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Current literature reports a wide range of stiffness values and constitutive models for lung tissue
across different spatial scales. Comparing the reported lung tissue stiffness values across
different spatial scales may provide insights into how well those mechanical properties and the
proposed constitutive models represent lung tissue’s mechanical behavior. Thus, this study
applies in silico modeling to compare and potentially bridge the differences reported in lung
tissue mechanical properties at different length scales. Specifically, we predicted the mesoscale
mechanical behavior of rat lung tissue based on in situ and in vitro microscale test data using
finite element (FE) analysis and compared those computational predictions to the reported data
using mesoscale uniaxial experiments. Our simulations showed that microscale-based stiffness
values differed from the mesoscale data in the simulated strain range of 0-60%, with the atomic
force microscopy (AFM)-based data overestimating the mesoscale data above 15% strain. This
research demonstrates that computational modeling can be used as an informative and guiding
tool to investigate and potentially bridge the differences in reported lung tissue material
properties across length scales.
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1. Introduction

The function of the lung in terms of gas transport and exchange depends on the lung
tissue’s mechanical properties. Pathologies of the respiratory system such as acute
respiratory distress syndrome (ARDS) pneumonia, pulmonary fibrosis, and em-
physema can lead to changes in the mechanics of the respiratory zone, hence reducing
gas exchange capability.’ Therefore, as abnormalities affecting lung mechanics are
found in many lung diseases, it is essential to understand the mechanical properties
of lung tissue.? The complex structure of the lung gives rise to different manifested
mechanical properties at various spatial scales. The organ scale emergent mechanical
properties arise from the hierarchical lung structure and properties of the extracel-
lular matrix (ECM) components, predominantly collagen and elastin.? The fiber
network within the ECM is the tissue’s primary stress-bearing component and aids in
controlling the expansion and contraction of alveoli, therefore protecting the gas
exchange regions from damage.” However, at the mesoscale, parenchyma is com-
posed mainly of the air-filled acini, small airways, respiratory bronchioles, and al-
veolar ducts. Figure 1 outlines the structure of the lung from the alveolar septa up to
the whole lung level.

Parenchyma
(mesoscale)

Whole Lung
(macroscale)

Alveolus
(microscale)

e Collagen
Elastin

Proteoglycans
Type | epithelial cell Alveolar Septa

° Type |l epithelial cell

Fig. 1. The hierarchical structure of the lung across spatial scales. The ECM components of the alveolar
septa bring about the emergent mechanical properties of the lung at the mesoscale and organ scale.
(created in BioRender.com by the first author)
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Computational models can provide a noninvasive and potentially subject-specific
approach to understanding the mechanics of breathing and the effects of heteroge-
neous disease on lung function.* The geometry, spatial scale, and mechanical prop-
erties assigned to in silico models are essential components of credible computational
models that produce accurate results. Some of the first models that laid the foun-
dation for the computational modeling of alveolar mechanics were developed by
Mead et al.” and Dale et al.® More recent models have largely expanded upon those
early models to study mechanics of both the healthy and disease states of the lung
tissue at the microscale, including models that studied a single alveolus,>” or an
alveolar sac.®” Additionally, the idealized 3D truncated octahedral geometry has
been shown to be capable of simulating parenchymal tissue mechanics by reasonably
estimating the alveolar geometry and with lower computational cost compared to
microCT-based models.”?

Even though mechanical testing studies of lung parenchyma have offered valuable
insight into tissue properties, a wide range of moduli have been reported for lung
tissue at the mesoscale. Rausch et al.!' and Birzle et al.'”
crepancies between several constitutive models developed for parenchymal tissues.
Hence, careful consideration must be given to using accurate mesoscale mechanical
properties of the lung in computational models. Furthermore, there is disagreement
on the reported mechanical properties of lung tissue at the microscale. With the use
of atomic force microscopy (AFM),"* % among other techniques, there have been
discrepancies in the reported stiffness values of lung tissue, partially due to different
experimental setups, specimen size, and testing protocols. In addition, some
approaches only accounted for the linear behavior of lung tissues, reporting a single
Young’s modulus to characterize the stiffness.'!°

Consequently, comparing and potentially reconciling the reported stiffness values
of lung tissue across spatial scales may provide insights into how well those values
represent lung tissue behavior. As the emergent mesoscale mechanical properties of
the parenchyma are dependent on the microscale properties of the alveolar septa,
reported values at the microscale must be accurate before they can be used in meso-
and macroscale lung models. Hence, this study aims to use in silico modeling to
compare the differences reported in lung tissue mechanics at different length scales.
Specifically, the objective of this research is to utilize computational modeling for the
purpose of studying whether the emergent mechanical properties of lung tissue at the
mesoscale, based on two microscale mechanical testing data sets, are consistent with
the experimental data reported at the mesoscale. Therefore, we aimed to predict the
mesoscale mechanical behavior of rat lung tissue using finite element (FE) and
subsequently compared those predictions to mesoscale experimental results.

demonstrated the dis-

2. Methods

Using FE analysis, the mesoscale mechanical behavior of lung tissue strips was
predicted based on previously reported in vitro and in situ microscale experiments.
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Mechanical properties at the microscale were taken from the results reported by two
different research groups that determined the mechanical behavior of rat lung tissue
using distinct approaches (described in Sec. 2.2).'%'% The emergent properties from
the FE model were then compared to mesoscale data from a study that utilized a
coupled approach to determine the mechanical behavior of rat parenchyma.'? The
strategy and stages of the study are summarized in Fig. 2. Further details on the
methods of our study are given below.

2.1. Model geometry

The 3D geometry of the model comprised of an array of alveoli is represented by
truncated octahedra.!” The geometry modeled the tissue slices used in the uniaxial
tension testing of Birzle et al.'? SolidWorks 2022 (Dassault Systems, France) was
used to build the geometry where each truncated alveolus was assigned the average
dimensions of a rat alveolus.'®!” The entire structure had overall height, width, and
depth dimensions equal to the average dimensions of lung tissue slices used for
uniaxial tension testing in Birzle et al.,'? with the length, width, and thickness set to
2.2, 7, and 1.1 mm, respectively (Fig. 3). The geometry was imported into COMSOL
Multiphysics v6.1 for FE analysis (COMSOL Multiphysics, MA, USA). Each con-
stitutive model from the two microscale studies, described in the next subsection, was
applied to the walls of the truncated octahedra.

Strategy and stages of the study

Study Stages
Choose two mechanical testing Choose a multi-modal mechanical testing
dataset of rat lung at the microscale dataset of rat lung at the mesoscale

l

Mechanical Specimen
properties Dimensions 4
Develop a FE model of lung tensile specimen based on the
average dimensions of the specimens used in the mesoscale

study [16], however with alveolar wall properties based on =90 2

the two microscale studies "-"3"-‘;‘;‘
Ierisartrsy
vy & &5 o

!

Simulate the mesoscale tensile test protocol of

Birzle et al. 1

Compare the outcome of the microscale-property-based
FE simulation to the reported mesoscale test data

Fig. 2. A flowchart demonstrating the strategy for and the stages of this study. We chose a high-fidelity
mechanical testing dataset at the microscale'® and two data sets at the mesoscale.'*'® Then, we developed
a FE model of a lung tissue strip with the overall height, width, and depth corresponding to the specimens
used by Birzle et al.'*?" for uniaxial tensile testing. The FE model was based on a truncated octahedron
model of an alveolus with the alveolar wall mechanical properties assigned according to microscale me-
chanical testing datasets.
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Fig. 3. Representative result of uniaxial tension testing of 3D FE model at maximum displacement. The
microscale constitutive models were applied to the walls of the truncated octahedra, then uniaxial tension
testing was simulated to measure the resulting reaction force.

2.2. Constitutive models

In this study, three microscale material models were used in the FE model, and the
emergent mesoscale behavior was compared to the mesoscale model of Birzle et al.,?"
which utilized a coupled experimental approach to account for the isochoric and
volumetric behavior of lung parenchyma. Birzle et al.’s mesoscale study proposed a
hyperelastic constitutive model? with the strain energy density function defined as
follows:

1

¢ = 356 Pa(I, — 3) + 331.7 Pa(I; ™ — 1) 4+ 197.4 Pa(I, °I, — 3)°

+5.766 Pa(I} — 15, (1)

where I; and I3 are the first and third invariants of the right Cauchy—Green defor-
mation tensor, respectively. Additionally, the viscoelastic behavior of the specimen
was accounted for using the rheological standard linear solid (SLS) model as de-
scribed by Birzle et al.?

We simulated the mesoscale specimen of Birzle et al.'? by implementing Eq. (1) in
Comsol Multiphysics and simulating a block of tissue in a tensile test. Subsequently,
the mesoscale results based on Ref. 12 were used as a baseline for comparing the
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emergent properties resulting from simulations carried out using the microscale-
based models for the assemblage of alveoli.

To develop the micro-scale-based model using the assemblage of alveoli, the
nonlinear microscale materials models of Perlman and Wu'® and Jorba et al.'* were
applied to the septa walls. In the microscale study by Perlman and Wu,!©
technique quantified the behavior of the alveolar septa in situ to account for the
change in moduli across pressure ranges. Since the study included both the tissue
elastic forces and interfacial forces, surface tension’s effects were first removed from
the constitutive model before using it in our FE analysis. Equation (2), as defined by
Perlman and Wu,'® determined the tissue-only behavior:

a novel

17,

Etlssue effective 2 <TH B(é}[ — EL)] ) ) (2)
where T',  and € correspond to the surface tension, septal thickness, and strain over a
specified pressure range, with subscripts H and L corresponding to the high and low
pressure values, respectively. Once the effect of surface tension were removed from
the material model of Perlman and Wu,'% the resulting stress and strain values were
fit to a Yeoh hyperelastic material model using HYPERFIT (www.hyperfit.wz.cz), a
calibration software that uses stress—strain data to determine constants for a given
constitutive model. The Yeoh model’s strain energy density function is given by:

3 3
W= O -3 Y A (1), (3)

where, C; and D; are material constants that characterize the isochoric and volu-
metric elastic response of the tissue, respectively, I; is the invariant of the right
Cauchy—Green deformation tensor and J is the elastic volume ratio for which the
isochoric invariant of the right Cauchy—Green deformation tensor is defined as
I, = J72°1,.

Finally, to capture the material’s time-dependent behavior, the SLS viscoelastic
model, based on the work of Birzle et al.,?° was added to the Yeoh constitutive model.
The evolution equation of the viscoelastic stress (o) of the SLS model was described
by the equation:

1
—oy+ 0, = B, (4)

where 7 is a relaxation time, ( is the nondimensional free energy factor, and o is the
equilibrium second Piola—Kirchhoff stress tensor. 3 was assigned the value of 0.8525
and 7 was set to 0.09936 5.0

The second microscale material model applied to the alveolar septa was the Yeoh
hyperelastic model of Jorbal et al.'* based on their AFM experiments using spherical
tips. Again, the SLS model of viscoelasticity was added to the hyperelastic model to
ensure all simulations were performed at the same loading rate. All material prop-
erties used in the study are summarized in Table 1.
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Table 1. The three microscale-based constitutive models used in 3D FE analysis which were compared to
the compressible mesoscale model of Birzle et al.'>

Study Length scale Constitutive model Parameters
Birzle et al. Mesoscale Visco-hyperelastic Hyperelastic model’s coefficients
given in Eq. (1); 8 = 0.8525 and
7 =0.09936's
Perlman & Wu Microscale Visco**- C; =0.71kPa, C, = 8.1e-10kPa,
(without surface Hyperelastic (Yeoh*) Cy = 3.7kPa, D; = 0.01kPa™!,
tension effects)* D, = 0kPa~!, Dy = 0kPa™!;
#=0.8525, 7 =0.09936 s
Jorba et al. Microscale Visco**- C, = 1.3kPa, C, = 8.9kPa,
Spherical tip Hyperelastic (Yeoh) C3 = 26.2kPa,

D; = 0.009kPa~!, D, = 0kPa™!,
Dy = 0kPa™!; 3 = 0.8525,
7 =0.09936's

Notes: *Model calibrated using HYPERFIT software
**The viscoelastic effects were added to hyperelastic model based on the results of Ref. 23.

2.3. Boundary conditions and simulation settings

Uniaxial tension tests were simulated by pulling on one end of the geometry while
keeping the opposing end fixed (clamped), similar to the experiments of Birzle et al.?"
A fixed displacement, corresponding to the change in length reported by Birzle
et al.'?> was used to reach the desired strain, and the resulting reaction force was
measured. Symmetry conditions were applied to the geometry to decrease the
computational cost of the simulations. The first Piola—Kirchhoff stress and engi-
neering strain were calculated and plotted for each specimen. Finally, the emergent
properties from the computational model were compared to the mesoscale study of
Birzle et al.'?

The geometry was meshed with 4,400,000 reduced integration quadratic tetra-
hedral elements. The simulations were run on a workstation with dual Intel Xeon
Gold 20-Core CPUs, using Comsol’s Nonlinear Structural Mechanics package.
A time-dependent solver with the implicit Backward Differentiation Formula (BDF)
time-stepping scheme, and the Parallel Direct Sparse Solver (PARDISO) were used.
A mesh convergence study was performed by varying the mesh density until the
change in stress output was less than 0.5%.

3. Results

Figure 3 shows the FE model under uniaxial tension at the maximum displacement.
The resulting stress—strain curves are shown in Fig. 4. Across the tested strain range
of the virtual experiments, the results from Jorba et al.’s'* AFM-based study over-
estimated the mesoscale stiffness with a normalized root mean square error
(NRMSE) value of 4.59. However, the simulation results based on the in situ
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=== [Vacroscale results — Birzle et al.

= Microscale-based - Perlman and Wu

=== Microscale-based - Jorba et al.
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Fig. 4. Stress—strain curve comparing the emergent properties from microscale to data at mesoscale
across the strain range simulated. Across the whole strain range, the microscale model based on the work of
Jorba et al."! overestimated the reported mesoscale values, whereas at strains below 52%, the microscale
visco-Liyperelastic model based on the work of Perlman and Wu'® underestimated the reported mesoscale
data.

experiments of Perlman and Wu showed a smaller difference from the mesoscale
results of Birzle et al. with an NRMSE of 1.14 (Fig. 4). Specifically, the simulated
curve based on the work of Perlman and Wu'® underestimated the mesoscale data
below 52% strain. Above 52% strain, the model based on Perlman and Wu’s'® data

overestimated the mesoscale data of Birzle et al.'*?°

4. Discussion

Since many studies evaluating lung tissue mechanical properties at the micro and
mesoscales have reported a wide range of moduli for lung tissue, it is essential to
carefully consider the experimental setup, in addition to the spatial and temporal
scales of the mechanical tests, to obtain relevant and accurate values of stiffness for
use in computational modeling. In this study, we utilized computational modeling to
compare the emergent mechanical properties of lung tissue at the mesoscale based on
microscale mechanical testing data. We chose three of the most comprehensive
mechanical testing datasets published by other researchers for the purpose of this
study: The microscale in situ data reported by Perlman and Wu,'® the microscale
AFM-based data of Jorbal et al.,'* and the mesoscale data of Birzle et al.'? Overall,
this comparative study showed that the microscale and mesoscale lung mechanical
testing data reported by different groups exhibit large differences. However, the data
reported by Perlman and Wu'%'% showed a smaller difference to the mesoscale data
of Birzle et al.?’ compared to the AFM-based data of Jorba et al.'* (Fig. 4). Fur-
thermore, this study showed that FE modeling could be used as an informative and
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guiding tool to investigate and compare differences in reported lung tissue me-
chanical properties across length scales.

It has been suggested that tidal breathing generates relatively low strains in the
septal wall of the lung alveoli.?! Within the range of physiological tidal breathing,
studies in mammalian lungs estimate that the alveolar tissue undergoes only about
4-10% strain®® and up to 20% strain in exercise.”® However, when inflated from
functional residual volume to total lung capacity, the alveolar strain can increase to
anywhere between 15-40% in a heterogeneous manner throughout the lung vol-
ume.?"?* Therefore, strains below 40% are of greater interest when comparing
emergent properties of microscale lung, particularly in the healthy state. The AFM-
based model of Jorba et al.!* showed a close agreement with the mesoscale mea-
surements of Birzle et al.'” up to 15% strain after which the two models considerably
diverged from each other. On the other hand, the constitutive model based on
Perlman and Wu’s'® work exhibited an overall smaller difference to the mesoscale
when the full strain range of up to 60% was considered (Fig. 4). Of note, strains
greater than 40% may not be relevant in the healthy lung but may become more
crucial in disease states where heterogeneous damage can lead to greater strains in
injured areas of the lung.?! As computer models gain importance in such circum-
stances, it becomes more important that constitutive models defining lung’s me-
chanical behavior are accurate across scales and wide strain ranges.

At the microscale, Perlman and Wu'® determined an effective modulus to capture
the effects of elastic and interfacial forces in the alveolar septum during inflation
while at the mesoscale, Birzle et al.'? aimed to couple uniaxial tension testing with
volume—pressure change experiments to describe the isochoric and volumetric non-
linear behavior of lung parenchyma. Both studies utilized novel approaches to
characterize the material behavior of the lung at different length scales that
employed the effects of inflation on tissue behavior.!?'% The microscale AFM-based
study of Jorba et al.?! was also novel in terms of its experimental setup but appears
to overestimate the tissue stiffness considerably at strains above 15% compared to
the mesoscale data of Birzle et al.'?

Moreover, considering that mechanical test data from multiple studies was ana-
lyzed here, the comparison carried out in this study required caution to ensure
comparisons were made reasonably. For instance, the study by Perlman and Wu'®
included surfactant and thus incorporated effects of different alveolar components.
To nullify this effect, a mathematical equation was used to determine the tissue-only
behavior (Eq. (2)). It is important to note that the constitutive models utilized in this
study do not explicitly model the behavior of the individual tissue constituents, such
as the collagen and elastin fibers, but rather model the combined behavior. Several
factors may have contributed to the differences seen between the reported mesoscale
data and the emergent properties from microscale models seen in this study. While
all studies were based on rat lung tissue, the species of rat differed among the studies
and there could also be differences in age of specimens, which can affect lung
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mechanics.'®?° The microscale study of Perlman and Wu'® utilized male Sprague—
Dawley rats while the mesoscale study of Birzle et al.'? tested lung tissue from female
Wistar rats. The age of rats used in each study was not reported. Along with the
differences in the experimental setup for determination of each constitutive model
utilized in this study, there were also assumptions made in the development of the
FE model used for comparison. The dimensions of the FE model were based on
average dimensions from a range given by Birzle et al.!? Also, all material model
parameters were based on the averages reported by other researchers and therefore
did not consider the large standard deviations typically associated with animal tissue
testing. Moreover, since there is a lack of experimental data on the anisotropic
mechanical behavior of lung tissue at the microscale, only isotropic models of tissue
behavior were used in this study. Additionally, in our idealized geometry, the
truncated octahedra were fully enclosed with no open pathways through alveolar
walls for airflow. Removal of some alveolar walls to form the alveolar ducts would
provide a more realistic geometry.

In conclusion, this comparative study allowed for comparing of lung tissue me-
chanical properties across micro and mesoscale. Considering the inherent variation in
animal testing data and limitations of the model, Perlman and Wu’s'® was in closer
agreement with the mesoscale data of Birzle et al.'> than Jorba et al.'* data. By
comparing the emergent properties of simulated microscale-based models to the
material behavior reported at the mesoscale, this research sheds new light on the
need for reconciling and bridging the lung’s mesoscale and macroscale mechanical
properties. This study demonstrated that FE modeling can be used as an informative
and guiding tool to investigate and potentially resolve differences in reported lung
tissue material properties across different spatial scales.
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