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Abstract—Goal: Alveolar compliance is a main determi-
nant of lung airflow. The compliance of the alveoli is a
function of their tissue fiber elasticity, fiber volume, and
surface tension. The compliance varies during respiration
because of the nonlinear nature of fiber elasticity and the
time-varying surface tension coating the alveoli. Respira-
tory conditions, like acute respiratory distress syndrome
(ARDS) and idiopathic pulmonary fibrosis (IPF) affect fiber
elasticity, fiber volume and surface tension. In this paper,
we study the alveolar tissue fibers and surface tension
effects on lung mechanics. Methods: To better understand
the lungs, we developed a physiology-based mathematical
model to 1) describe the effect of tissue fiber elasticity, fiber
volume and surface tension on alveolar compliance, and
2) the effect of time-varying alveolar compliance on lung
mechanics for healthy, ARDS and IPF conditions. Results:
We first present the model sensitivity analysis to show the
effects of model parameters on the lung mechanics vari-
ables. Then, we perform model simulation and validate on
healthy non-ventilated subjects and ventilated ARDS or IPF
patients. Finally, we assess the robustness and stability of
this dynamic system. Conclusions: We developed a math-
ematical model of the lung mechanics comprising alveolar
tissue and surfactant properties that generates reasonable
lung pressures and volumes compared to healthy, ARDS,
and IPF patient data.

Index Terms—Alveolar compliance, ARDS, IPF, pul-
monary fibers, pulmonary surfactant concentration.

Impact Statement—The proposed lung model computes
time-varying alveolar compliance as a function of alveolar
tissue fiber elasticity, fiber volume and surfactant concen-
tration, and estimates reasonable lung pressures and vol-
umes for healthy as well as ARDS and IPF subjects.
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l. INTRODUCTION

HE main function of the lungs is to provide freshly breathed
T oxygen (O2) to the blood capillaries, while taking carbon
dioxide (CO>) in exchange from them and expelling it to the
atmosphere. It does so tidally via repetitive inspiratory and
expiratory cycles. This exchange is possible thanks to a hydraulic
and a diffusive transport mechanism. Hydraulically, the respi-
ratory system is defined as one tracheobronchial tree, that has
24 generations of dichotomous branching, extending from the
trachea (close to the mouth) down to the alveolar sacs [1]. Gen-
eration O (trachea) to generation 16 (terminal bronchioles) are
conducting pipes, known as dead space, where no gas exchange
takes place. The branches from the respiratory bronchioles to the
alveolar sacs (generation 17 to 23) are defined as transitional and
respiratory zones where CO- in the blood is exchanged for O
in the air diffusively.

Lung parenchyma, comprising a large number of thin-walled
alveoli, has a complex internal structure with an inner surface
area that maximizes gas exchange. The alveolus the basic gas
exchange unit, is lined with a layer of epithelial cells (type
I and type II). Type II epithelial cells secrete surfactants that
are a mixture of lipids and proteins that line the inside of the
alveoli, forming a film that reduces surface tension, to keep
alveoli open, hence preventing alveolar collapse (atelectasis)
and facilitating respiration. Alveolar surface tension is generated
from molecular attractive forces of water on alveoli tissue. The
surfactant plays a critical role in maintaining lung elasticity by
lowering those attractive forces, effectively reducing surface ten-
sion [2], [3]. Low surfactant concentration keeps alveoli closed
at low lung pressure range (lung threshold opening pressure
increases) due to the alveoli’s inability to withstand increased
surface tension. In between epithelial cells and the capillary
basement membrane is the extracellular matrix (ECM) of the
alveolar septal wall. The ECM contains elastin and collagen
that determine the elasticity of the pulmonary tissue. Elastin is
an essential load-bearing component of the ECM, and can with-
stand a large range of strain. Collagen, a helical shaped protein,
provides considerable recoil stress during stretching. When lung
volume increases to a certain level, the stress of the lung tissue
increases significantly due to the nonlinear stress-strain relation
of the collagen. Considering all these effects, the alveoli are
held open under the balance of three pressures: 1) the transmural
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pressure, which is the difference between pleural cavity pressure
and alveolar pressure, 2) the stresses in the elastin and collagen
fibers, and 3) the alveolar surface tension, as determined by the
surfactant concentration. The balance of these three pressures
plays a crucial role in patients with respiratory distress. Patients
with acute respiratory distress syndrome (ARDS), idiopathic
pulmonary fibrosis (IPF) have severely impaired gas exchange
[4]-[9], due to increased lung stiffness that could cause alveo-
lar collapse. Poor gas exchange causes hypoxemia, low levels
of oxygen in the blood, that would lead to tissue and organ
failure. Studies have shown that patients with ARDS, caused
by pneumonia, sepsis, chest injury, etc., have low surfactant
concentration and an increased amount of collagen compared
to a healthy population [4]-[6]. On the other hand, patients with
IPF were identified as not only having an increased amount of
collagen but also a degraded quality of collagen [7]-[9]. ARDS
and IPF patients have deficient pulmonary compliance and expe-
rience shortness of breath. Severe cases are life-threatening and
need exogenous breathing support, like a mechanical ventilator.
Pressure vs volume (PV) curves have been used at times at the
patient’s bedside [10] to show the stiffness of the diseased lungs,
and itis crucial to recruit the collapsed alveoli in order to improve
gas exchange.

Understanding the pulmonary system is studying lung me-
chanics, alveolar elasticity, gas exchange, as well as respiratory
muscles and ribcage mechanics. Our focus here, however, is
on lung mechanics and alveolar elasticity. The proposed lung
model calculates alveolar compliance in time as a function
of surfactant concentration, lung fiber (elastin and collagen)
quantity, and fiber quality. Lung mechanics variables (e.g.,
alveolar pressure) can then be computed using this time-varying
alveolar compliance, and lung resistances. We validate the model
via ARDS and IPF patients’ data and PV curves. Furthermore, a
study by, Gattinoni [11] claims that 20-30% of the coronavirus
disease (COVID-19) patients admitted to the intensive care unit
have severe hypoxemia associated with low lung compliance
values. The proposed model thus has the potential to simulate
COVID-19 patients who are lung compliance compromised.

In what follows, we first provide a brief literature review of
the mathematical models of the respiratory system. We then
describe the development of the proposed lung model (modeling
approach, equations, and parameters). We present simulation re-
sults and compare them to healthy human data [12], a published
lung mechanics model [13], ARDS patient data and IPF patient
data [17]. Finally, we summarize the model performance, and
highlight future extensions of this work.

Il. MODEL DEVELOPMENT

Lung mechanics models with varying levels of rigor have
been developed by researchers. A linear one-compartment (bal-
loon type) dynamic model of the respiratory system with one
resistive element (R) and one capacitor (C') is well accepted
by the clinical community due to its simplicity [18]. A few
mechanical ventilator applications adopt such a model to assess
the patient’s pulmonary health status by estimating R and C' [19],
[20]. In 1991, a more rigorous linear model was proposed by
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Fig. 1. Block diagram of lung modules. The two modules highlighted in
black are described in this paper. The full respiratory model comprises:
lung mechanics, alveolus elasticity, respiratory muscles and rib cage
mechanics, and gas exchange modules. Pg,,: atmospheric pressure;
P4 alveolar space pressure; Pp,;: pleural cavity pressure; Py,: trans-
mural pressure; C,,;,,: alveolar capacitance; Q.-: airflow into and out of
the lungs.

Rideout [21] that included four compartments: larynx, trachea,
bronchi, and alveoli. In his work, lung air tubes that share
similar geometric and functional properties were lumped into
one compartment. Rideout’s model adequately describes lung
mechanics, but fails to include (the nonlinear) alveolar elasticity
and dynamic compliance, both of which are included in our
work. Further, a complex model with several (10-50) parallel
lung sections can also be found in the literature [22]. This work
describes each section with an analog electrical network of a
resistance in series with a capacitor.

To describe the nonlinear behavior of alveolar compliance,
Venegas et al. proposed a sigmoidal equation to represent lung
pressure — volume relationship [23]. This equation fits well
to inflation and deflation limbs of the PV curves of normal
and diseased lungs. Denny and Schroter developed a series of
finite element models for the mammalian lung alveolar duct
[24]-[27]. In their models, alveolus geometry was considered
as a truncated octahedron and the amount and distribution of
elastin and collagen fiber bundles were studied. Surface tension
effects as a function of surfactant concentration were fitted from
available published patient data [28], [29]. Finally, Fujioka et al.
developed a lung parenchyma model [30], which comprises
individual alveoli. In that work, alveolar deformation was com-
puted based on the elastin and collagen stresses, surface tension,
and transmural pressure. Fujioka et al. focused on the effect of
surfactant on the tethering force that is applied on the alveoli. To
validate the model, Fujioka et al. simulated ARDS and compared
their simulation results to the sigmoidal functions proposed by
Venegas et al. [23]. We build upon Fujioka’s and Venegas’s by
modeling the lung mechanics from the elasticity of individual
alveolar units and their contribution to the time-varying alveoli
capacitance, while including additional lung mechanics com-
partments per Rideout.

A model of the human pulmonary system can be described
via four modules, as per Figure 1:

1) A lung mechanics (LM) module that computes airflow
(Qair), volumes, and pressures at different lung compart-
ments, such as the alveolar space, as a result of a given
pleural cavity pressure (F,;) and an alveolar capacitance
(Caiv), where P, and Cy;,, change in time.
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Fig. 2. (A) Linear graph of the lung mechanics module, and (B) force
balance diagram of alveolar tissue. ao: airway opening; l: larynx; tr:
trachea; b: bronchi; A: alveoli; pl: pleural cavity; atm: atmosphere; ml:
mouth to larynx; l¢: larynx to trachea; tb: trachea to bronchi; ba: bronchi
to alveoli; tm: transmural; st: surface tension; fib: fibers; P: hydraulic
pressure; F: force; C': hydraulic capacitance.

2) An alveolar elasticity (AE) module that quantifies alveo-
lar capacitance as a function of the nonlinear tissue fiber
elasticity and the surfactant concentration, both of which
change depending on the health of the pulmonary system.

3) A gas exchange module that computes the oxygen and
carbon dioxide transport between blood in the pulmonary
capillaries and gas in the lungs based on the airflow
computed in the LM module.

4) A respiratory muscles and ribcage mechanics module
that describes how respiratory muscle contraction affects
ribcage motion and pleural cavity pressure.

In this paper, we are presenting the first and the second
modules only (dark boxes in Figure 1). Following Rideout’s
work [21], we define four spatial compartments in series, which
are larynx, trachea, bronchi and alveoli. A nonlinear module that
computes time-varying alveolar capacitance was developed to
replace the constant capacitance (or compliance as explained
below), used by Rideout. We computed time-varying alveolar
capacitance as a function of tissue fiber elasticity and surfac-
tant concentration. Typically, parameters (representing material
property and geometry) are constant values and variables, the
solutions of the ordinary differential equations, change in time.
However, in this work, we computed the time-varying property
of the alveolar capacitance. Hence, it is a time-varying param-
eter. Figure 2A shows the linear graph of the lung mechanics
module. We employ this graphing technique to allow for a
systematic formulation of the system’s dynamic equations [31].
These equations consist of variables and parameters. Parameters
represent material property and geometry of the lung compart-
ments, such as hydraulic resistances and capacitors. Pressures
and volumes are termed variables, which could potentially be
measured through an instrument. In Figure 2A, every node (solid
circle) represents pressure within a compartment of the respira-
tory system. Every line with an arrow represents a flow between
two compartments and is labeled with the associated parameter
of that segment. Alveolar capacitance (Cl, ), is indicated with an
additional oblique arrow because it is a time-varying parameter
that is derived from the AE module. Airway opening (F,,) and
larynx (F}) pressures are referenced to atmospheric pressure.
Tracheal (P,,.), bronchial (P;), and alveolar (P,;,) pressures
are referenced to pleural cavity pressure (F,;) since the pleural
cavity anatomically encloses these three compartments. In this

TABLE |
PARAMETERS FOR LUNG MECHANICS AND ALVEOLUS ELASTICITY

Lung mechanics parameters

Capacitance Resistance Unstressed Volume
(L/emH,0) (cmH,0-s-L71) (L)
C; = 0.00127 [21] Ry = 1.021 [21] Vi = 34.4[21]
C, = 0.00238 [21] R, = 0.3369 [21] Vit = 6.63 [21]

C, = 0.0131 [21]
Ca1» (Equation (6))

Ry, = 0.3063 [21]
Rpq = 0.0817 [21]

V., = 18.7 [21]
Viaw = 1.26 [13]

Alveolus elasticity parameters

Septal border Cross-linking Cross-linking

(cm®) (hex) (cm’) (square) (cm®)

Elastin 4.4610x10™"" 8.6574x10™" 9.9960x10™""
Collagen  6.9616x10™"" 1.2986x10™ 1.4994x10™"°

model, collagen volume (V,,;) and surfactant concentration (I")
appear as parameters in the AE module equations, since they are
variables’ fixed initial conditions that determine the severity of
a lung disease in one simulation study, and as such they could
be considered like parameters.

The pleural cavity pressure decreases as respiratory muscles
contract, as is the case of inspiration, and increases as the
pulmonary muscles relax, as in expiration. The reduction in
P, generates a positive transmural pressure forcing the alveoli
to expand. Alveolar expansion causes an alveolar pressure to
drop and creates a pressure gradient between the mouth and the
alveoli. Air subsequently gets inhaled into the lungs, and hence
we breathe. P; is modeled according to (1) [13]:

Prag 42 T-Ppa
L +7117TTE9t+P;init 0<t<T;
Ppl = Prag <€7% — 67715) + Pinit TI S t < T

(M

where 77 is the inspiration time, Tz is the expiration time, 7'
is the total time for one breath, and 7 is the time constant of
the exponential expiratory profile. P, is the magnitude of P,
and P;,,;; is the initial P,; value at the beginning of inspiration.
During quiet breathing, typically, P;,;¢ is -5 cmH3 O, P44 15 3.5
cmH>O, 7 is 0.44 s, when the respiratory rate is 12 breaths/min
(bpm), and the I:E ratio (ratio of the inspiratory time to the
expiratory time) to 0.6 [13].

From the linear graph in Figure 2A, we can write the dynamic
equations to solve for the variables in time at each node by apply-
ing continuity and compatibility laws. Continuity equations are
derived from the laws of conservation of mass. As an example,
2 represents the larynx pressure node:

Pao_jt)l Pl_PtT
Ry Ry

All the variables in the system of equations change in time but
the expression of variables as a function of ¢ has been omitted for
clarity. As such P, should really be P;(t), etc. Table I summarizes
capacitances (C'), resistances (R), and unstressed volume (V)
values in the LM module [13] [21], with subscripts, : larynx; ¢:
trachea; b: bronchi; alv: alveoli; ml: mouth to larynx; [¢: larynx
to trachea; tb: trachea to bronchi; ba: bronchi to alveoli.

The mechanical properties of the alveolar tissue, which de-
termine alveolar capacitance, are a function of fiber (elastin and

Cp = (2)
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Fig. 3.

collagen) stresses and surface tension [32]. At every simulation
time step, the alveolus dimension is computed from the quasi-
steady state of the force balance equation, Fy,,, — Fgy — Figyp =
0, where F}; is the force due to surface tension, F'y;, is the force
due to lung fiber elasticity, and F3,, is the force due to transmural
pressure (P4 — P,;), as shown in Figure 2B. Note that this model
simulates patients in supine position, where gravity gradient is
negligible. The alveolus volume can then be determined by the
transmural pressure (Fy,,) that changes in time. The following
describes the empirical relations of the fiber forces that relate
fiber force/stress to alveolus dimension, and the assumptions of
fiber distribution on a single alveolus.

The elastin fiber is assumed to have a linear stress-strain
relation with a Young’s modulus of 7.1 x 10% dynes/cm? [25].
The collagen fiber has a highly nonlinear stress-strain relation,
as shown in (3):

exp(ef) — 1

o ] + caef (3)

oo = c1log {1 —

where ¢; = —2.25 x 10% dynes/cm?, ¢y = 1.264, c3 =
—1.78 x 108 dynes/crnz, and ey is the fiber strain [25]. In (3),
the coefficients of collagen elasticity (¢, co and c3) can quantify
collagen degradation, where c; and c3 are coefficients in the first
nonlinear and second linear term, respectively, while cs limits
strain nonlinearly as a disturbance to the exponential and the
log function. In order to compute the fiber force due to fiber
elasticity, the volume distribution of elastin and collagen on an
alveolus was determined from the following four assumptions:
1) a truncated octahedron is adopted as the shape of one alveolus
in the AE module, since Fung et al. found that the most common
shapes of the surfaces of alveoli were hexagons and rectangles
[33]. As shown in Figure 3, we defined septal border fibers and
cross-linking fibers on square and hexagonal surfaces following
the works by Fujioka et al. and by Denny et al. [25], [30].
2) Assuming that the amount of the cross-linking fibers per
unit area on a hexagonal face is identical to that on a square
face, the volume of the cross-linking fibers on a square face is
computed as /2 times the volume of same fibers on a hexagonal
surface. 3) The alveolus expands and contracts analogously as
the inner pressure changes, then the ratio of cross-sectional
area between a septal border and a cross-linking fiber bundle is
computed as 1.077 [30]. 4) The ratio of the amount of collagen
to elastin is 1:5 [30], [34]. The elastin and collagen volume of
cross-linking fibers and septal borders are shown in Table I. The

fiber forces can thus be computed from the fiber stresses and the
cross-sectional area of the fibers.

Surface tension is a function of surfactant concentration as
shown in (4):

Yo —EF
7= T exp [% (T —T)

I'< Ty

[>T, “

where I' is the surfactant concentration, I'« is a critical surfac-
tant concentration = 3.1x 107 g/c:m2 [351, v, is basal surface
tension = 72 dynes/cm and EI' /7y, = 0.7. T is calculated as the
ratio of the mass of surfactant to the surface area of an alveolus
(i.e., Mgyur !/ Aary). The surfactant mass in one single alveolus
is 3.35 x 1071° g [30]. The pressure due to surface tension is
determined by Laplace’s law.

As P, changes at every time step, the edge length of an
alveolus, l,;,, is computed at quasi-steady state using the force
balance equation. The volume of an alveolus (truncated octahe-
dron) is computed as 8\/§lzlv, and surface area of an alveolus
is solved as (6 + 12\/§)l§lv. The alveolar space volume (V) is
then computed as the product of the number of alveoli and the
volume of a single alveolus (V;,). The number of alveoli is set
to be 600 million [36]. As such, we have the needed V4 that will
be used in determining alveolar capacitance.

The fluid (hydraulic) capacitance (C'y) represents a potential
energy storage element. It is a combination of three components:
open reservoir effects (C).cser ), cOmpliance or elasticity effects
(Ceompt), and fluid compressibility effects (Ceompr), as shown
in Equation (5).

CVf = Creserv + CYcompl + Ccompr (5)

During normal breathing, the potential energy storage due to
the air compressibility effect is negligible (that is, Compr = 0),
since air pressure in the lungs is low (about one cmH5O [37]).
Approximating air to an ideal gas, the potential energy storage
in the alveolar space due to open reservoir effect (Chresers)
is then derived from the ideal gas law, Ci.csery = Va/pRT,
where R is the ideal gas constant, p is the density, and T’
is the temperature. The compliance effect is derived as the
ratio between the change of alveolar volume and the change
of alveolar pressure, Comp = AV4/AP4. We then compute
the alveolar fluid capacitance (Cy;, ) as:

Va AVy
pRT ' AP,

Simple calculations show that C).cser 18 two orders of mag-
nitude smaller than alveolar compliance Coyypi. Therefore, we
conclude that the lung compliance effect serves as the main
determinant of potential energy storage in the lungs. As such, we
now use the terms capacitance and compliance interchangeably
throughout the paper.

The LM module has four 1% order dynamic equations and
hence four unknown pressures (at the four nodes in Figure 2A).
For non-sedated patients, P,; serves as the input of the model.
The time-varying alveolar compliance, computed as a function
of surfactant concentration (4) and fiber (elastin and collagen)
elasticity (3 for collagen and the linear stress-strain function for
elastin), is fed into the LM module at every simulation step. The

Calv = (6)
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X4 (med severity)
z- PA VA Q Vlung Pb Ptr Pl 0 | \ L L L \ X8 (high severity)
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Veor 0.114 | 0.313 | 0.214 | 0.294 | 0.113 | 0.113 | 0.112 P, VsV, - Surfactant Concentration
1 T T T T T T T T T
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~05 — low severity) ||
o X4 (med severity)
R, | 0.195 | 0.074 | 0.148 | 0.074 | 0.217 | 0.332 | 0.541 5, : . . | || X5 tigh soverity
2 % 5 10 15 20 25 30 35 40 45 50
Ry 0.071 | 0.037 | 0.074 | 0.034 | 0.080 | 0.121 | 0.111 & P sV -c2
g . . . s T : : :
Ry 0.069 | 0.029 | 0.074 | 0.027 | 0.076 | 0.098 | 0.097 < | s Basal (healthy) j
L e X0.8 (loW seVerity)
R 0.128 | 0.081 | 0.069 | 0.079 | 0.144 | 0.225 | 0.226 B XO’S":Eds:e:;’i‘”
ba . . . : . : - 1 | | | || e 0.4 (nigh severity) -1
0 |
¢, | 0019 | 0064 | 0.022 | 0.060 | 0.019 | 0.018 | 0.019 0 ° 1o s 2°P 25 33" * 40 “5 5
tm VS Va, ~©
Cer 0.037 | 0.047 | 0.016 | 0.045 | 0.037 | 0.035 | 0.036 ! (e) I I ! ! ; ! ! —‘Basal(nealltny) -
05 X 0.8 (low severity) | _|
[ 0.023 | 0.068 | 0.025 | 0.029 | 0.024 | 0.024 | 0.024 io.s(medseverity)
i | | | | | | | e— 0.4 (high severity)
0
Table 1I quantifies the sensitivity of the lung mechanics variables to parameter 0 5 10 ® 20 2 30 % 40 4 5
o N A A Transmural Pressure (cmH,0)
change. c1, c2, c3: coefficients in collagen stress-strain function; V;: collagen
volume; I': surfactant concentration; Vi, 4: lung volume; Q: total airflow; I: i . .
larynx; tr: trachea; b: bronchi; A: alveoli; ml: mouth to larynx; I£: larynx to Fig. 4. Sensitivity of alveolar volume (total lung capacity (TLC) nor-

trachea; tb: trachea to bronchi; ba: bronchi to alveoli; P: hydraulic pressure; C':
capacitance.

LM variables and the pulmonary conditions (i.e., ARDS and
IPF) can thus be simulated as functions of changes in surfactant
concentration and lung fiber elasticity.

lll. RESULTS

In this section, we first present the model sensitivity analysis
to show the effects of model parameters on the lung mechanics
variables. Then, we perform model simulation and validate on
healthy non-ventilated subjects and ventilated ARDS or IPF pa-
tients, along with the corresponding interpretation and analysis.
To validate the model in healthy conditions, we compare the
proposed model to 1) an accepted lung model with a constant
alveolar compliance value, and 2) measured healthy human flow
data. To validate the model in diseased conditions, we compare
the model to ARDS and IPF human data. Finally, we assess the
robustness and stability of this dynamic system.

A. Model Sensitivity Analysis

To evaluate the effects of model parameters (collagen vol-
ume (V,,;), collagen elasticity coefficients (cy, c2, and cg from
(3)), surfactant concentration (I'), hydraulic resistances, and
hydraulic capacitances) on the LM variables, we performed a
sensitivity analysis of the lung mechanics variables to changes
in parameters via sigma (X) values, as shown in Table II.
Sigma values were computed to quantify the sensitivity, as
ﬁggfzﬁﬁz f XQXCZZZ%% . The sigma value is a measure of the effect
of the change in parameters to changes in variables, where
parameters represent material property and geometry of the
system (first column of Table II), while variables are the system
outputs (firstrow of Table IT). A bigger X value indicates a higher
sensitivity. Each sigma value is computed using a change in a

malized) and transmural pressure to the change of collagen volume (A),
surfactant concentration (B), ¢ values in collagen stress-strain function:
3 (C-E).

parameter and corresponding changes in variable. For compar-
ison purposes, we have selected a common range of parameter
change in Table II (50% decrease to a 100% increase in 10%
increments). The range -50% to 100% corresponds to halving
and doubling each parameter, thereby covering a reasonable
range to study negative and positive changes of the nominal
value. A mean sigma was then generated for each parameter
(across all variables) and reported in the cells of Table II. As seen,
surfactant concentration is the most sensitive parameter across
all lung mechanics variables and has an average sensitivity
of 1.17 (computed from the 2" row). The alveolar elasticity
parameter, co, is the second highest sensitive parameter, across
all variables, and has an average sensitivity of 0.71. Among the
three collagen elasticity parameters (c1, c2, and c3) in (3), c3
has the least impact on the LM variables, when compared to
c; and cy. The collagen volume (V) is the fourth sensitive
parameter. The compliances of the upper airways (Cj, Cy,., Cp)
were the least sensitive parameters, followed by some of the
resistances (R, and [;;) of the upper airways. This observation
was expected since parameters affecting the alveolar compart-
ment (and not the upper airways) are the main determinants of
respiratory conditions such as ARDS and IPF, as mentioned in
the Introduction, [4]-[9].

Figure 4 shows the effects of the variations of collagen vol-
ume, surfactant concentration and ¢ values on static transmu-
ral pressure vs alveolar volume (PV) curves in the subplots
(Figure 4A-E), respectively. Every curve in Figure 4 repre-
sents a severity level that is defined by the magnitude of a
parameter change (increase by 2, 4, 6 times, or decrease by
20%, 40%, 60%). The severity levels indicated follow ARDS
simulation by Fujioka ef al. [30]. Alveolar volume in Fig-
ure 4 is normalized by total lung capacity (TLC) in order
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to compare patients with different body weights (lung vol-
ume). As reflected in Table II and Figure 4 (subplots C-E),
lung pressures and volumes are not sensitive to cg compared
to the other collagen elasticity coefficients (c; and c2). As
we analyze the subplots of the sensitivity analysis shown in
Figure 4, the subplots A and B reveal that an increase in collagen
quantity and/or a decrease in surfactant concentration create
stiffer lungs, a fact which agrees with clinical findings [2], [3],
[71-[9]. In Figures 4A and 4C, we find that the inflection points
shift to the right as severity level increases. Figure 4B shows that
a decrease in surfactant concentration flattens the PV curves,
especially in the low-pressure range. Further, the slopes of the
curves (compliances) rise faster as surfactant concentration (I")
decreases (severity level increases), and all curves reach the same
alveolar volume at high pressures. Figure 4B also shows that
once pressure exceeds the alveolar threshold opening pressure,
the alveoli are open and lung volume increases according to their
elastic properties. This threshold opening pressure may be higher
for the lower surfactant concentrations, as shown. In Figure 4D,
PV curves show high sensitivity of pressures and volumes to
changes in ca. When ¢y decreases, not only do the lungs get
stiffer (lower slope), but also the maximum alveolar volume
is reduced at high P,,,. More interpretation of the sensitivity
results can be found in the Discussion section.

Hence from the sensitivity results, LM variables are sensitive
to 1) the surfactant concentration (I"), 2) the collagen elasticity
parameters (c1, c2) in 3, and 3) the collagen volume (V).
Clinical studies also support the fact that ARDS and IPF patients
have abnormal I', ¢ values and V,,; [4]-[9], we thus simulate
ARDS and IPF by varying these parameter values.

B. Simulation and Validation

1) Healthy Subjects: As a first validation step, we compare
the proposed model to a published model [13] for a healthy
non-ventilated human. Simulation of normal (healthy) breathing
is shown in Figure 5(blue curves). The model’s lung mechanics
variables (solid blue), airflow, alveolar pressure and alveolar
volume, are plotted with respect to time and compared to an
accepted model (dashed blue) [13]. Our simulation results show
that the alveolar pressure becomes negative during inspiration
and returns to positive during expiration (varying between -0.6
and 0.98 cmH»0O). This trend is expected since the airflow
follows the pressure gradient between the P,, and P4 nodes of
Figure 2A, as airflow is positive during inspiration and negative
during expiration. The lower panel in Figure 5 shows a tidal
volume of 500 ml, which agrees with values reported for normal
subjects in literature [37]. Our model also reveals a close match
to the accepted pulmonary mathematical model (from Albanese
etal.) [13] — such a model was validated with experimental data
from healthy subjects under different environmental conditions
[38]. The slight difference between the blue solid and blue
dashed curves in Figure 5 is expected since the proposed model
adopts a time-varying alveolar compliance, while [13] assumes a
constant alveolar compliance of 0.2 L/cmH32O. The comparison
between the two model simulations in Figure 5 indicates that
our proposed model generates waveforms that resemble those
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(blue) compared to Albanese’s model simulation (blue dashed) [13], and
ARDS model simulation with two severity levels (red and yellow): 1) 20%
reduction in surfactant concentration, and 2) 40% reduction in surfactant
concentration and 8 times more of collagen volume. Airflow, alveolar
pressure, and alveolar volume waveforms are shown.
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Fig. 6. Airflow validated against healthy human data from Proctor
et al. [12]. Red curve represents healthy human data, and blue curve
represent simulation results.

predicted by [13]. This observation serves as a preliminary
validation of our model.

Figure 6 compares our model-simulated airflow to a healthy
(non-ventilated) person’s airflow as reported by Proctor [12].
In order to match the experimental breathing pattern in [12],
we tuned the parameters in (1) to determine the P, profile
(the model’s forcing function) in order to match the patient
flow waveform: we approximated I:E ratio as 0.45, 7 as 0.627
s, and magnitude of P,; as 6.5 cmH>O. Using this new input
and nominal (healthy) parameter values of Table II, our model
calculates an airflow waveform that is close to the real human



50 IEEE OPEN JOURNAL OF ENGINEERING IN MEDICINE AND BIOLOGY, VOL. 2, 2021

Alveolar C

T
s Basal (healthy)

x 0.8 I (low severity) Ld
% 0.6 I"and x avcd (high severity)

e = CoONstant Caw (healthy)

=== ConstantC__(severe)

=4
o
®

C alv (L/cmHZO)
4

Alveolar Volume (TLC Normalized)

=4

1=}

-3
|

o
o
=

=4

Q

9
T
I

o

o
=)
o

20
Time (s)
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ity levels: 1) 20% reduction in surfactant concentration, and 2) 40%
reduction in surfactant concentration and 8 times increase in basal
collagen volume. Purple dashed line is the constant alveolar compliance
value adopted by Rideout [21]. Green dashed line represents the severe
alveolar compliance value in ARDS [39], [40].

data (root mean squared error: 6.79 L/min). The proposed model
emulates healthy patient well since, besides the model input,
neither the model parameters nor the equations were changed to
fit the human data.

2) Patients With ARDS or IPF: As described in the sensi-
tivity analysis, pulmonary conditions such as ARDS and IPF are
greatly affected by, and can be understood as, changes of these
four parameters (I', V., c1, c2) that represent the surfactant
concentration, collagen quantity, and collagen quality. In the
following sections, we present the simulation results of the
time-varying compliance waveforms and the corresponding LM
variables under diseased conditions for non-ventilated patients.
We then validate our model with ARDS and IPF patient data
by tuning these four parameters so the simulation matches
experimental results.

In Figure 7, the simulated time-varying compliance wave-
forms for healthy subjects and diseased nonventilated patients
are shown. The solid blue curve represents the simulation of
normal subjects whose compliance values oscillate around 0.16
L/cmH>O with a magnitude of 0.045 L/cmH>O. The purple
dashed line represents the constant alveolar compliance that
Rideout and Albanese er al. adopted in their models [13],
[21]. They reported similar LM variable waveforms as ours,
as presented in Figure 4. The red and yellow solid curves are the
compliance waveforms simulation, using the parameter change
for ARDS patients from Fujioka et al. [30]. The red curve (low
ARDS severity) has 20% reduction in surfactant concentration,
and the yellow curve (high ARDS severity) has 40% reduction
in surfactant concentration as well as 8 times increase in basal
collagen volume. The ARDS simulation with a high severity
level generates a compliance curve that barely oscillates since the
lungs are much less elastic. The yellow compliance waveform
reaches a value close to 0.04 L/cmH5O, which matches the
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Fig.8. Model validation against mean PV data from 23 ARDS patients
(dashed curve). Two border lines were simulated with low and high
severity levels as defined in sensitivity analysis. The blue shadow covers
the area of general ARDS PV curve data according to our simulation.

severe compliance reported in the literature as shown in the green
dashed curve [39], [40]. Note that the simulated time-varying
compliance shown in Figure 7 is bounded between the static
healthy and diseased compliance values from literature, further
supporting the simulation results.

The resultant LM variables in time (airflow, alveolar pressure,
and alveolar volume) with time-varying compliances are shown
in Figure 5 for healthy subjects (blue) and diseased nonventi-
lated subjects (red and yellow curves). As alveolar compliance
decreases (disease severity level increases), all LM variables
exhibit peak-to-peak decreases. Tidal volumes are reduced and
airflow and pressure reach lower peaks as compared to healthy
patient simulation. The tidal volume reduced to approximately
150 ml from a normal value of 500 ml (77% reduction). This
is expected due to the increased stiffness of the lungs. The low
tidal volume in the high-severity case also indicates the need for
exogenous ventilation.

ARDS human data from three different studies [14]-[16] were
obtained to validate our model. All patients were fully sedated
and intubated with mechanical ventilator support. Orfao et al.
[15] reported a mean PV curve from 23 ARDS patients, plotted
as the dashed black line in Figure 8. The reported lung volume is
normalized by total lung capacity (TLC), which was estimated
from the sigmoidal fitting function: V = a + W,
where a, b, ¢, and d are four fitting parameters. The TLC
can be estimated from a + b or read from the upper asymptote
by considering the pressure interval from 0 to 100 [15]. The
sigmoidal function has been shown to fit the PV curve, and
it is a well-accepted approximation for understanding the lung
mechanics of ARDS patients when appropriately tuned [15],
[23]. The transmural pressure in Figure 8 is determined by
the difference between P4 and P,;. The pleural cavity pres-
sure shows positive swings as the ventilator blows air into the
lungs tidally. Assuming nominal chest wall compliance (C',,)
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Fig. 9. Model validation against ARDS patient data from three refer-
ences [14]-[16]. Dashed lines represent ARDS patient data, and solid
lines represent model simulation results.

of 0.2445 L/cmH>O [13], pleural cavity pressure is equal to

VA . Using the low and the high severity defined in Figure 5, we
géﬁerated two independent PV curves (blue solid) that envelop
the mean PV curve. This is expected since the two border
PV curves are determined with the extreme parameter change
following the work by Fujioka er al. [30].

Orfao, Servillo, and Pereira [14]-[16] each reported PV
data for one ARDS patient, plotted in black, blue, and green
dashed lines in Figure 9, respectively. The sensitive and disease-
important parameters for the ARDS patients, namely I' and V.,
are determined via exhaustive search to match the literature-
reported PV curves. Once the parameters are estimated, we
fix the set of the disease-related parameters, and generate this
patient’s PV curve from the model to compare to the data
reported in literature. The R? values computed from compar-
ing the model-simulated and literature-reported PV curves are
reported in Table III along with the corresponding parameter
scaling factors applied to fit the model to the data. The model
approximates the physical data reasonably well. In Figure 9,
the simulated PV curves with the estimated parameters also
agree with the sensitivity analysis (Figure 4). As noted, Pereira’s
ARDS data is flatter at low pressure (steeper S-shaped) than the
other two (Orfao’s, Servillo’s) PV curves, indicating a reduced
surface tension effect, as learned from Figure 4B. As a result, a
greater reduction of I" was indeed needed to emulate the Pereira
patient data, as compared to the Orfao or Servillo patient data.
The estimated parameter variations of the three ARDS patients
are reasonable since the scaling factors are between the low
and high severity as defined earlier. Also, the collagen volume
change in ARDS patients were quantified by Saldiva et al. [41].
In their study, the color intensity of stained lung tissue showed
that collagen volume of ARDS patients can increase by 2.7 times
(and more than 10 times for a severe case) compared to a normal
patient group on average.

TABLE Il
PARAMETER SCALING FACTORS FOR ARDS AND IPF PATIENTS

ARDS Patients
Patient References Veor r R’
Orfao [15] 6 0.9 ‘ 0.9973
Servillo [14] 6.5 0.8 0.9937
Pereira [16] 4 0.58 0.9794
‘ IPF Patients
‘ Patient ID o o Voo R
Ferreira [17] - 1 8 1 1 0.9907
Ferreira [17] - 2 ‘ 0.7 0.5 6 0.9949
Ferreira [17] - 3 ‘ 0.7 0.61 4.5 0.9943
Ferreira [17] - 4 ‘ 2.4 0.78 4 0.981
Ferreira [17] - 5 1.8 0.5 8 0.992
Ferreira [17] - 6 ‘ 0.3 0.75 1.6 0.9926

R2: coefficient of determination; c1, ca: coefficients in collagen stress-strain function;
Veoi: collagen volume; I': surfactant concentration.

The proposed model is also employed to compute pulmonary
elasticity (PV curves) of IPF patients. Six IPF patients’ PV
curves were reported in [17]. All patients were fully anes-
thetized and intubated with mechanical ventilator support. IPF
is a disease resulting from collagen degradation and increase
in quantity. Since cs does not greatly affect lung mechanics
variables, according to the Sensitivity Analysis, and the IPF
pathophysiology does not support a decrease in I' for IPF
patients, we simulate IPF by exhaustively searching for the
optimal ¢y, ¢z, and collagen volume only. To compare different
patients and to compare patient data to model simulation, we
normalized the reported lung volumes by TLC values. Table III
summarizes the multiplicative factors applied to the healthy
parameters and RR? values from comparisons of model-simulated
and literature-reported PV curves. A multiplicative factor of 1
means that either the nominal or the healthy parameter value
was used. Figure 10 shows all six patients’ data along with our
simulation results. Our model-simulated PV curves match the six
patients’ data well. The model simulates IPF data of patient 1 by
an eightfold increase in c;. This result agrees with the sensitivity
analysis, as the first order derivative of the patient’s PV curve
is monotonically increasing, which is similar to the effect of
altering c; in Figure 4C. This result also agrees with findings
by Fulmer [8] that certain IPF patients do not have an increase
in collagen volume in the lungs. Other IPF patients require a
combination of both the elastic properties of collagen and its
volume. For example, the PV curve of patient 2 is flatter and the
total lung capacity is low even at high pressures. This implies a
greater increase in collagen volume (as seen in Figure 4A) and
a reduction in ¢y (as seen in Figure 4D), which agrees with the
estimated parameters. The alterations in collagen volume that
emulate the reported patients’ data also fall in the V,,; range as
reported by Saldiva ef al. [41]. Saldiva et al. reported that IPF
patients have an average of 3.9 times increase in the collagen



52 IEEE OPEN JOURNAL OF ENGINEERING IN MEDICINE AND BIOLOGY, VOL. 2, 2021

IPF Patient Validation

-

= = Model Pt1
09 =H—Human Pt1 | ]
= = Model Pt2
508 F =& Human Pt2 | 4
I = = Model Pt3
® 07 ==& Human Pt3 | 4
£ — = Model Pt4
2 0.6 ==8—Human Pt4 | |
O Model Pt5
-
o5 Human Pt5 | |
° = = Model Pt6
£ =8 Human Pt6
S04 7
o
>
5 0.3 1
o
>
< 0.2 ]
0.1 1
0 ¥ t
0 10 20 30 40 50
Transmural Pressure (cmHZO)
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volume compared to a normal patient group, and a severe case
can have an increase of more than 10 times.

C. Model Stability and Robustness Assessment

To assess the stability and robustness of the proposed model,
we perform an eigenvalue analysis, generate phase plane plots
for unperturbed and perturbed long-time simulations, and assess
feasible parameter ranges. To prove the dynamic stability, we
first linearized the time-varying Cl;,, in order to formulate the
dynamic system into a state-space form, and the state equation
can be found in the Appendix. The computed eigenvalues of
the state matrix all have negative real parts, namely, —4631.8,
—1579.4, —740.2, and —2.7, indicating stability of the lin-
earized model. For numerical stability we have simulated the
model for more than 4000 breaths (300-+ simulation hours) on
a 2.9GHz 8GB machine and plotted the PV loops for healthy
(blue), low severity (red) and high severity (yellow) levels as
shown in Figure 11. The system output loops (pleural cavity
pressure vs alveolar volume) are closed, indicating a well-
behaved system under both healthy (unperturbed) and diseased
(perturbed) cases. Through these analyses, system stability is
maintained when multiplicative factors perturbing the param-
eters (representing lung diseases) are bound by the following
limits: V.,; >0, I' >0, ¢; >0, and 0 < ¢ < 1. Note that
physiological systems typically have positive-only parameters,
since negative parameter values do not have physical meaning.

IV. DiscussIioN

The lung is often modeled as an RC circuit, where R represents
the hydraulic resistance and C represents the compliance of
the whole respiratory system. Such a model can be used to
describe dynamically the lung pressure and flow reasonably
well, by first assigning values for R and C, and then solving,
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Fig. 11. PV loops for long-time breathing simulation in healthy (blue),
low severity (red) and high severity (yellow) sickness levels. Low sever-
ity: 20% reduction in surfactant concentration. High severity: 40% reduc-
tion in surfactant concentration and 8 times increase in basal collagen
volume.

a system of 1% order ordinary differential equations (ODES),
for the pressure and flow in time. Disease simulation is then
accomplished via changing the parameters R and C and again
solving the ODEs. In such simulations, ARDS, IPF, and other
compliance-compromised conditions would all be modeled in
a similar fashion, e.g., change C and then solve for flow and
pressure. In the present work, however, ARDS, IPF, and other
compliance-compromised conditions can be modeled through
the mechanisms that cause compliance changes, such as collagen
remodeling or surfactant degradation. In this way, a deeper level
of understanding of respiratory dynamics is achieved through
more rigor in the model.

In this study, we presented a mechanistic model of the res-
piratory physiology, specifically how alveolar tissue fibers and
surfactants affect lung compliance and breathing. The model
validated reasonably well against ARDS and IPF patient data
demonstrating its possible use to run what-if scenarios sim-
ulating lung conditions and diseases. Interestingly, through
simulations of severe disease, we find that lung volumes are
extremely low, indicating the need for interventional ventilatory
support. Additionally, PV curves of severe disease simulations
(increased collagen, decreased elasticity, decreased surfactant)
have inflection points that are shifted to the right, indicating
stiffer lungs and a greater pressure required to achieve the same
volume. In some cases, such as severely reduced surfactant
concentration, the PV curve remains nearly flat at low pressure
levels, suggesting that more pressure is required to overcome
the alveoli threshold opening pressure and supporting the use of
high PEEP (positive end-expiratory pressure) to prevent alveolar
collapse in ventilating ARDS patients [42].

Through the sensitivity analysis presented, we have confirmed
that parameters that determine the health of the alveolar space,
such as surfactant concentration (I') and collagen fiber properties
(c values and V,,;), have a greater impact on lung mechanics
variables (lung pressure, flow, and volume) than resistances and
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compliances of the upper airways. The role of these important
parameters is supported in the literature. In ARDS, excess fluid
accumulation in the lungs affects the concentration of pulmonary
surfactant significantly, which causes alveolar collapse, espe-
cially at low pressure ranges [4]. ARDS has also been shown
to cause an increase in collagen volume [5], [6]. IPF, on the
other hand, which is characterized by scarring and destruction
of the lung architecture, tends to be a chronic disease with an
excessive increase of collagen volume [43], and polymorphism
[7]-[9]. Our model can differentiate between ARDS (via ' and
Veor) and IPF (via c1, co, and V,,;) since all these parameters
appear explicitly therein.

Further, with the linearized version of this model and system
identification techniques, we can estimate not just compliance
changes but fiber or surfactant properties that caused these
changes. In this way, the model can also simulate some COVID
patients who resemble ARDS patients in that they have com-
promised compliance. According to Gattinoni [11], 20-30% of
the COVID patients admitted to the intensive care unit have
severe hypoxemia associated with low compliance values. These
COVID patients with compromised compliance can potentially
be simulated via this model. However, this model may not
generalize well to patients who have near-normal pulmonary
compliance with isolated viral pneumonia [11]. Further studies
are warranted.

While we present a time-varying compliance in this work,
we have not yet modeled the development of ARDS or IPF
in time, which may be of importance in ARDS, as the lungs
often show signs of fibrosis or fibrotic scarring in late or severe
stages [5]-[6]. However, with real-time parameter estimation we
may be able to continually estimate these parameters to assess
how they are changing and how the condition is progressing or
deteriorating. Furthermore, though the model satisfies the need
to understand compliance change during a breath cycle, its effect
on LM variables is more prominent in diseased lungs than it is
in healthier ones.

V. CONCLUSION

In this paper, we have developed a mathematical model of
the lung mechanics comprising alveolar tissue and surfactant
properties that generates reasonable lung pressures and vol-
umes when compared to healthy, ARDS, and IPF patient data.
The model describes a time-varying alveolar compliance that
provides a better understanding of lung diseases. We have also
shown, through sensitivity analysis, that the surfactant concen-
tration and the collagen stiffness parameter co have a strong
impact on lung mechanics variables. Further, the model has
proven to be stable and robust under different disturbances.

The model is a set of ODEs that can be implemented to allow
for what-if scenario testing via changing specific parameters.
Using measurements for patient and a parameter estimation
technique a personalized version of the model can be obtained.
The research team is working toward model simulations that test
different ventilation strategies for a specific patient, e.g., varying
ventilator settings (pressure and PEEP) to simulate the change
of airflow, lung pressure and volume of that patient.
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APPENDIX
The state equation of the linearized model is shown below:
- Pl
P
Py
L Pa
- 11 1
CiRmy R+ Cy R+ Cy 0 0
1 11 1 0
e Ci Ry RepCt aen
0 1 11 1
CyRep CyRep RpoCyr  RpaCh
1 1
0 1 0 RpoCatw " RpaCatv
b R Cy 0
Pt + 0 1 Pafm
Py 0 1 Py
_PA 0 1
REFERENCES

[1] E.R.Weibel, “Morphometry of the human lung,” Accessed: Nov. 25,2019.
[Online]. Available: https://www.springer.com/gp/book/9783642875557

[2] B.Suki, D. Stamenovic, and R. Hubmayr, “Lung parenchymal mechanics,”
Compr. Physiol., vol. 1, no. 3, pp. 1317-1351, Jul. 2011.

[3] M. Griese, “Pulmonary surfactant in health and human lung diseases: State
of the art,” Eur. Respir. J., vol. 13, no. 6, pp. 1455-1476, Jun. 1999.

[4] J. F Lewis and A. H. Jobe, “Surfactant and the adult respiratory distress
syndrome,” Amer. Rev. Respir. Dis., vol. 147,no. 1, pp. 218-233, Jan. 1993.

[5] L. Armstrong et al., “Changes in collagen turnover in early acute respira-
tory distress syndrome,” Amer. J. Respir. Crit. Care Med., vol. 160, no. 6,
pp. 1910-1915, Dec. 1999.

[6] J. A. Last, A. D. Siefkin, and K. M. Reiser, “Type I collagen content is
increased in lungs of patients with adult respiratory distress syndrome,”
Thorax, vol. 38, no. 5, pp. 364-368, May 1983.

[7] M. Selman, M. Montafio, C. Ramos, and R. Chapela, “Concentration,
biosynthesis and degradation of collagen in idiopathic pulmonary fibrosis,”
Thorax, vol. 41, no. 5, pp. 355-359, May 1986.

[8] J. D. Fulmer et al., “Collagen concentration and rates of synthesis in
idiopathic pulmonary fibrosis,” Amer. Rev. Respir. Dis., vol. 122, no. 2,
pp. 289-301, Aug. 1980.

[9] J. M. Seyer, E. T. Hutcheson, and A. H. Kang, “Collagen polymorphism
in idiopathic chronic pulmonary fibrosis,” J. Clin. Invest., vol. 57, no. 6,
pp. 1498-1507, Jun. 1976.

[10] R.S. Harris, “Pressure-Volume curves of the respiratory system,” Respir.
Care, vol. 50, no. 1, pp. 78-99, Jan. 2005.

[11] L. Gattinoni, D. Chiumello, and S. Rossi, “COVID-19 pneumonia: ARDS
or not?,” Crit. Care, vol. 24, no. 1, pp. 154, Apr. 2020.

[12] D.F. Proctor, “The upper airways. I. Nasal physiology and defense of the
lungs,” Amer. Rev. Respir. Dis., vol. 115, no. 1, pp. 97-129, Jan. 1977.

[13] A. Albanese, L. Cheng, M. Ursino, and N. W. Chbat, “An integrated
mathematical model of the human cardiopulmonary system: Model de-
velopment,” Amer. J. Physiol.-Heart Circ. Physiol., vol. 310, no. 7,
pp- H899-H921, Dec. 2015.

[14] G. Servillo et al., “Pressure-volume curves in acute respiratory failure:
Automated low flow inflation versus occlusion,” Amer. J. Respir. Crit.
Care Med., vol. 155, no. 5, pp. 1629-1636, May 1997.

[15] S. Orfao, N. Hochhausen, R. Kuhlen, and D. Henzler, “Analysis of sig-
moidal equations to describe the pulmonary pressure- volume curve in
acute respiratory distress syndrome,” Open Crit. Care Med. J., vol. 1,
no. 1, Dec. 2008.

[16] C. Pereira et al., “Sigmoidal equation for lung and chest wall volume-
pressure curves in acute respiratory failure,” J. Appl. Physiol., vol. 95,
no. 5, pp. 2064-2071, Nov. 2003.

[17] J. C. Ferreira et al., “A sigmoidal fit for pressure-volume curves of
idiopathic pulmonary fibrosis patients on mechanical ventilation: Clinical
implications,” Clin. Sao Paulo Braz., vol. 66, no. 7, pp. 1157-1163, 2011.

[18] J. H. T. Bates, “Lung mechanics,” [Online]. Available: https:
/Iwww-cambridge.org.ezproxy.cul.columbia.edu/core/books/lung-
mechanics/D95220907DAF0A264FA80925AESE1127


https://www.springer.com/gp/book/9783642875557
https://www-cambridge.org.ezproxy.cul.columbia.edu/core/books/lung-mechanics/D95220907DAF0A264FA80925AE5E1127

54

IEEE OPEN JOURNAL OF ENGINEERING IN MEDICINE AND BIOLOGY, VOL. 2, 2021

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]

[28]

[29]

[30]

[31]

M. H. Victor Janior et al., “Parameter estimation of an artificial respiratory
system under mechanical ventilation following a noisy regime,” Res.
Biomed. Eng., vol. 31, no. 4, pp. 343-351, Dec. 2015.

F. Vicario, A. Albanese, D. Wang, N. Karamolegkos, and N. W. Chbat,
“Simultaneous parameter and input estimation of a respiratory mechan-
ics model,” in Proc. Model., Simul. Optim. Complex Processes, 2017,
pp. 235-247.

V. C. Rideout, Mathematical and Computer Modeling of Physiological
Systems. Upper Saddle River, NJ, USA: Prentice-Hall, 1991.

G. Galster, “Source code for a model of pulmonary mechanics,” Unpub-
lished, Bispebjerg Hospital, Kgbenhavn, Denmark, 1995.

J. G. Venegas, R. S. Harris, and B. A. Simon, “A comprehensive equation
for the pulmonary pressure-volume curve,” J. Appl. Physiol., vol. 84,no. 1,
pp. 389-395, Jan. 1998.

E. Denny and R. C. Schroter, “The mechanical behavior of a mammalian
lung alveolar duct model,” J. Biomech. Eng., vol. 117, no. 3, pp. 254-261,
Aug. 1995.

E. Denny and R. C. Schroter, “Relationships between alveolar size and
fibre distribution in a mammalian lung alveolar duct model,” J. Biomech.
Eng., vol. 119, no. 3, pp. 289-297, Aug. 1997.

E. Denny and R. C. Schroter, “Viscoelastic behavior of a lung alveolar
duct model,” J. Biomech. Eng., vol. 122, no. 2, pp. 143-151, Apr. 2000.
E. Denny and R. C. Schroter, “A model of non-uniform lung parenchyma
distortion,” J. Biomech., vol. 39, no. 4, pp. 652-663, 2006.

J. A.Clements, E. S. Brown, and R. P. Johnson, “Pulmonary surface tension
and the mucus lining of the lungs: Some theoretical considerations,” J.
Appl. Physiol., vol. 12, no. 2, pp. 262-268, Mar. 1958.

E.M. Scarpelli, B. C. Clutario, and F. A. Taylor, “Preliminary identification
of the lung surfactant system,” J. Appl. Physiol., vol.23,no. 6, pp. 880-886,
Dec. 1967.

H. Fujioka, D. Halpern, and D. P. Gaver, “A model of surfactant-induced
surface tension effects on the parenchymal tethering of pulmonary air-
ways,” J. Biomech., vol. 46, no. 2, pp. 319-328, Jan. 2013.

D. Rowell and D. N. Wormley, System Dynamics: An Introduction, 1st ed.
Upper Saddle River, NJ, USA: Pearson, 1996.

[32]

[33]

[34]

[35]

[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43]

E. H. Oldmixon and F. G. Hoppin, “Distribution of elastin and collagen
in canine lung alveolar parenchyma,” J. Appl. Physiol., vol. 67, no. 5,
pp. 1941-1949, Nov. 1989.

Y. C. Fung, “A model of the lung structure and its validation,” J. Appl.
Physiol., vol. 64, no. 5, pp. 2132-2141, May 1988.

R. R. Mercer and J. D. Crapo, “Spatial distribution of collagen and
elastin fibers in the lungs,” J. Appl. Physiol., vol. 69, no. 2, pp. 756-765,
Aug. 1990.

S. Schurch, H. Bachofen, J. Goerke, and F. Possmayer, “A captive bubble
method reproduces the in situ behavior of lung surfactant monolayers,” J.
Appl. Physiol., vol. 67, no. 6, pp. 2389-2396, Dec. 1989.

B. M. Carlson, “The respiratory system,” in The Human Body, B. M.
Carlson, Ed. San Diego, CA, USA: Academic, 2019, pp. 303-319.

J. B. West, Respiratory Physiology: The Essentials, 9th ed. Philadelphia,
PA, USA: LWW, 2011.

L. Cheng, A. Albanese, M. Ursino, and N. W. Chbat, “An integrated math-
ematical model of the human cardiopulmonary system: Model validation
under hypercapnia and hypoxia,” Amer. J. Physiol.-Heart Circ. Physiol.,
vol. 310, no. 7, pp. H922-H937, Apr. 2016.

ARDS Definition Task Force, “Acute respiratory distress syndrome: The
Berlin definition,” JAMA, vol. 307, no. 23, pp. 2526-2533, Jun. 2012.

J. Guttmann, L. Eberhard, G. Wolff, W. Bertschmann, J. Zeravik, and
M. Adolph, “Maneuver-free determination of compliance and resistance
in ventilated ARDS patients,” Chest, vol. 102, no. 4, pp. 1235-1242,
Oct. 1992.

P. H. N. Saldiva, V. C. Delmonte, C. R. R. de Carvalho, R. A. Kairalla, and
J. O. Costa Auler, “Histochemical evaluation of lung collagen content in
acute and chronic interstitial diseases,” Chest, vol. 95, no. 5, pp. 953-957,
May 1989.

R. H. Kallet, “Should PEEP titration be based on chest mechanics in
patients with ARDS?,” Respir. Care, vol. 61, no. 6, pp. 876-890, Jun. 2016.
T. E. King, A. Pardo, and M. Selman, “Idiopathic pulmonary fibrosis,”
Lancet, vol. 378, no. 9807, pp. 1949-1961, Dec. 2011.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


