and compliance
heterogeneities across the broncho-constricted intact airway
wall that are absent in tissue strips with identical properties.
These findings suggest a redesign of loading protocols in
tissue-strip experiments to better mimic the dramatically dif-
ferent micromechanical conditions experienced by airway
smooth muscle cells in the intact airway. Consequent cellular
response could play an important role in airway
hyperresponsiveness.

DESPITE SIGNIFICANT RESEARCH effort, mechanisms underlying
hyperresponsiveness (AHR) of airway smooth muscle (ASM)
and consequent airway narrowing, a key characteristic of
asthma, remain poorly understood. Factors that may modulate
AHR in the presence of contractile agonist have been investi-
gated experimentally through a variety of assays ranging from
stretch experiments on ASM tissue strips (3, 6, 34) and preci-
sion cut lung slices (23) to applications of pressure and volume
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fluctuations on isolated intact airways (9, 21, 28). The tissue-
strip assay, in particular, has been used extensively in numer-
ous studies [e.g., most recently by Lan et al. (20)] aimed at
investigating AHR. Observations between the different exper-
iments have sometimes been difficult to reconcile given the
potentially different strains being imposed, the existence (or
lack) of parenchymal tethering, and changes in geometry such
as between the strip and the intact airway. Here, we hypothe-
size that the geometry and structure of the intact airway wall in
vivo and in vitro potentially provide a dynamic micromechani-
cal environment to the ASM not present in the isolated ASM
strip, which may in turn play an important role in AHR.

To understand the influence of these different factors in both
quasistatic and dynamic conditions, an ideal experiment would
be one in which results from applying transmural pressure
fluctuations to an intact airway could be compared directly
with results from applying length or force fluctuations to a strip
of ASM isolated from the same airway. Ideally also, identical
loading conditions would be applied in both cases, with equiv-
alent measures of contraction being recorded. Given the diffi-
culty of such a proposition, in this study we use a multiscale
airway model developed previously (10), which significantly
extends earlier models of airways embedded in parenchyma
(17, 19, 22, 26, 33, 30) to effectively conduct such an exper-
iment in silico (Fig. 1). This model assumes an intact thick-
walled airway embedded in parenchyma and accounts for /)
nonlinear elasticity of the airway wall (allowing for large
deformations); 2) extracellular matrix (ECM) through the ad-
dition of helical collagen fibers (recruited on inflation) within
the airway wall; and 3) dynamic force-generation through
subcellular acto-myosin interactions modelled explicitly using
the Huxley-Hai-Murphy model. Using this model we have
previously illustrated the effect of applying contractile agonist
on airway narrowing at different transmural pressures and how
the quasistatic pressure-radius relationships of isolated intact
airways are modified accordingly. Furthermore we demon-
strated that application of fixed-amplitude transmural pressure
(Prwm) fluctuations at a fixed mean Pty is able to reduce mean
contractile force at the cell level within the airway, but the
integrative response (which incorporates strain stiffening
through collagen recruitment) of the whole airway to the
pressure fluctuations was typically of only a small increase in
airway caliber relative to the static case (in agreement with
experiment; Ref. 21). However, the same amplitude of Py
fluctuations could promote significant bronchodilation at trans-
mural pressures in the most compliant part of the quasistatic
Prm-radius curve. These predictions have been confirmed ex-
perimentally by Harvey et al. (9), who tested the effect of
applying increasing amplitude Pty fluctuations at two values
of simulated functional residual capacity (I and 5 cmH,0).

Licensed under Creative Commons Attribution CC-BY 3.0: © the American Physiological Society. ISSN 8750-7587. 233

910z ‘0T 4890100 uo 9°c£°0zz 0T Aq /610" ABojoisAyd-del//:dny wouy papeojumoq



http://orcid.org/0000-0003-0172-6578
mailto:bindi.brook@nottingham.ac.uk
http://creativecommons.org/licenses/by/3.0/deed.en_US
http://jap.physiology.org/

234 Stress Heterogeneity in the Airway Wall « Hiorns JE et al.

Fig. 1. Schematic of the circular airway
smooth muscle (ASM) and collagen fibers
embedded within the intact isolated airway
wall and the virtual tissue strip as though cut
from the original airway. In reality the strips
can be as long as depicted; e.g., typical
dimensions from Lan et al. (20) are 1- to
1.5-mm wide, 0.2- to 0.3-mm thick, and ~6
mm in length from a sheep trachea that has a
diameter ~25 mm.

They found significantly higher strains and bronchodilation at
1 ecmH,O, supportive of the hypothesis that greater broncho-
dilation of the airway is possible in the more compliant region
of the Py -radius curve.

The purpose of the present study is twofold. First, we wish
to explore the consequences of contractile force generation
together with quasistatic and dynamic pressure fluctuations on
the internal stresses in the airway wall and therefore the
difference in the static vs. dynamic microenvironment to which
ASM is subjected within the airway wall. To date, this has not
been possible in airway models in which the Laplace approx-
imation for thin-walled cylinders has been assumed, or rela-
tively simple force-velocity or force-length relationships have
been prescribed. Secondly we wish to investigate the effect of
applying identical strains to both an intact airway and a tissue
strip on the stresses experienced by ASM. To achieve this, we
develop a model for the tissue strip with the appropriately
modified geometry (i.e., that of a narrow strip “cut” from a
circumferential segment of the virtual airway; Fig. 1) where we
apply the same material properties and modeling assumptions

Inputs:

Transmural pressure
Agonist level

‘ Deformation

Prv

as we did for the airway wall (10). We mimic the application
of both quasistatic pressure changes and time-dependent Py
fluctuations to the airway model to fully explore and quantify
the resulting circumferential strains and circumferential (hoop)
stresses within the airway wall (Fig. 2). We then apply the
circumferential strain predictions from the airway model to the
tissue strip as longitudinal time-dependent length fluctuations.
These result in longitudinal stresses in the strip that can then be
directly compared with circumferential stresses within the
airway wall. We are thus able to carry out a systematic
comparison between intact airways and tissue strips to specif-
ically investigate the effect of /) geometry (circular airway vs.
long thin rectangular strip) and 2) modification of smooth
muscle to collagen content (as may occur in preparation of
strips in experiment).

METHODS

In this section we briefly describe two mathematical models, one
for an intact airway and the other for a tissue strip and outline the
simulations that enable us to compare the two cases. Full details for

Inputs:

Outputs:
Circumferential stretch = I’/R

(as longitudinal stretch) X
Agonist level Ky

JL y

. . - T <
|_> Longitudinal stress S

. . T
Circumferential stretch 1/ Clreumferental stress = 206~

Compare

Outputs:

Fig. 2. The airway is assumed to be an axisymmetric cylinder of fixed length. R, and R;, are the undeformed radii of the inner wall of the airway (lumen) and
outer wall of the airway, respectively. r, And r, are the corresponding deformed radii. Rings of ASM and collagen fibers are embedded into the airway with
representative fibers shown as dashed lines located at a general radius R and r in the undeformed and deformed states respectively. There are many such fibers,
represented in the model as a density. The active contractile force, A, produced within the fibers is governed by the Huxley-Hai-Murphy model developed by
Mijailovich et al. (27), which combines the Huxley sliding theory (15) and the Hai-Murphy four-state theory (8) (see Ref. 10 for details). The tissue strip is
assumed to be long and thin. Fibers are embedded in the strip along the s-axis (shown by dashed lines). Material parameters are the same as in the airway wall.
Application of transmural pressure fluctuations and agonist in the model gives predictions of time-dependent circumferential strains and stresses within the
airway. The dynamic circumferential strain at the undeformed midpoint of the wall (R, — R,)/2 is applied to the tissue strip as a length fluctuation which results
in the generation of dynamic longitudinal stress. The predicted circumferential (hoop) stress and longitudinal stresses are compared with each other.
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the airway model are provided in Hiorns et al. (10) and details for the
tissue strip model are provided in the APPENDIX.

Intact Airway Model

We model an airway as an axisymmetric thick-walled cylinder of
fixed length in a plane-strain approximation (with no axial displace-
ment). We assume that the airway wall is an incompressible nonlinear
elastic material embedded with fibers representing ASM and collagen
that form rings in the airway wall (Fig. 1). The fibers combine both
passive and active functions: they stiffen during inflation (above a
threshold strain) to mimic recruitment of collagen within the ECM
and they generate a contractile force upon ASM activation. The
passive features contribute stiffness to an inflated airway, for which an
exponential increase in energy in the fibers is required to stretch the
fibers further. Two parameters, C; and C,, govern the stiffness of the
fibers: C; takes into account the density of fibers (assumed to be
uniformly distributed across the airway wall) and their stiffness when
stretched a small amount; C> governs the nonlinear increase in the
stiffness of the fibers as they stretch. The magnitude of the contractile
force, generated through application of agonist, is determined via the
Huxley-Hai-Murphy (HHM) model (27), which yields the number and
stretch of attached cross bridges and hence the force generated by a
single contractile unit (consisting of a myosin filament and adjacent
actin filaments). To calculate the contractile force per unit cross-
sectional area of tissue, A, we multiply the force generated by a
contractile unit (i.e., an actin-myosin filament pair) by a parameter 3,
which takes into account the volume fraction of the ASM fibers and
the number of parallel myosin filaments within a single ASM fiber
(10). To couple the velocity of the contractile unit to that of the tissue,
we relate the length of the fiber to that of a contractile unit as
described in Hiorns et al. (10). We assume that the airway is isolated
from the parenchyma and that initially an internal stress is applied to
the airway to partially inflate it (as done experimentally). To mimic
pressure fluctuations applied experimentally, a time-dependent force
is applied at the inner boundary of the airway.

Upon activation via agonist or on application of a transmural
pressure, airway wall deformation is characterized by changes in the
undeformed inner and outer wall radii (R, and R, respectively; Fig. 2)
to deformed inner and outer airway wall radii (r, and r,, respectively,
which may be functions of time; Fig. 2). Resulting stresses in the
radial, hoop, and axial directions are written as T,, Tes, and T,
respectively; the radial stress at the lumen boundary is T, and the
radial stress at the outer boundary is T,. Coupling of the subcellular
HHM model to the nonlinear elasticity model of the airway enables
prediction of dynamic changes in contractile force, radial, and hoop
stresses and airway wall deformations.

Tissue Strip Model

We model the tissue strip as a long thin strip of nonlinear elastic
material embedded with ASM and collagen fibers oriented longitudi-
nally (full details are given in the APPENDIX), under the assumption that
a strip is cut perpendicular to the longitudinal axis of the airway (Fig.
1, right, and 2). To carry out the in silico experiment suggested in Fig.
1 we assume identical material properties and fiber stiffness and
density parameters as the airway wall. We neglect the intrinsic
curvature of an excised slice that may exist by assuming that the strip
has a stress-free state in which it is straight. Length fluctuations are
applied to the model of the tissue strip, and the corresponding
contractile force generated by the ASM and resultant stresses are
predicted. We also investigate variations in the density of ECM and
ASM by varying the parameter C; associated with fiber stiffness. The
only nonzero stress is in the axial (s-) direction, T, (Fig. 2). Ignoring
boundary effects, 7, is spatially independent, depending only on the
stretch of the strip and the amount of agonist (see APPENDIX). This is
in contrast to T, and Tee above, which depend on radial position.

RESULTS

We have previously established the validity of our airway
model (10) by comparing simulation predictions (of the effect
of transmural pressure oscillations on lumen radius) with
experimental data from LaPrad et al. (21). Here we focus on
the effect of quasistatic changes and dynamic oscillations in
transmural pressure on hoop stresses within the airway wall
and compare these to longitudinal stresses predicted via tissue
strip simulations. We then explore the effect of modifications
to smooth muscle content on hoop stresses within the wall and
again consider how these compare to longitudinal stresses in
the tissue strip.

The simulations are based on the two experimental protocols
of LaPrad et al. (21). In each protocol, the airway begins in a
prestressed state, in which agonist concentration is zero and
some initial transmural pressure (Prwmo) is applied. The subse-
quent protocols are as follows.

Protocol I: increasing levels of agonist concentration are
applied to the airway (each period is 12 min) during /) static
conditions and 2) application of transmural pressure oscilla-
tions of fixed amplitude to mimic tidal breathing.

Protocol 2: initially agonist is applied to the airway so that
it contracts for 15 min. Transmural pressure oscillations of
increasing amplitude (each for 15 min) are then applied to the
constricted airway while agonist concentration is held fixed.

In these simulations, the contractile force generated through
application of increasing agonist concentration is mimicked by
varying the myosin light chain kinase rate constant (k;) in the
HHM model. The application of a transmural pressure differ-
ence, Prv, is achieved by prescribing

2t
Py = Povo + APTMsin<t—) , ()
0

where APty is the amplitude of the transmural pressure oscil-
lations. Here the period of oscillation #p = 5 s matches the
experiments of LaPrad et al. (21). Table 1 gives the parameter
values used for each protocol. The transmural pressure is
generated by setting the stress at the outer boundary, T, to zero
and varying the stress acting on the lumen, 7,, in the time-
dependent manner described by (Eq. 1) with T, = Prm. These
boundary conditions are chosen specifically to match experi-
mental conditions; the appropriate boundary condition for
simulating an in vivo case would be to vary 7, and fix T,
mimicking the effect of the pleural pressure pulling the airway
outward. For the airways used in the experiments of LaPrad et
al. (21), under zero transmural pressure, the undeformed thick-
ness is ~0.3 times the lumen radius (R, = 1.3R,).

Table 1. Table of the parameters used in the airway for the
2 protocols

Case Prmo APt™m ki(s™h X B g1, s !
Protocol 1 7.5 0,2.5 0.005, 0.025, 0.05 0.3R, 100 0.1
Protocol 2 5 0,1.25,25,5 0.025 0.3R, 100 0.1, 0.01

Pressures are measured in ¢cmH>O. Pry, transmural pressure; y, wall
thickness in terms of the lumen radius when zero transmural pressure is
applied; ki, phosphorylation rate of myosin cross bridges via myosin light
chain kinase [in the Huxley-Hai-Murphy (HHM) model] and proportional to
agonist level in our simulations; g;, parameter that governs the strain-depen-
dent detachment of so-called latch bridges (in the HHM model); remaining rate
parameters used are as given in Mijailovich et al. (27).
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Effect of Transmural Pressure Oscillations on Hoop Stress
and Regional Compliance

Although the lumen radius, airway wall thickness and strain
can be measured experimentally in isolated intact airways (9,
21) and in precision-cut lung slices (33, 23), ASM and trans-
mural pressures generate hoop (or circumferential) and radial
stresses in the airway wall that are not currently amenable to
observation. These are important quantities for understanding
the tissue microenvironment and for direct comparison with
tissue strip experiments, as the hoop stress is the most equiv-
alent to the longitudinal force generated in tissue strips; the
tension in the strip is proportional to the longitudinal stress
along it. The stress heterogeneity across the airway wall
predicted by Brook et al. (4) is also predicted by the present
model for static transmural pressure (Fig. 3A) applied to an
activated airway. At Py = 7.5 emH,O, the static hoop stress,
Too, at the inner wall decreases with increasing agonist (and can
become compressive; see later) while it remains tensile at the
outer wall (Fig. 3A). The compressive hoop stress can be
explained by considering the forces acting on a tissue element
within the airway wall (Fig. 3B). Close to the lumen, the active
component of the hoop stress, pulling the faces of the element
inwards, can be smaller in magnitude than the passive compo-
nent of the element pushing outwards (like an internal spring in
compression). Closer to the outer wall, the active component of
the hoop stress is greater than the passive component, gener-
ating a tensile force.

These stress distributions are modified by the applied trans-
mural pressure (via the radial stresses 7,,; Fig. 3B) and the level
of activation of smooth muscle as illustrated in Fig. 4. This
figure shows static hoop stress-radius curves (black curves) for
increasing agonist. Superimposed on these are static transmural
pressure isolines (red and blue curves) indicating how appli-
cation of a given static Pty results in a particular radius and
hoop stress. To highlight the effect of the stress heterogeneity,
stress-radius curves are shown for hoop stress at the outer
radius (Fig. 4A) as well as at the lumen radius (Fig. 4B). We
also superimpose on these the dynamic stress-radius loops that
result from Pry oscillations for protocol 1 (green loops) and
protocol 2 (magenta loops). We observe the following strik-
ingly contrasting behavior between the outer wall and inner
wall.

For Pry = 0 and increasing agonist, static hoop stress
increases at the outer wall but decreases at the lumen. The
static outer hoop stress and undeformed outer radius for a
nonactivated airway are given by the intersection of the zero-
agonist curve and the zero Py curve (Fig. 4A). Increasing
agonist while keeping Pry = O causes an increase in hoop
stress at the outer wall as the airway narrows. This is as would
be expected, given that contractile force increases with increas-
ing agonist. This is also true for negative transmural pressure
as indicated by the light blue curves for Pry < 0. At the lumen,
however, the hoop stress decreases with increasing agonist (as
is so for all Pry). We return to this point in the DISCUSSION.

For a range of positive transmural pressures, agonist-
induced contraction can reduce hoop stress at the outer wall by
derecruitment of collagen fibers. In contrast to previous theo-
retical predictions (22) (reproduced below, see Fig. 8) in which
hoop stress always increases for increasing contraction, for a
range of transmural pressures (red curves in Fig. 4A) we find

.\
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Fig. 3. A: static hoop stress plotted as a function of position within the airway
wall at Prm = 7.5 cmH>O for increasing agonist, with the black curve
representing hoop stress distribution at zero agonist and the red curve the
highest agonist level ki = 0.05, used in protocol I simulations. B: schematic
illustrating the magnitude of the active force, A (width of the arrows indicate
magnitude), relative to the passive forces within a tissue element near the
lumen and the outer wall. Near the lumen, the active force can be smaller than
the passive force and so the resulting hoop stress on neighboring elements can
be compressive (i.e., Top < 0) while at the outer wall the active force can be
much greater generating a tensile hoop stress (Too > 0). ECM contributes to the
passive forces as it is recruited during stretch but not during shortening when
it becomes derecruited.
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>

Fig. 4. Static hoop stress at the outer wall
plotted as a function of the outer radius (A)
and static hoop stress at the lumen plotted as
a function of lumen radius for increasing
agonist (B) (black curves; ky = 0 up to k; =
0.05). Points on the black curves that are of
equal transmural pressure are connected by
the red and blue curves and are effectively
transmural pressure isolines. Green hoop-
stress/radius loops are results of the protocol
1 simulations showing the effect of increasing
agonist on transmural pressure oscillations of
fixed amplitude with Prmo = 7.5 cmH2O.
Magenta hoop-stress/radius loops are results
of protocol 2 simulations in which increasing
amplitude pressure oscillations are applied
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about Prmo = 5 emH>O at a fixed agonist
level. The dark blue solid circle refers to the
unactivated, unstressed state, the cyan solid
circle refers to the baseline, initially pre-
stressed, state [axis label B in Fig. 7, B and C)
and the gray solid circle refers to the con-
tracted state (i.e., after application of agonist;
axis label C in Fig. 7, B and C) for protocol 2
simulations. Short green arrows indicate the
shift from the static hoop stress and radius at
Prmo to the mean hoop stress and radius of
each green loop for protocol 1 simulations
indicated by the black open circles. Ma-
genta arrows indicate the shift from the grey
solid circle for the protocol 2 simulations.
A, inset: a zoom-in of the isopressure curves
for Prmo = 2.5 and 5 cmH>O showing
modification in hoop stress-radius behavior.
B, inset: dimensionless hoop-stress at lu-
men and outer wall as functions of strain
overlaid on each other to illustrate different
stress-strain  behavior at the 2 airway
locations.

1
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that hoop stress decreases to a minimum with increasing
agonist before increasing again (Fig. 4A, inset). This can be
explained by considering the following events. Application of
a positive transmural pressure with no agonist causes disten-
sion of the airway (moving up the zero agonist curve) above
the threshold at which collagen is recruited. This causes the
passive component of the hoop stress to increase as a result of
nonlinear strain stiffening. Application of agonist from this

2.6

point, while keeping transmural pressure fixed, causes the
airway to contract, reducing the outer wall radius (Fig. 4A, red
curves and inset), in the process derecruiting collagen fibers
and leading to an initial decrease in hoop stress. The decrease
in the magnitude of the passive component is thus greater than
the increase in the active component due to increased agonist.
At radii below the collagen recruitment threshold, agonist-
driven increase in the active force dominates and ensuing
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behavior is as expected (i.e., hoop stress now increases with
further increase in agonist).

The quasistatic mechanical behavior of the airway is signif-
icantly modified in the dynamic regime. Protocol 1 oscillations
are applied at a mean of 7.5 cmH,O, but the mean values of the
outer hoop stress and outer radii (open black circles in Fig. 4A)
of each of the stable oscillatory solutions (green loops) now
follow a different pressure isoline that appears to have shifted
downwards and closer to the static 5 cmH>O curve. In each
protocol 1 case, therefore, there is a reduction in outer hoop
stress (thick green arrows) compared with the static hoop stress
but not always a corresponding increase in outer airway wall
radius. In contrast, the protocol 2 mean dynamic outer radii
(magenta loops) increase significantly from the static case
(grey circle) and in proportion to APty (magenta arrows), but
the change in mean stress is relatively small. At the lumen (Fig.
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1600 |- h
1400} ® 1
T 1200} 1
E
O 1000} h
(8]
I
5 soof 1
é 600
2 ®
7 400} 8
200 + b
ot
1.8 2 2.2 2.4 2.6 2.8 3
radius - mm

C lumen

0.02 T T T
-PTM =0 cmH20
-PTM =75 cmHZO 5

-PTM =10 cmHZO
-PTMO:7.5 cmH20, PTM =25 cmH20

~0.014 R

0.018

o

o

=

=)
T

o)’

0.012 R

0.01 R

0.008 R

0.006 R

Compliance - mm(cmH

0.004 + R

0.002 i

k=0.0

k=0.005 k=0.025 k=0.05

4B), however, the modification to the pressure isoline for
protocol 1 (open black circles) does not follow the downward
shift seen at the outer radius. Application of Pty oscillations at
low agonist causes an increase in hoop stress (right-most green
arrow) in contrast with the higher agonist loops (left-most
green arrows).

The stiffness of the airway wall varies from lumen to outer
wall and depends on agonist level. The contrasting behavior
between the lumen and outer wall can be explained by com-
paring the static stiffness of the airway wall for low and high
agonist levels (Fig. 5) and between lumen and outer wall
(yellow vs. green curves in Fig. 5, A and B). We observe that
the stiffness curves are shifted dramatically at high agonist
levels (Fig. 5B compared with Fig. 5A) and that the stiffnesses
at the selected Pty points vary significantly between low and
high agonist levels and between lumen and airway wall (com-
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Fig. 5. A and B: static stiffness at the lumen plotted as a function of the lumen radius (yellow curves) and the static stiffness at the outer wall plotted as a function
of the outer wall radius (green curves) for zero agonist (A) and application of the highest agonist level (B) (k = 0.05). The stiffness is determined by calculating
the slope of the stress-radius curves in Fig. 4. Solid blue, cyan, and grey circles indicate the static stiffness at static Pry = 0, 7.5, and 10 cmH-O, respectively.
Lumen (C) and outer wall (D) compliances (the reciprocal of the slope of the stress-radius curves) for each agonist level used in protocol 1 simulations, for
Prm = 0, 7.5, and 10 cmH>O (blue, cyan and grey bars, respectively) and dynamic compliances (red bars) for each agonist level resulting from application of
Prm fluctuations about Pryo = 7.5 cmH20. The dynamic compliances shown here are calculated by determining the reciprocal of the mean slope of the green

loops (protocol 1 simulations) in Fig. 4.
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pare cyan circles between Fig. 5, A and B). The effect of Prvm
oscillations on the compliance of the airway wall is evident in
Fig. 5, C and D. At higher agonist levels, at both the lumen and
outer wall, there is a marked decrease in mean dynamic
compliance relative to the static compliance (red bars com-
pared with cyan bars in Fig. 5, C and D). Therefore, in
particular, although there is a small increase in outer wall
radius (left-most green loops in Fig. 4A), the airway wall in this
region has become very stiff and therefore cannot admit large
changes in radius in the final oscillatory solution. The magni-
tude change in mean hoop stress appears not to depend strongly
on the degree of activation, which may be explained by it being
offset by the significant decrease in compliance (Fig. 5D). The
only case where oscillatory dynamic loading leads to a com-
pliance that is similar to that of the static case is at the outer
wall for the lowest agonist level. The contrasting behavior
between the airway wall at the lumen and at the outer wall is
thus a result of the complex interaction between the contractile
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force and effective nonlinear behavior of the different regions
of the activated airways (Fig. 5, A and B). This is a conse-
quence of the circular geometry and finite thickness of the
airway wall.

Structural heterogeneity in ASM density exaggerates stress
heterogeneity across the airway wall. So far we have assumed
a uniform density of ASM fibers across the airway wall.
However, histological lung sections and precision-cut lung
slices show localization of ASM muscle bundles closer to the
lumen than the outer wall. We therefore modify the parameter
B, which accounts for the density of ASM fibers per unit
volume in the airway model (see Eg. $33 in the Supplemental
Material of Ref. 10), to a function of the undeformed radius so
that B(R) now describes a nonuniform distribution of ASM
across the airway wall (orange curve in Fig. 6A). To maintain
consistency with previous results, we have chosen the param-
eters in describing 3(R) to ensure that the area under the curve
(total amount of ASM) matches that of the uniform case (blue
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Fig. 6. A: normalized ASM density per unit volume within the airway wall plotted as a function of normalized airway wall radius representing a uniform
distribution of ASM across the whole layer (blue curve) and localization of ASM closer to the lumen in which the distribution B(R) o exp[—13.1(R — R.)?]
(orange curve). B: static internal (red curves) and external (blue curves) stress plotted as a function of lumen and outer radius respectively, for passive airways
(solid), activated uniformly distributed ASM (dashed) and activated nonuniformly distributed ASM (dot dashed). C: protocol I dynamic lumen hoop stress-radius
loops for uniform ASM (blue) and nonuniform ASM (orange). D: protocol 1 dynamic outer hoop stress-radius loops for uniform ASM (blue) and nonuniform

ASM (orange). All activation is with k; = 0.025 s~
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curve in Fig. 6A). Quasistatic lumen and outer wall stress-
radius curves for increasing transmural pressure (Fig. 68) show
that hoop stress heterogeneity in the activated airway (k; =
0.025 s~ ') is further exaggerated for the nonunifom case
compared with the uniform case. The exaggeration in stress
heterogeneity persists on application of Py oscillations (pro-
tocol 1, ky = 0.025 s~ ') as shown in Fig. 6, C and D. At the
lumen, the pressure fluctuations drive greater bronchodilation
(Fig. 6C), presumably because the oscillatory strain is imposed
on a greater proportion of the ASM near the lumen compared
with the uniform case. However, at the lumen, the mean hoop
stress and regional stiffness (mean slope of the stress-radius
loop) are greater in the nonuniform (orange loop in Fig. 6C)
than in the uniform case (blue loop). In contrast, at the outer
radius, the mean hoop stress is less in the nonuniform case
(Fig. 6D) but appears to exhibit similar regional stiffness to the
uniform case. These findings suggest that the tissue strip
should be taken much closer to the lumen where the muscle is
located.

Comparisons of Intact Airway Model Predictions with Tissue
Strip Model Simulations

Our model provides us with a tool to investigate, in silico,
the effect of different loading conditions and the in vivo
environment on the intact airway and the tissue strip. The
simulations outlined below use parameter values given in
Table 1. The strain amplitudes from the airway simulations are
applied as static or oscillatory stretches to the tissue strip. The
stretch of fibers located at different radii across the airway wall
is not uniform. We therefore determine the stretch experienced
by fibers in the middle of the airway wall, apply this stretch to
the strip (effectively taking the strip to the same in situ length
as in the airway at the start of the simulation), and then
compare stresses (Fig. 2). It is likely that the process of
isolating the airway strip requires removal of some ECM
associated with the basement membrane. Comparisons are
therefore also made to a modified strip for which the density of
the ECM and ASM fibers is decreased and increased, respec-
tively, by 50%.

Although identical stretches are applied to both strip and
airway, the longitudinal stress in the strip resembles the hoop
stress only at the outer wall of the airway. The hoop stresses at
the inner and outer boundaries of the airway wall are compared
with the longitudinal stress along the tissue strip in Fig. 7. The
curved geometry of the intact airway generates stress hetero-
geneity across the airway wall [Fig. 3; Brook et al. (4)].
Therefore, in the initial stressed state the hoop stress is greater
at the inner boundary (red curves in Fig. 7, A—C), while with
a sufficiently large concentration of agonist the hoop stress
is greater at the outer boundary (green curve). Although the
stretch applied to the tissue strip is equal to the stretch at the
mid point of the airway wall, the stress within the strip (blue
curves) resembles the hoop stress at the outer boundary of
the airway wall and falls within the range of stresses
experienced by the intact wall (Fig. 7, G and J). For protocol
2, the hoop stress at the inner boundary of the wall is
sometimes compressive for part of the steady oscillatory
loops, indicating stress heterogeneities within the wall, with
the inner part experiencing compressive stresses while the
outer part experiences tensile stresses. It is also possible for

the stress within the strip to be compressive, as seen in Fig.
7K, but not heterogeneous. Larger amplitude stretches result
in greater hysteresis (Fig. 7, D, K, and L).

At high agonist levels, longitudinal stresses in the modified
tissue strip are greater than hoop stresses in the airway wall.
Also plotted in Fig. 7 is the longitudinal stress in a modified
tissue strip (black curves), for which the collagen and ASM
volume fractions are, respectively, decreased and increased by
50%. For both protocols when the strips are agonist-free, the
reduced collagen fraction in the modified strip leads to a
smaller stress (Fig. 7, A—C). This behavior is modified in the
presence of agonist. For protocol 1, as the strip is activated and
contracts, the contribution of the collagen to the stress reduces
exponentially, with smaller reduction in the modified strip,
except when the smooth muscle is contracted and the collagen
does not contribute to the stress. However, there are greater
increases in the stress due to contributions from the ASM in the
modified strip as k; increases. In contrast, as k; increases in the
original strip, the stress due to ASM forcing is never dominant
so there is a reduction in the stress (blue curves in Fig. 7, A, D,
G, and J). At the highest agonist level both strips are suffi-
ciently contracted for the collagen to have no effect and the
increased ASM content of the modified strip results in a greater
stress.

For protocol 2 (g1 = 0.1), in the contracted state the fibers
are compressed, and small amplitude oscillations (1.25, 2.5
cmH,0; Fig. 7, E—H) result in insufficient collagen recruitment
and so contribute little to the resultant stress. Further increase
in oscillation amplitude increases the range of stretch giving
rise to increased disruption of cross-bridge cycling so there is
more hysteresis. At the same time, however, increased stretch
causes collagen recruitment, leading to an increase in the peak
stress (Fig. 7K). When g; = 0.01 the smooth muscle remains
contracted (e.g., compare range of resultant stretch between
Fig. 7, K and L) for all the amplitudes of pressure oscillations,
with an increase in hysteresis as the oscillation amplitude
increases (Fig. 7, F, I, and L).

For identical oscillatory stretches, mechanical loads expe-
rienced by ASM within the airway wall are not identical to
those experienced by ASM in the tissue strip. We now compare
the predicted static radii and hoop-stresses of the airway (red
circles in Fig. 8A) with equivalent tissue-strip length and static
longitudinal stresses (green diamonds in Fig. 8A) under in-
creasing agonist. If strips are subjected to fixed-amplitude
length oscillations (green arrows in Fig. 8A) under increasing
agonist, the operating points (green diamonds) are at very
different parts of the stress-strain curve to those in the intact
airway (red circles) and therefore have different baseline stiff-
ness or compliance. Applying fixed-amplitude force oscilla-
tions (blue arrows in Fig. 8A), for increasing agonist, gives
operating points indicated by the blue squares in Fig. 84, which
are closer to the intact airway (red circles). However, both
force- and length-oscillations in the strip (green and blue
arrows) will not necessarily follow the initial path followed by
applying pressure oscillations as indicated by the red arrows in
Fig. 8A. These differences are further magnified when com-
pared with the stress-radius curves at the lumen. Experimental
measurements, however, focus on lumen radius, where the
hoop stresses are significantly different to those in the tissue
strip and for which the behavior departs from that of the outer
wall (Fig. 4A). In an attempt to more accurately mimic appli-
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Fig. 7. Plots of the dynamic hoop stress as a function of dynamic stretch (resulting from application of Pty fluctuations) at the inner (red) and outer (green)
boundaries of the airway wall and longitudinal stress in a tissue strip (blue) plotted as a function of k; (A) and APrm (B and C). In B and C, B on the x-axis
refers to the baseline (initially prestressed) state (cyan circle in Fig. 4) and C refers to the contracted state i.e., after application of agonist (grey circle in Fig.
4). Also plotted is the resultant stress in a modified strip (black) i.e., when the influence of the ASM and collagen are respectively increased and decreased by
50%. All the resultant stresses (at the lumen, outer radius and in the strip) are reported as functions of the stretch applied at the mid-line of the airway thus
allowing the loops to have the same x-axis range and enabling effective comparison of the corresponding magnitude of stress. The A, D, G, and J: results for
protocol 1, with the dashed and solid lines indicating the static and tidal transmural pressures (respectively). Dynamic force-length loops for a single pressure
oscillation are shown for k; = 0.005 (D), ki = 0.025 (G), and k; = 0.05 (J). Results for protocol 2 are shown for either g, = 0.1 (B, E, H, and L) or g; = 0.01
(C, F, I, and L): a parameter that governs the strain-dependent detachment of so-called latch bridges (in the HHM model). Dynamic force-length loops for a single
pressure oscillation are shown for APty = 1.25 cmH,O (E and F), APtm = 2.5 ecmH>O (H and I), and APty = 5 cmH,0 (K and L). Note that for dynamic

cases the stress is plotted at the end of a complete oscillation.

cation of transmural pressure oscillations, which were neither
length nor force driven (auxotonic load driven), to tissue strips,
Latourelle et al. (22) predicted theoretical force-length charac-
teristics to drive a servo-controller in tissue-strip experiments
(Fig. 8B). Their loading condition, however, was based on the
semi-empirical pressure-radius relationship of Lambert et al.
(18) and the Laplace approximation for thin walls. We can
make a direct comparison between the load characteristics of
Latourelle et al. (22) by extracting the equivalent forces and
lengths from our model predictions (red and blue curves in Fig.
4), which are shown in Fig. 8, C and D. The Latourelle et al.
(22) results show a universal decrease in force with increase in
length characterized by the sigmoidal curves in Fig. 8B. In

contrast, load characteristics at the lumen (Fig. 8C), predicted
by our model, show a universal increase in hoop stress with
increase in length. The load characteristics at the outer wall in
Fig. 8D from our model are qualitatively similar to the curves
in Fig. 8B for Pty = 0 and 2.5 cmH,O but more generally
reveal the complex behavior discussed above, resulting from
interactions between internally generated forces by the ASM
and strain-stiffening of collagen.

In summary, for identical oscillatory stretches, the tissue
strip fails to replicate the mechanical behavior of the inner
wall. The similarity in outer-wall hoop stress of the airway and
that of the unmodified strip suggests that the effect of increas-
ing agonist for auxotonic loading conditions (where neither
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Fig. 8. A: hoop stress at outer wall plotted as a function of outer radius for increasing agonist (black curves) as in Fig. 44, with transmural pressure isolines (red
curves). Lowest black square is hoop stress and outer radius in the undeformed, unactivated state. Heavy black curve on the zero agonist curve indicates change
in hoop stress and outer radius as a result of increasing transmural pressure from 0 to 7.5 cmH>O in the unactivated airway. Green diamonds indicate longitudinal
stress that would be applied to a tissue strip held at fixed length in the presence of increasing agonist (isometric experiments); green arrows indicate initial paths
that may be taken to apply length oscillations. Blue squares indicate operating points of longitudinal stress and tissue-strip length, for a strip under a fixed load
(isotonic experiments) in the presence of increasing agonist; blue arrows indicate initial paths that may be taken to apply force oscillations. Solid red circles
indicate operating points of hoop stress and outer wall radius in the presence of increasing agonist for fixed static transmural pressure for which both force and
radius vary (auxotonic loading) along the initial paths indicated by the red arrows. B: force-length load characteristics predicted by Latourelle et al. (22) for an
airway by assuming the pressure-radius relationship of Lambert et al. (18) and the Laplace approximation for thin walls (reproduced with permission from the
American Physiological Society). F/F, is the muscle force relative to optimal force; L/Lmax is the muscle length relative to Lmax (the length of relaxed muscle
at a transpulmonary pressure of 30 cmH,0). Equivalent stress-radius load characteristics for our model at the lumen (C) and the outer wall (D) (extracted from
blue and red curves in Fig. 4) for Pty ranging from 0 to 10 cmH20. Tmax And rmax are the hoop stress and radius, respectively, at either the lumen or at the outer
wall at Pty = 10 emH»O.

load nor length are held fixed) is more likely to be depicted by  pressure oscillations, which the modified tissue strip fails to

the pressure isoline curves shown in Fig. 4A. Identical stretches  replicate.
applied to the modified tissue strip further exaggerate differ-
ences between the mechanical behavior of the airway and the piscussion

strip, with measurements of contractile force in the tissue strip
potentially overestimating those that may occur in the airway.
These results strongly suggest that the nonlinear strain-stiffen-
ing effect of the extracellular matrix in the in vivo environment
contributes to the integrated dynamic response of the airway to

To understand mechanisms underlying AHR in asthma, we
have previously developed and validated a multiscale model of
an intact airway embedded in parenchyma accounting for
helical ASM and collagen fibers within the nonlinear elastic
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matrix of the tissue in the airway wall (10). Contractile force
generated by ASM cells is determined via the HHM model for
subcellular cross-bridge dynamics and is dynamically coupled
to the tissue mechanics through the embedded ASM fibers,
significantly extending previous airway models (17, 19, 22, 26,
33, 30). In our previous study (10) we showed that the
application of transmural pressure to the activated airway
dictated the effective static stiffness of the airway wall. In turn,
higher effective airway stiffness was shown to limit the amount
of strain that could be transmitted to the contractile machinery
in the ASM cell, limiting the degree of bronchodilation that
could be achieved. In the present study we have additionally
developed a model for a tissue strip, which is assumed to have
identical material properties to that of the intact airway, with
longitudinally embedded ASM and collagen fibers. This work
allows us to understand the effect of quasistatic and dynamic
pressure changes, the combined role of actin-myosin dynamics
and nonlinear tissue-level mechanics in generating internal
stresses in the intact airway (currently inaccessible via exper-
iment), and how these compare with the stress in a tissue strip.
It also allows us to fully explore the effect of geometry on the
micromechanical environment that may exist in the intact
airway.

ASM Force Generation and Collagen Recruitment
Contribute to Stress Heterogeneity in the Airway Wall

We find the resultant hoop stresses in the airway wall are
heterogenous across the airway wall [in agreement with the
linear-elastic model predictions of Brook et al. (4) and illus-
trated above; Figs. 3 and 4]. Furthermore, the nature of the
heterogeneity varies significantly with agonist concentration
(with the lumen hoop stress greater than at the outer boundary
at low agonist concentrations but lower at high agonist con-
centrations; Figs. 3 and 7A) and hardly varies for increasing
amplitude of pressure fluctuations for small g, i.e., for low
detachment rate of latch bridges (Fig. 7C). The decrease in
stress with increase in agonist concentration (Fig. 4C) is
counterintuitive at first glance. To explain this, we note that as
PrMm is increased for the unactivated airway (moving up the
zero-agonist curve in Fig. 4B), the lumen hoop stress increases
significantly; for the same strain and applied Pry, the lumen
hoop stress is greater than the hoop stress at the outer wall (Fig.
4B, inset) and places the lumen radius on a much stiffer part of
the stress-strain curve (Fig. 5). Consequently, although agonist
increases contractile force, it causes only a small reduction in
lumen radius.

This behavior is a direct consequence of the fact that airway
radius cannot be held at some fixed value (as tends to be done
in isometric tissue-strip experiments), so that as the airway
contracts (from an initially stretched state), the stretch experi-
enced by the airway moves from where collagen stiffness
dominates (Fig. 7D), to a point where collagen is derecruited
(Fig. 7J), so that the mid-point of the stretch oscillation moves
down the stress-strain curve (Fig. 4). Given that the stress-
strain curve combines the effect of stiffening due to collagen
recruitment at large transmural pressures and stiffening due to
contraction at lower transmural pressure, this change in “op-
erating” radius is more likely to occur in vivo and is not
accounted for in tissue strip experiments. Indeed, at a fixed
operating length, increasing agonist concentration would result

in increased hoop stresses. Furthermore, the same mechanism
causes the mid-point of the stretch oscillation in the airway
wall to increase with increasing amplitude of oscillation for
larger latch-bridge detachment rate, g, (Fig. 7, E-K), thus
moving up the stress-strain curve, and therefore to an effec-
tively stiffer airway. This explains the increase in stress for
increasing amplitude pressure fluctuations (Figs. 4B and 7B);
the balance between contributions due to ECM stiffness and
contracted ASM stiffness shifts from the latter to the former.
The almost flat stress curves for smaller latch-bridge detach-
ment rate g; (Fig. 7B) are a result of the stretches remaining
well below the collagen recruitment threshold (Fig. 7, F-L).

Furthermore, our model predicts that structural heterogene-
ities, such as those that arise from localization of ASM bundles
closer to the lumen, exaggerate quasistatic and dynamic stress
heterogeneities across the airway (Fig. 6). This appears to be a
consequence of transmission of strain to a greater proportion of
the activated muscle (as this is located closer to the lumen) in
the isolated airway, under the protocol simulated here whereby
Prm fluctuations are imposed by applying internal pressure
oscillations. Whether or not this would be the case if Pty
fluctuations are imposed through application of external pres-
sure oscillations (which may be closer to what occurs during
tidal breathing in vivo) requires further theoretical and exper-
imental investigation.

Taken together these results strongly suggest that the non-
linear strain-stiffening effects of the extracellular matrix in the
in vivo environment play a hitherto underappreciated role in
the integrated response of the airway to pressure oscillations,
which the tissue strip fails to replicate.

ASM Force Generation and Collagen Recruitment
Contribute to Compliance Heterogeneity in the Airway Wall

The counterintuitive observations above are a result of
intricate relationships between strain stiffening at high trans-
mural pressure and the effect of airway narrowing at high
agonist levels. We can effectively capture the interrelationships
by considering regional compliance, which is a measure of the
amount of stretch required to generate a hoop stress at a
particular location (Fig. 5). The heterogeneity in stiffness
(resulting from different hoop stresses at the lumen compared
with those at the outer wall) is readily observed in Fig. 5, A, C,
and D where the given increases in transmural pressure result
in different static stiffnesses at the lumen compared with the
outer wall. In contrast, application of agonist causes a shift of
the static stiffness-radius curves to the right, which, in combi-
nation with the nonlinearity of the static stiffness-radius
curves, causes a decrease in stiffness at both the lumen and
outer wall for the given increases in transmural pressure (Fig.
5, B-D). Furthermore, there is evidence of heterogeneity in the
dynamic compliances; pressure fluctuations cause a significant
reduction in compliance at the lumen for all agonist levels (Fig.
5C) but only at higher agonist levels at the outer wall (Fig. 5D).
A growing body of research (16, 25, 32) has shown that
vascular smooth muscle cells and fibroblasts migrate up stiff-
ness gradients and therefore the heterogeneities we have high-
lighted here may be implicated in structural remodeling of the
airway.
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Matching Pressure Fluctuations Experienced by the Airway
Wall to Length Fluctuations in the Tissue Strip

To investigate the role of tidal breathing and deep inspira-
tions (DIs) in modulating AHR, numerous experimental stud-
ies have involved application of length and force oscillations to
ASM strips (6, 22, 29, 34) and volume and pressure oscilla-
tions to isolated, intact airways (21, 28). Length oscillations
applied to strips were shown to significantly decrease contrac-
tile force, a response which has been attributed predominantly
to disruption of cross-bridge cycling (7, 27). In contrast,
transmural pressure oscillations and DIs applied to intact air-
ways appear to have only limited bronchodilatory effect (21,
28). However, DIs at the whole organ level in vivo have been
shown to have a strong bronchodilatory effect (2, 24). To
identify which components of the mechanical environment
present in the airway (but absent in the tissue strip) may
contribute to these discrepancies, in this work we have applied
identical stretches to both and compared the resulting stresses.
Due to the assumed circular geometry of the airway wall, as the
airway deforms, the fibers at different positions within the
airway wall experience different amounts of stretch. In con-
trast, a uniaxial stretch applied to a tissue strip, for which all of
the fibers are parallel, results in a uniform stretch in all of the
fibers. To make comparisons between the two geometries we
used the fiber at the mid-point of the airway wall as a reference.
The stretches, in the middle of the airway wall, that result from
applying either static transmural pressure or dynamic transmu-
ral pressure fluctuations to the airway wall are thus applied to
the tissue strip model and the resulting longitudinal stresses in
the strip are determined and compared with hoop stresses in the
airway wall. In this way we have translated the pressure
fluctuations experienced by an airway wall to application of
identical length fluctuations to a tissue strip, thus eliminating
one of the implicated confounding factors. We therefore sug-
gest that to mimic the pressure fluctuations better, the tissue
strip experiments should be guided by the auxotonic curves at
the outer wall (Fig. 8D) since the stresses in the tissue strip are
similar only to the outer wall stresses when the same stretches
are applied (blue and green curves/loops in Fig. 7). That is, the
length oscillations need to be applied to increasing lengths for
increasing agonist to mimic zero transmural pressure but ap-
plied to decreasing lengths for increasing agonist to mimic
transmural pressure of 10 cmH,O (Fig. 8D).

Stress Heterogeneity in the Airway Wall Significantly Affects
Predictions of Auxotonic Loading Conditions

The variation of stress heterogeneity across the airway wall
with increasing agonist concentration makes the difference in
stress between the tissue strip and the airway even greater
(Figs. 7, D, G, and H, and 8). If the tissue-strip stretch were
fixed and length oscillations applied about this reference
length, we would see a dramatic increase in stress and a shift
to more compliant parts of the stress-strain curve, in contrast
with the decrease in hoop stress predicted for the auxotonic
loading conditions that may operate in vivo (Fig. 8). Latourelle
et al. (22) attempted to mimic the auxotonic loading conditions
that may exist in vivo by using a model-based loading condi-
tion to drive a servo-controller to apply oscillations to tissue
strips that were neither length nor force driven. Their loading
condition, however, was based on the semi-empirical pressure-

radius relationship of Lambert et al. (18) and the Laplace
approximation for thin walls, which fails to account for the
stress heterogeneity across the finite-thickness wall, resulting
in isopressure curves that do not reflect the interactions of
active and passive forces seen here and so depart significantly
from those predicted with the present model (Fig. 8). Our
model simulations also suggest that stress heterogeneities are
further exaggerated in thickened airway walls that may occur
as a result of airway remodeling (results not shown). We
suggest that future experimental studies on tissue strips should
utilize loading characteristics for both the lumen and outer wall
as predicted here to deliver oscillations that mimic more
closely the in vivo situation and therefore to obtain more
realistic tissue response.

Potential Effects of Stress Heterogeneity on Airway
Remodeling

The large compressive stresses at the lumen (Fig. 7, A and C)
predicted above are, in part, a consequence of the inherent
assumption in the model that ASM and collagen fibers are
uniformly distributed across the airway. If the distribution of
these were heterogeneous, so that collagen fiber density is
higher near the lumen than at the outer wall, then the stress and
compliance heterogeneity may be reduced. Indeed it seems
unlikely that cells can reside in such heterogenous microme-
chanical environments (11), raising important implications for
tissue homeostasis and mechanotransduction, suggesting that
airway remodeling [e.g., via ASM proliferation and collagen
deposition (14) or recruitment of myofibroblasts up stiffness
gradients (32)] may be driven by the necessity to reduce stress
heterogeneity, potentially resulting in heterogenous fiber den-
sity distributions (13, 31, 35). Imaging studies such as those of
Clifford et al. (5), which utilize three-dimensional confocal
microscopy to visualize ECM within the walls of pressurized
blood vessels, could be a powerful tool for determining spatial
distributions of ECM and ASM fiber density in the airway.

Model Limitations

We have assumed an axisymmetric geometry for the airway,
which is unrealistic especially in strongly contracted airways
where large compressive forces are likely to cause buckling
and mucosal folding and thus modify the micromechanical
stress environment. Additionally, the basement membrane,
with its high collagen content, has not been explicitly modelled
here. Instead we have opted to focus on the stress distributions
within the stiffer smooth muscle layer (with its active compo-
nents). An inner (passive) mucosal layer could be added in
future studies, within which stress distributions would be
modified to some extent. However, the mucosal layer is rela-
tively soft compared with ASM and other wall components, so
while the deformations might be quite dramatic, they may not
have a major role on the overall airway stiffness. As it stands
the stress predictions from the current model predict onset of
buckling (as regions of compressive stress), which also de-
pends on the relative stiffness of the muscle and mucosal layer
(36). Buckling at the inner wall can be anticipated for Pry =
0 near the inner wall (Fig. 4), where the stress becomes
strongly compressive; the effect of buckling near the inner wall
would likely be to reduce the magnitude of the compressive
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stress locally, without significantly altering tensile stress pre-
dictions elsewhere.

We have shown that structural heterogeneity in the ASM
fiber density (with greater ASM nearer the lumen than the outer
wall) appears to further exaggerate stress heterogeneities pre-
dicted under the assumption of uniform fiber densities. We
have, however, had to limit the heterogeneity in fiber density to
having a small gradient. We believe that steeper gradients in
smooth muscle distribution may violate technical criteria that
the underlying solid mechanics have to satisfy (such as con-
vexity of the strain energy), demanding more profound adjust-
ment to the model; this refinement will be considered in future
studies.

Although we have modelled a generic airway (potentially
from any part of the tracheo-bronchial tree), we have previ-
ously validated the model behavior specifically against exper-
iments from LaPrad et al. (21) [details are given in Hiorns et al.
(10)]. The pressure-radius curves of the airways from their
study indicate the presence of a passive strain-stiffening effect
that is likely to come from collagen as the main constituent of
connective tissue in airways. By fitting the nonlinear elasticity
parameter values C; and C, to their passive pressure-radius
curves, we are able to identify behavior specific to the airways
they used in their study. In any case, ECM is present in
essentially all tissues so there will always be some effect of the
strain-stiffening behavior of collagen, the extent of which will
almost certainly be generation dependent. Passive pressure-
radius curves for airways from different generations could be
used (e.g., Refs. 9, 18) to apply our model more generally and
to integrate models of many airways in into a branching
network, which will potentially have different effective pres-
sure-area and stiffness-area curves when activated.

There is considerable evidence that cells sense and respond
to their mechanical environment (11) (and references therein);
the internal stresses that are generated through cell-tissue
interactions as demonstrated in this study are therefore likely to
feed back to the contractile machinery, cytoskeleton, cell-cell,
and cell-ECM interactions. This mechanical feedback from
macro- to microscale, which plays an important role in mecha-
notransduction, has not been accounted for here but will be
considered in future studies. An important limitation is that
internal stresses in the airway wall are currently difficult to
access experimentally, and so this work has not been vali-
dated by direct comparison with measured data. However,
we have carefully validated the airway model (10) against
isolated intact airway experiments (21) and shown good
agreement between simulation and experimental data for
both static and dynamic airway airway caliber and thick-
ness; the simulated stresses are thus predictions that we
believe to be reasonably realistic subject to the limitations
already mentioned.

Given that the debate on the role of deep inspiration on
modulating hyperresponsiveness has revolved around extrapo-
lations of cell-level and tissue-strip behavior, we believe that
our tissue-level airway model that incorporates more of the in
situ factors as well as accounting for dynamic cell-level effects
suggests some useful new hypotheses. Whether or not these
hypotheses are confirmed requires further experiments and
more detailed modeling studies.

Summary

In this work we have shown that the competition between
passive properties of the ECM and the dynamically varying
forces generated by the ASM, together with the circular ge-
ometry of the intact airway, plays an appreciable role in
generating Pry-dependent hoop-stress heterogeneities across
the airway wall. These yield counterintuitive auxotonic stress-
radius load characteristics that differ significantly both quali-
tatively and quantitatively between the lumen and the outer
wall of the airway. Stress heterogeneities also result in com-
pliance heterogeneity, capturing the contrasting stress-strain
behavior between the lumen and outer wall and providing a
mechanistic explanation for our counter-intuitive predictions.
In particular, by accounting for both ECM and dynamic ASM
behavior we are able to compare dynamic hoop stresses gen-
erated in the airway wall (not currently amenable to experi-
mental observation) with corresponding stresses in the tissue
strip more accurately than previously possible. In doing so we
conclude that, in tissue-strip experiments (even under auxo-
tonic loading conditions), airway smooth muscle within the
strip is subject to stresses that resemble the stress only at the
outer boundary of the airway wall (not an average value as
estimated by Laplace laws) and completely fail to replicate the
stress environment near the lumen. We therefore suggest that if
the tissue strip experiments are to represent the airway wall,
then loading to the strip should utilize auxotonic loading
characteristics at the outer wall. Corresponding lumen behavior
can then be predicted by appropriate use of the present model
of a finite thickness airway. We have also shown that any
modifications to the ECM content of a tissue-strip could further
exaggerate the difference between stresses experienced by
ASM cells in the tissue strip compared with those in the intact
airway. We currently have little knowledge of how ASM cells
respond to these stresses, but these should be investigated if we
are to extrapolate observations from isolated tissue experi-
ments to behavior in vivo. We thus suggest that the role of
these stress heterogeneities in the development of AHR should
be explored further both theoretically and experimentally.

APPENDIX: MODEL OF TISSUE STRIP

We assume that the tissue strip is long and thin, since the strips
used by Fredberg et al. (6) measured 2 X 3 X 20 mm. Any boundary
layers due to clamping are ignored, since the length is much greater
than the height and width, which are roughly equal.

A strip of unstressed equilibrium length L,, subject to uniaxial
strain, is considered, so that

x=MX,y=NY,s =A\S, (Al)

Here X, Y, S are Lagrangian Cartesian coordinates and x, y, s are
coordinates in the deformed configuration. (S is used so as not to be
confused with Z in the airway.) The deformation gradient tensor, F =
Grad x is given by

AN 00
[F]=[0 » o] (A2)
0 0 A

Assuming incompressibility, A\N7 = 1, implying that \; = 1/There-
fore, the left and right Cauchy Green stress tensors,
B = FF” and C = F’F, are given by
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I/x 0 0
[B]=[C]=| 0 1/n O [ (A3)
0 0 N

In our previous model of the airway wall (10), we assumed an
incompressible Neo-Hookean material embedded with two sets of
helical fibers symmetrically disposed about the circumferential direc-
tion. These fibers have two functions; they produce a contractile
force from activated ASM and during inflation they stiffen the
airway to mimic collagen. Here, both sets of fibers are assumed to
be aligned to the s-axis of the strip to mimic “cutting” of the strip
from the original airway, so that the undeformed directions of the
two sets of fibers are given by M; = M, = e,. In the deformed
configuration m; = my = \e;.

The strain-energy function of a Neo-Hookean material is

lL(u)
w== (I, - 3), (A4)
where @ is the shear modulus and I; = tr(C) is the first strain

invariant of C. Two other terms are included in the strain-energy
function to take into account the strain-stiffening and active force
generation. As with our airway model (10), we use the anisotropic
model of Holzapfel et al. (12) to take into account the fiber-stiffening,
so that

c
Wani(Ls, Is) = 2_1 > H(l = D{exp[ (1= 1)7] = 1} 49)
Cyi=26
C; > 0 s a stress-like parameter taking into account the density of the
fibers in the matrix, while C> > 0 is a dimensionless parameter that
controls the nonlinear increase in the stiffness of the fibers as they
stretch. The Heaviside function H(I; — 1) is included so that the
collagen fibers are recruited only when stretched. The additional strain
invariants are defined as I, = M;-(CM,;) and I = M,-(CM.), so that
I, Is = \? are the square of the stretches of the fibers, which due to
the symmetry are stretched equally.

We assume that the active force, A, generated by ASM cells within
the fibers is only implicitly dependent on fiber stretch (via the HHM
model for acto-myosin dynamics) and therefore is independent of I
and Ie; i.e., the stretch affects the applied velocity [which feeds into
the HHM model (10)], which in turn modifies the distributions of the
cross-bridge species and therefore affects the value of A. To ensure
that the active component of the Cauchy stress tensor matches the
general form described by Ambrosi and Pezzuto (1), namely

To = A(M; @m; + my ®my), (A6)

we model the active component of the strain-energy function as:
A
Wt = 5(14 +Ig). (A7)

Determination of A at each time step of a length oscillation is based
on the solution of the partial differential equations (PDEs) governing
the HHM model for acto-myosin dynamics. The coupled system of
equations are solved numerically, the full details of which are given in
the Supplemental Material of Ref. 10.

By summing the Neo-Hookean, anisotropic and active contribu-
tions, we arrive at the same strain-energy function as was used for the
airway wall (10), so that

@

W=
2

(1= 3) + HO = D 2 (exp[ GO = 1)2] = 1)+ 4x2
’ (18)

with the Heaviside function in the middle term allowing recruitment
of collagen fibers only when the strip is stretched N > 1. The nonzero
components of the Cauchy stress tensor are

@
W
Tox = Tyy = 7P + N
(A9)
T = —pt )\z(u(“) + 2A) +
H(N — 1)4C, (N> = 1)N%exp[ C,(N* — 1)*].  (A10)

Assuming that the sides of the strip are stress-free, p = 1/\ and

T = Tyy = 0,

(All)
w(®
Tos = N0 +24) — +
H(N = 1)4C, (N = 1)Nexp[ C,(N> = 1)*].  (A12)
Conservation of momentum is satisfied and
(A13)

X v
X \/X,y \/X,s .

We assume that \ is prescribed as we apply length oscillations to
match the strains applied to the airway via Pty oscillations. To model
application of force oscillations, 7., would be prescribed.
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