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Tissue Strains Induced in Airways due to Mechanical
Ventilation
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Abstract: Better understanding of the stress/strain environment in airway tissues
is very important in order to avoid lung injuries for patients undergoing mechanical
ventilation for treatment of respiratory problems. Airway tissue strains responsi-
ble for stressing the lung’s fiber network and rupturing the lung due to compliant
airways are very difficult to measure experimentally. A computational model that
incorporates the heterogeneity of the airways was developed to study the effects
of airway tissue material properties on strain distributions within each layer of the
airway wall. The geometry and boundary conditions of the tissue strain analy-
sis were obtained from the organ-level analysis model. Two sets of airway tissue
properties (heterogeneous and homogeneous) were considered in order to estimate
the strain levels induced within the tissue. The simulation results showed that the
homogeneous model overestimated the maximum strain in the mucosa layer and
underestimated the maximum strain in the smooth muscle and cartilage layers. The
results of strain levels obtained from the tissue analysis are very important because
these strains at the cellular-level can create inflammatory responses, thus damaging
the airway tissues.

1 Introduction

Patients with acute lung injury (ALI), acute respiratory distress syndrome (ARDS),
airway and other pulmonary diseases often require mechanical ventilation. In the
US alone, the incidence of respiratory failures resulting from ventilator-associated
lung injury (VALI) is about 137-253 per 100,000 in the general population [1-3].
Mechanical ventilation can be considered as an art more than a science since physi-
cians must balance gas exchange rate and tidal volume to prevent further com-
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plications and the ventilator-induced lung injury (VILI) [2]. VILI can be fatal,
especially, for ARDS patients in intensive care units (ICU) and might contribute
to multiple organ dysfunction syndrome (MODS) from volutrauma, atelectrauma
or biotrauma mechanisms [4, 5]. Many techniques have been suggested to prevent
VALI by using PEEP and lowering the tidal volume and airway pressure. How-
ever, there are some drawbacks. Lowering the tidal volume can cause hypercapnia,
decrease aerated lung volume, and increase shunting as well as worsening oxygena-
tion [6]. In addition, PEEP can cause transient oxygen desaturation, hypotension,
barotrauma, arrhythmia, and bacterial translocation [7]. Recently, computation
models representing airflow in patient specific human lungs have been developed
under mechanical ventilation [8]. A greater appreciation now exists of the effects
of distending forces on the lung from mechanical ventilation, and how these forces
are distributed via the lung’s fibrous skeleton [9]. The generation and transmission
of the forces due to mechanical ventilation is likely to play a central role in initi-
ating, maintaining, and/or exacerbating new or existing inflammatory responses in
the lung.

Airways are of heterogeneous material and composed of many layers, such as mu-
cosa, submucosa, lamina propria, and adventitia [10]. Stiffness in each airway
layer also varies [11]. Many in vitro and in vivo models have been developed to
study the effects of mechanical force or pressure on the airways. These models
include the cultured airway epithelial cells which were in contact with the cultured
fibroblasts via a soluble mediator [12] or fibroblasts suspended in a collagen matrix
and bronchial epithelial cells [13]. However, there are some flaws in these models.
First, the mechanical force used did not represent the actual force during mechan-
ical ventilation. Second, this model fails to describe the distributions of stresses
and strains in each layer of the airway. Since it is very difficult to measure the
distributions of stresses and strains in real tissue due to the thinness of each layer
in the airways, the computational model that incorporates the heterogeneity of the
airways could be very helpful to understand how stresses and strains distribute in
each airway layer during mechanical ventilation and avoid lung injury.

In the present study, a computational model that incorporates the heterogeneity of
the airways was developed to study the effects of airway tissue material proper-
ties on strain distributions within each layer of the airway wall due to mechanical
ventilation. Both heterogeneous and homogeneous material models were used to
represent airway tissues in order to estimate the strain levels induced within the
tissue. The results obtained from the two material models are compared and dis-
cussed.
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2 Materials and Methods

2.1 Airway Architecture

Airways can be divided into three major layers (mucosa, submucosa, and area out-
side submocosa) due to their distinct composition and mechanisms through which
each layer can be thickened as discussed by Bai et al. [10]. The mucosa consists
of epithelium, basement membrane, and lamina propria. The submucosa begins at
the outer border of the lamina propria and this region includes the smooth muscle
tissue. The area outside the submucosa consists of cartilage-fibrous layer and ad-
ventitia. Adventitia is referred to the loose connective tissue that ties the airways to
the surrounding environment. Figure 1 shows a schematic diagram of airway wall
architecture showing different layers of the airway wall as represented by Kamm
[11].
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Figure 1: An overview of the tissue – analysis model with input of airflow due to
mechanical ventilation from organ level model

2.2 Governing Equations and Computational Method

The governing equations for strain distributionsin each layer of the airway wall
during mechanical ventilation are the steady state structural equations and are de-
scribed below using Einstein’s repeated index convention [14].
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Equation of motion

∂σi j

∂x j
+Fi = 0 (1)

Constitutive relations

σi j = Ci jklεkl (2)

In the equations above, σ is the stress in each direction, F is the body force, ρ

is density, C is the elasticity tensor, and ε is the strain in each direction.The fi-
nite element method was chosen to solve these governing equations employing the
commercial finite element software, ANSYS [15].

Table 1: Material properties of each layer in the airway wall tissue

Airway wall layer Young’s modulus (kPa)
Mucosa (Yamada, [20]) Circumferential 80

Longitudinal 150
Smooth muscle with cartilage (Jiang
and Stephens, [21])

Circumferential 75

Longitudinal 75

2.3 Computational Models and Boundary Conditions

The tissue geometry was obtained from the center of the airway generation 4. Fig-
ure 1 shows airway architecture along the thickness of the bronchial wall and the
corresponding computation domain for tissue analysis. For tissue analysis model,
the airway wall was treated as a composite material. Each layer of the airway tissue
is assumed to be linear elastic and perfectly bonded to other layers. The material
properties for each layer are tabulated in Table 1, and a major Poisson’s ratio of
0.45 was used for all the layers. Thickness of each layer is obtained from the his-
tological section of airway tissue [16] and it is 240, 115, and 55 mm for mucosa,
smooth muscle, and cartilage layer, respectively.

Figure 2 shows the computational domain used for the tissue analysis. The com-
putational domain of the airway tissue is modeled in the finite element software,
ANSYS [15] with solid elements, BRICK45 representing each layer of the airway
tissue. At least three elements are used in the thickness direction of each layer
to make sure that strain variations in thickness direction can be captured. In the
simulations, small deformations are assumed, however, for realistic model, large
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Figure 2: The finite element model and boundary conditions that were used for
tissue analysis. The airway displacements used in the analysis were from airway
displacement at the organ-level at the end of inhalation with 60-L/min constant flow
waveform.

deformations need to be considered. The boundary conditions for the tissue anal-
ysis are airway displacements at each location from the organ-level model due to
mechanical ventilation and shown in Fig. 2. The displacements at the end of inhala-
tion for 60-l/min constant flow waveform were chosen for the tissue stress analysis
based on a previous fluid-solid analysis of compliant airways due to mechanical
ventilation [17].

The effect of material properties on the strain distributions in each layer was in-
vestigated using two material models: heterogeneous and homogeneous material
models. The analysis was performed to study distributions of von Mises strain,
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Figure 3: Finite element meshes considered for convergence study in tissue analysis

normal strain, and shear strain in each airway layer. The von Mises strain is an
average strain at any point. It is a combination of normal and shear strain in all
directions [18].

3 Results

3.1 Convergence Study

A review of the literature indicates that there is no information of strain distri-
butions in each airway layer during mechanical ventilation. Therefore, a mesh-
independence study was performed to confirm that a fine enough element had been
used to represent the computational domain. Changes in displacement and von
Mises stress were used as convergence criteria. A converged model is obtained
when changes in these criteria are less than 5%. Typical meshes used for conver-
gence is shown in Fig. 3. The results of convergence on displacement as well
as von-Mises stress with increasing number of elements in the analysis model are
shown in Figure 4. It can be seen from Fig. 4 that the converged mesh (Mesh 3 in
Fig. 3) was used for obtaining the results from tissue analysis.
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Figure 4: Results of airway displacement and stress with increasing number of
finite elements in the tissue analysis model

3.2 Homogeneous Tissue Properties Prediction

Material properties of the homogeneous airway wall for tissue analysis as well as
for organ-level modeling can be calculated using material properties of each tissue
layer and a simple composite-material theory [19].

E = νmucosaEmucosa +νSMESM +νcartilageEcartilage (3)

In the above equation, E is a Young’s modulus of elasticity of the homogeneous
airway wall, Emucosa is a Young’s modulus of elasticity of the mucosa, ESM is a
Young’s modulus of elasticity of the smooth muscle, Ecartilage is a Young’s modulus
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Figure 5: Normal strain distributions in the mucosa layer for the heterogeneous
model (top) and homogeneous model (bottom). Circles indicate the difference in
the strain distributions

of elasticity of the cartilage, νmucosa is a volume fraction of the mucosa, νSM is a
volume fraction of the smooth muscle, and νcartilage is a volume fraction of the
cartilage. The volume fraction of each layer is a ratio of the thickness in each layer
to total thickness of the airway tissue.

Substituting values of the Young’s modulus of elasticity and the volume fraction
for each layer into (3), we obtain

In a circumferential direction

E =
240
410

(80)+
115
410

(75)+
55
410

(75) = 78 kPa
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Figure 6: Normal strain distributions in the smooth muscle layer for the heteroge-
neous model (top) and homogeneous model (bottom). Circle indicates the differ-
ence in the strain distributions.

In a longitudinal direction

E =
240
410

(150)+
115
410

(75)+
55

410
(75) = 120 kPa

As can be seen, material properties calculated from the composite-material theory
are in good agreement with material properties calculated from the stress-strain
curve of the whole airways [22, 23].

3.3 Normal Strain Distributions

The normal strain distributions in the mucosa layer for both models are shown in
Figure 5. As can be seen from this figure, the distributions of normal strain in the
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mucosa layer for both material models are different. High normal strain areas from
the heterogeneous model are smaller than those from the homogeneous model. The
maximum normal strain in the mucosa layer from the heterogeneous model was
higher than that for the homogeneous model. This maximum was 1.6% and 1.5%
for the heterogeneous model and homogeneous model, respectively. The maximum
normal strain in the smooth muscle layer from the heterogeneous model was lower
than that for the homogeneous model. This maximum was 0.48% and 0.53% for
the heterogeneous model and homogeneous models, respectively. The distributions
of normal strain in the smooth muscle layer for both models were also different.
High normal strain areas from the heterogeneous model were smaller than those
from the homogeneous model (see Figure 6). The normal strain distributions in
the cartilage layer for both models are shown in Figure 7. The maximum normal
strain in the cartilage layer from the heterogeneous model was higher than that for
the homogeneous model since the cartilage layer in the heterogeneous model is less
stiff than that in the homogeneous model. This maximum was 1.10% and 0.99% for
the heterogeneous model and homogeneous model, respectively. The distributions
of normal strain in the cartilage layer from both models were also different. High
normal strain areas from the heterogeneous model were smaller than those from the
homogeneous model.

3.4 Shear Strain Distributions

The shear strain distributions in the mucosa layer for both models are shown in
Figure 8. As can be seen from this figure, the distributions of shear strain in the
mucosa layer for both material models are different. High shear strain areas from
the heterogeneous model were smaller than those from the homogeneous model.
The maximum shear strain in the mucosa layer from the heterogeneous model was
lower than that for the homogeneous model since the mucosa layer in the hetero-
geneous model is stiffer than that in the homogeneous model. This maximum was
2.1% and 2.3% for the heterogeneous model and homogeneous models, respec-
tively. The maximum shear strain in the smooth muscle layer from the heteroge-
neous model was greater than that for the homogeneous model since the smooth
muscle layer in the heterogeneous model is less stiff than that in the homogeneous
model. This maximum was 1.9% and 1.8% for the heterogeneous model and homo-
geneous model, respectively. The distributions of shear strain in the smooth muscle
layer for both models were also different. High shear strain areas from the hetero-
geneous model were bigger than those from the homogeneous model (see Figure
9). The shear strain distributions in the cartilage layer for both models are shown
in Figure 10. The maximum shear strain in the cartilage layer from the heteroge-
neous model was greater than that for the homogeneous model since the cartilage
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Figure 7: Normal strain distributions in the cartilage layer for the heterogeneous
model (top) and homogeneous model (bottom). Circle indicates the difference in
the strain distributions

layer in the heterogeneous model is less stiff than that in the homogeneous model.
This maximum was 2.8% and 2.6% for the heterogeneous model and homogeneous
models, respectively. The distributions of shear strain in the cartilage layer from
both models were also different. High shear strain areas from the heterogeneous
model were bigger than those from the homogeneous model.

3.5 Von-Mises Strain Distributions

The von Mises strain distributions in the mucosa layer for both models (hetero-
geneous and homogeneous) are shown in Figure 11. As can be seen from this
figure, the distributions of von Mises strain in the mucosa layer for both material
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Figure 8: Shear strain distributions in the mucosa layer for the heterogeneous model
(top) and homogeneous model (bottom). Circle indicates the difference in the strain
distributions

models are different. High von Mises strain areas from the heterogeneous model
were smaller than those from the homogeneous model. The maximum von Mises
strain in the mucosa layer from the heterogeneous model was lower than that for the
homogeneous model since the mucosa layer in the heterogeneous model is stiffer
than that in the homogeneous model. This maximum was 1.8% and 2.0% for the
heterogeneous model and homogeneous models, respectively.

The maximum von Mises strain in the smooth muscle layer from the heterogeneous
model was greater than that for the homogeneous model since the smooth muscle
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Figure 9: Shear strain distributions in the smooth muscle layer for the heteroge-
neous model (top) and homogeneous model (bottom). Circle indicates the differ-
ence in the strain distributions

layer in the heterogeneous model is less stiff than that in the homogeneous model.
This maximum was 2.5% and 2.2% for the heterogeneous model and homogeneous
model, respectively. The distributions of von Mises strain in the smooth muscle
layer for both models were also different. High von Mises strain areas from the
heterogeneous model were bigger than those from the homogeneous model (see
Figure 12). The von Mises strain distributions in the cartilage layer for both models
are shown in Figure 13. The maximum von Mises strain in the cartilage layer
from the heterogeneous model was greater than that for the homogeneous model
since the cartilage layer in the heterogeneous model is less stiff than that in the
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Figure 10: Shear strain distributions in the cartilage layer for the heterogeneous
model (top) and homogeneous model (bottom). Circle indicates the difference in
the strain distributions

homogeneous model. This maximum was 3.7% and 3.1% for the heterogeneous
model and homogeneous model, respectively. The distributions of von Mises strain
in the cartilage layer from both models were also different. High von Mises strain
areas from the heterogeneous model were bigger than those from the homogeneous
model.

4 Discussion

A computational model that incorporates the heterogeneity of the airways was de-
veloped to study strain distributions in each airway layer of the airway tissue. This
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Figure 11: von Mises strain distributions in the mucosa layer for the heterogeneous
model (top) and homogeneous model (bottom). Circles indicate the difference in
the strain distributions

is due to the fact that each layer in the airways is extremely thin and also, it is
very difficult to measure the strain distributions in the real tissue. The effect of the
material model on strain distributions in each airway layer was investigated using
heterogeneous and homogeneous material models. The simulation results showed
that the material model greatly affected the strain distributions in the airway as
well as the maximum strain in each airway layer. Overall, the homogeneous ma-
terial model overestimated the maximum strain level in the mucosa layer by about
11% and underestimated the maximum strain level by about 12% and 16% in the
smooth muscle and cartilage layer, respectively. It is very interesting to note that
there were both normal and shear strain components in each layer although the



164 Copyright © 2011 Tech Science Press MCB, vol.8, no.2, pp.149-168, 2011

 

Smooth muscle strain
Homogeneous model

Heterogeneous model

Figure 12: von Mises strain distributions in the smooth muscle layer for the het-
erogeneous model (top) and homogeneous model (bottom). Circle indicates the
difference in the strain distributions

airway displacement from the organ-level model was in the normal direction.

The importance of strains in the airways is that these strain levels can activate neu-
trophils via release of interleukin (IL)-8 without cell injury. An experiment with
alveolar epithelial cells showed that cells with 10-15% linear strain released IL-8
about 8-49% more than the normal cells [24]. Strain level also acted synergistically
with activated eosinophils to induce upregulation of gene in airway remodeling in
diseases such as asthma [25, 26]. In addition, strain caused cell injury [27, 28],
apotosis [29] and necrosis [29]. Therefore, it is very important to incorporate the
heterogeneity of the airway into the computational model at the tissue level so that
the strain level in each airway layer can be accurately obtained.
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Figure 13: von Mises strain distributions in the cartilage layer for the heterogeneous
model (top) and homogeneous model (bottom). Circle indicates the difference in
the strain distributions

5 Conclusions

A tissue-level model was developed to study the strain distributions in each layer
of the airway tissue. The geometry and boundary conditions of the tissue analysis
model were obtained from the organ-level model. The finite element method was
chosen to solve the continuum model used to describe the distributions of strain in
the airway tissue. The effect of material properties on the strain distributions was
investigated, assuming that the airway tissue is either heterogeneous or homoge-
neous. The simulation results showed that the homogeneous model overestimated
the maximum strain in the mucosa layer; however the homogeneous model under-
estimated the maximum strain in the smooth muscle and cartilage layers. Since
the strain levels obtained from the tissue analysis model can be transferred to the
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cellular-level that induces inflammatory responses, it is important to treat the air-
way tissue as a heterogeneous material, where distributions of strains in each layer
are considered.
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