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Abstract
The connective tissue fiber system and the surfactant system are essential and
interdependent components of lung elasticity. Despite considerable efforts
over the last decades, we are still far from understanding the quantitative
roles of either the connective tissue fiber or the surfactant systems. Through
thermo-statistic considerations of alveolar micromechanics, the author introduced a thermo-statistic state function “entropy” to analyze the elastic
property of pulmonary parenchyma based on the origami model of alveolar
polyhedron. By use of the entropy for alveolar micromechanics, from the logistic equation for the static pressure (P)-volume (V) curves including parameters a , b, c, and k ( V − a= b 1 + exp {−k ( P − c )} ), a set of equations
was obtained to define the internal energy of lungs (UL) and its corresponding lung volume (VL). Then, by use of parameters a , b, c, and k, an individual volume-internal energy (VL − UL) diagram was constructed from reported
data in patients on mechanical ventilation. Each VL − UL diagram constructed
was discussed that its minimal value U
=
c ( a + b 2 ) and its shape parameo

ter b/k represent quantitatively the energy of tissue force and the energy of
surface force. Furthermore, by use of the VL − UL relationship, the hysteresis
of lungs estimated by entropy production was discussed as dependent on the
difference in the number of contributing pulmonary lobules. That is, entropy
production might be a novel quantitative indicator to estimate the dynamics
of the bronchial tree. These values obtained by combinations of parameters of
the logistic P-V curve seem useful indicators to optimize setting a mechanical
ventilator. Thus, it is necessary to develop easy tools for fitting the individual
sigmoid pressure-volume curve measured in the intensive care unit to the logistic equation.
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1. Introduction
Measuring pressure-volume (PV) curves have been used in setting mechanical
ventilation to quantify the elastic properties of lungs. Classical physiology has
explained that the elastic property originates from the basic components of the
lung skeleton: 1) a continuous network of elastic fibers in the alveolar walls that
connects arteries, airways, and interstitial space (the tissue force), and 2) the
force generated at the surface between the air and the alveolar surfactant lining
layer (the surface force) [1]. The quasi-static PV curve of the respiratory system
describes the mechanical behavior of the lung parenchyma during inflation and
deflation, and measuring PV curves has been used in research to quantify the
elastic properties of lung parenchyma [2]. Despite considerable efforts over the
last decades, we are far from understanding the quantitative indicators of either
the connective tissue fiber or the surfactant systems for optimization of mechanical ventilation.
Elasticity is measured in the excised lung as the relationship between lung volume and pressure measured at the closed airway (PV curve). Experimental
study revealed, as shown in Figure 1, that the PV curve of an excised lung filled
with air (dashed lines) is quite different from that of a degassed lung refilled with
saline solution (solid lines) [1] [2]. It has been recognized that the curve of the
saline-filled lung mainly represents the properties of the tissue components
whereas that of the gas-filled lung includes both the tissue properties and the
surface tension exerted along the alveolar walls. During inflation, the work done

Figure 1. Pressure-Volume (PV) curves. Relationship between lung volume (VL) and
airway pressure measured at the closed airway (Po). The PV curves of an excised lung
filled with air (dashed lines) and with saline (solid lines).
DOI: 10.4236/am.2020.1111075
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on the lung components is mainly performed on the elastic network and on the
interface between gas and the lining layer, both of which increase in tension. The
energy is partially recovered, partially the energy stored in the fibrous network
during deflation. The area of the loop circumscribed by the line of inflation-deflation is called hysteresis, which is explained as energy dissipation at the
alveolar surface. Fredberg and Kamm calculated that during a lifetime the alveolar structures must cope with breathing related alveolar strain for up to 109 strain
cycles, and considered these strains as extreme and would appear to call for specialized tissue structures from the standards of common engineering materials
[3].
More than 30 years ago, Gil et al. showed that using quasi-static conditions
and vascular perfusion fixation of lung tissue at defined inspiratory and expiratory pressures revealed that different mechanisms of septal wall deformation are
involved as follows: 1) recruitment/derecruitment of alveolar units; 2) isotropic
stretching and destretching with balloon-like changes of alveolar size; 3) changes
in alveolar shape (e.g. from dodecahedral to spherical and vice versa), which,
due to different geometry, are linked with changes in alveolar size; and 4) folding
and unfolding of alveolar walls and accordion-like deformation that might resemble the folding and unfolding of a paper bag [4] [5]. Kitaoka et al. developed
the folding and unfolding of paper bags for the “origami model” of alveolar polyhedron [6], by use of which Min explained the elastic properties of lungs as
entropy change of alveolar micromechanics [7]. The entropy change of alveolar
microstructure is less in dissipating energy than the stretching change of tissue
as well.
Reports have indicated that PV curves are fit to the exponential equation such

as V =
A − B exp ( − KP ) , where V is volume, P is transpulmonary pressure, and

A, B, and K are constants [8]. However, it has generally been recognized that the
exponential equation is poorly fitted for data including the low range of lung
volumes, particularly for lungs in acute respiratory distress syndrome (ARDS).
To overcome this poor fitting other equations including first or third-degree polynomials were proposed, but the increased number of parameters had little or
no physiological meaning [9]. In 1998, Venegas et al. found a comprehensive
sigmoid equation (the logistic equation) in dimensionless form describing PV
curves in deflation and inflation with good fitting [10]. The logistic equation has
been recognized to fit PV curves of a whole range sufficient even in patients with
idiopathic pulmonary fibrosis (IPF) [11].
In this paper, after thermo-statistic considerations on alveolar micromechanics an entropy model of the lungs was constructed for describing the static PV
relationship. By use of the logistic equation for static PV curves, the internal
energy of the lungs was expressed as a set of equations with corresponding parameters of the logistic equation for the PV relationship. As the result, the relationship between the internal energy (UL) and its corresponding lung volume
(VL) was constructed as the VL − UL diagrams from reported data of parameters
DOI: 10.4236/am.2020.1111075
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estimated by the logistic model for static PV curves during anesthesia in patients
with IPF and patients with myasthenia gravis (MG). Compared with the concept
of tissue energy/surface energy and the VL − UL diagram, it was concluded that
the tissue energy and the surface energy could be represented by the minimal
value Uo and the shape of the VL − UL diagram. Since the VL − UL diagram is easy
to construct by use of the estimated parameters from the logistic equation of
each static PV curve, these indicators could be useful to optimize setting the
mechanical ventilation of an individual patient in the intensive care unit (ICU).
To conclude, it is necessary to develop easy tools for fitting the individual sigmoid PV curve to the logistic equation in clinical situations.

2. Assumptions
1) Pulmonary lobules are integrated by a fractal bronchial tree as the architecture of lungs (Figure 2: based on images from [6] and [7])
Recent imaging technology including high-resolution computer assisted tomography (HRCT) of the lungs revealed that Miller’s secondary pulmonary lobule is the basic unit of pulmonary parenchyma from the perspective of structural functional relationship [12]:
a) The secondary pulmonary lobule has one corresponding bronchiole,
through which airflow goes inward and outward. The secondary pulmonary lobule has many alveoli and bronchioles tangled where O2-CO2 gas-exchange by
erythrocytes occurs in the arterioles and capillary beds. The alveoli and bronchioles are anatomically interrelated and function as a unit body [13];

Figure 2. Pulmonary lobules and a fractal bronchial tree model. (a): The origami model
for an alveolar polyhedron shows a change in volume is dependent on the angles between
adjacent walls of alveolar polyhedron; (b): A secondary pulmonary lobule (Miller’s lobule) has a corresponding single bronchiole and single arteriole for supplying air and
blood, and has numerous alveolar polyhedrons; (c): The fractal bronchial tree (power
laws are seen among the diameter and corresponding length) integrates numerous pulmonary lobules into the respiratory system as a body of organ.
DOI: 10.4236/am.2020.1111075

1119

Applied Mathematics

K. Min

b) According to the origami (paper craft) model of the alveolar structure [6],
alveolar polyhedrons are packed in the secondary pulmonary lobule, and the angle between adjacent alveolar walls changes depending on the degree of volume
in a pulmonary lobule without changes in length of elastic fibers existing in alveolar walls;
c) More than approximately 3000 secondary pulmonary lobules are integrated
into the whole lung by an asymmetrical branching of the bronchial tree (from
lobular bronchial branch to trachea), through which lobular flows make a respiratory flow as a summation;
d) The asymmetrical branching tree of the bronchial system is defined as a
“fractal tree” characterized by power laws between the corresponding diameter
i
i
n
and length in each branch such that r1=
r2n + r3n , L=
L=
L3 r3i , and
1 r1
2 r2

i+n =
4 for three branches at bifurcation (n = 2.7 and i = 1.3 for the human
bronchial tree). As a result, each drop in pressure along a branch is equal in the
fractal bronchial tree under a constant laminar flow [14].
2) Logistic equation of the static PV relationship of respiratory system
Analytical fittings of quasi-static pressure volume curves composed of the
transpulmonary pressure Ptp (the difference between the pleural pressure Ppl
and the occlusive pressure at the orifice of tracheal tube Po , i.e., Ptp= Po − Ppl )
and its corresponding lung volume VL revealed a logistic expression in dimensionless form as follows:

VL − a
1
=
b
1 + exp −k ( Ptp − c )

{

(1)

}

where a , b, c, and k are parameters fitted for each static PV curve [10]. Parameter a has units of volume and corresponds to the lower asymptote volume,
which approximates the physiological variable of residual volume ( a ≈ RV).
Parameter b, also in units of volume, corresponds to the total change in volume
between the lower and upper asymptotes, which approximates the physiological
variable of vital capacity (b ≈ VC). Parameter k corresponds to a parameter for
normalizing transpulmonary pressure Ptp to dimensionless form.

3. Method: Thermo-Statistical Model of Pulmonary
Parenchyma
1) Internal energy UL, Entropy SL, and Temperature T
The pulmonary parenchyma is composed of more than 3000 pulmonary lobules, each of which has a corresponding single bronchiole and single arteriole
for supplying air and blood. Each pulmonary lobule has numerous alveolar polyhedrons. Adjacent alveolar polyhedrons are generally not independent of each
other, and it has long been understood that alveolar interdependence plays an
important role in the determining strain at the level of individual septa. The assumption is that alveolar interdependence would play a role in determining the
probability distribution of angles between adjacent alveolar walls, and the alveoDOI: 10.4236/am.2020.1111075
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lar interdependence is expressed by the surface energy function ε .
Suppose that N-bodies of secondary pulmonary lobules make the pulmonary
parenchyma according to the assumption described above. Based on Kitaoka’s
origami model of alveolar polyhedrons [6], each pulmonary lobule has numerous alveolar walls and changes its volume as a change in the angles (θ : 0 ≤ θ ≤ π )

between adjacent alveolar walls. Due to breathing or blood perfusion to the
pulmonary lobule, each angle would fluctuate around the corresponding value

θ . Since the number of angles in a pulmonary lobule is huge, the probability
density of ρ j (θ ) could be described as a continuous function.
Let a surface energy field be seen as ε j in the pulmonary lobule j. The assumption is that the value of ε j (θ ) independently keeps the angle between
adjacent alveolar walls as θ in the pulmonary lobule j. In this case, probability
density ρ j (θ ) is defined in the corresponding pulmonary lobule according to
statistical mechanics as follows:

ρ j (θ ) ∝ e

−ε j (θ ) T j

(2)

where T j is a thermo-statistical parameter describing fluctuations of angles in

the pulmonary lobule j [7]. Based on the origami model, which describes

changes in volume through changes in the interalveolar angles, internal energy
u j and entropy s j for the secondary pulmonary lobule of j containing n j
angles are introduced as follows:
π

u=
n j ∫0 ε j (θ ) ρ j (θ ) dθ= n j ⋅ ε j
j
π

− ∫ ρ j (θ ) ln ρ j (θ ) dθ ∝
sj =
0

1
Tj

(3)

εj

π

(4)
∫0 ε (θ ) ρ j (θ ) dθ =
T
j

where ε j is the expectation value of surface energy in the corresponding pul-

monary lobule of j as

π

∫0 ε (θ ) ρ j (θ ) dθ = ε j

(5)

The zero law of thermodynamics (if two systems are each in thermal equilibrium with a third system, they are in thermal equilibrium with each other) can
define a single parameter of temperature as T in the pulmonary parenchyma
consisting of pulmonary lobules [15]. Thus, the internal energy UL and the entropy SL of the lungs were defined for the lung system as follows:
U=
u j ∑ j 1nj ⋅ε j
=
∑=
L
j 1=

(6)

TS L ∝ ∑ j =1 ε j

(7)

N

N

N

2) Helmholtz minimum free energy for the quasi-static PV relationship
The equilibrium of a thermodynamic system in a controlled temperature and
volume, which is applicable to the quasi-static PV relationship, is described as

=
F U L − TS L is the minimum as follows:
dF =dU L − TdS L =0
DOI: 10.4236/am.2020.1111075
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4. Results
1) Physiologically, in the static PV relationship of the respiratory system, it
was described by the mechanical equilibrium among pressures (the airway pressure Po and the abdominal pressure Pab measured at closed airway) along
with the components of the respiratory system, as shown in Figure 3, as follows:

Ptp= Po − Ppl

(9a)

P=
Ppl − Pab
di

(9b)

Po = Pab

(9c)

As a result, the transpulmonary pressure Ptp is balanced with the transdiaphragmatic pressure Pdi as follows:

Ptp + Pdi =
0

(10)

Thus, transpulmonary pressure Ptp changes itself along with a change in
transdiaphragmatic pressure Pdi , which has zero condition as the standard condition at

( c,Vo )

as follows:

Vo= a +

b
2

Ptp (Vo ) = c

(11a)
(11b)

It is important to note that the elastic recoil pressure of lungs Ptp behaves as
a deflating force at more than Vo , and an inflating force at less than Vo , the

same as transdiaphragmatic pressure Pdi does. This is quite different from the

classical concept for the elastic recoil pressure of the lungs, which always works
as a deflating force. Then, the elastic recoil pressure of lungs ( Pel ) should be de-

scribed as a difference from c as follows:

Figure 3. Mechanical balance between ribcage and lungs describing the logistic PV curve.
In the static equilibrium condition, the airway opening pressure is balanced with the abdominal pressure. There is an equilibrium among components of the ribcage including
the transdiaphragmatic (Ptp) and the transpulmonary (Pdi) pressures. It is important to
note that Ptp always balances to Pdi. (see text in detail).
DOI: 10.4236/am.2020.1111075
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P=
Ptp − c
el

(12)

Therefore, the static PV relationship of the lungs (1) should be defined by the
sigmoid equation (the logistic equation) as follows [9],

VL − a
1
=
b
1 + exp {−kPel }

(13)

The first derivative of the Equation (13) was obtained as follows:

exp ( −kPel )
dVL
= kb ⋅
2
dPel
1 + exp ( −kPel ) 

(14)

2) The static PV curve of the lungs requires a thermodynamic equilibrium of
the Equation (8) in controlled temperature and volume as follows:

dU L = T d S L

(15)

In the quasi-static state of the lungs, a change of internal energy dU L was
obtained as follows:

dU L = − Pel dVL

(16)

Thus, the change of pulmonary entropy TdS L was obtained as follows:

TdS L = dU L = − Pel dVL

(17)

From Equations (14) and (17), TdS L was described as follows:

TdS L = − Pel dVL = b ⋅

( −kPel ) ⋅ exp ( −kPel )
dPel
2
1 + exp ( −kPel ) 

(18)

Then, a change in the internal energy of lungs U L − U o was obtained by a

definite integration of the Equation (18) in regard to Pel as follows (see Appendix),

U=
L −Uo

Pel

∫0

T=
dS L dPel


−kPel
b   2 exp ( −kPel ) 
ln 

−
k  1 + exp ( −kPel )  1 + exp ( −kPel ) 

(19)

where Uo is the internal energy at the standard condition of Ptp = c , at which

the lung volume was obtained as Vo= a + b 2 . Then, the lung volume VL was
expressed as the logistic equation as follows:


1
1 
VL − Vo b 
=
− 
1 + exp ( −kPel ) 2 

(20)

3) Two basic functions g and v for every secondary pulmonary lobule were
taken out from Equations (13) and (19) as follows:

  2 exp ( − p ) 
(− p) 
=
g ln 

−
 1 + exp ( − p )  1 + exp ( − p ) 
v=

(21)

1
1 + exp ( − p )

(22)

Then, parameter p was obtained from the equation as follows:
DOI: 10.4236/am.2020.1111075
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dg
−p =
dv

(23)

These functions were taken out as thermodynamic state functions in every
secondary pulmonary lobule from self-similarity in the architecture of pulmonary segments and lobules (as described in the section of assumptions). Then,
the internal energy and corresponding volume for the secondary pulmonary lobule j were described as follows,
bj
u j − uoj =g
k

(24)

v j − voj =
bj v

(25)

where uoj and voj are the internal energy and the volume of secondary pulmonary lobule j at the standard condition, respectively. Thus, the internal energy
of lung UL, the corresponding lung volume VL were defined as the summation of
every contributing secondary pulmonary lobules as shown in Figure 4 as follows:
g N
g
N
N
U=
b j + ∑ j 1 uoj =+
b Uo
=
∑ j 1u j =
∑ j 1=
L =
k
k

VL=
=
v∑ j 1 =
b j + ∑ j 1 voj =
vb + Vo
N

N

(26)
(27)

b = ∑ j =1 b j
N

(28)

 gb 
d 
dU L
1 dg p
k
Pel =
−
=
−  =
−
=
k dv k
dVL
d ( vb )

(29)

As the result, the PV relationship of lungs composed of pulmonary secondary
lobules was transformed to the volume-energy (VL − UL) relationship by a set of
equations as well as follows:

=
p k ( Ptp − c )

Vo= a +

(30)

b
2

(31)

b

U
=
cV
=
ca + 
o
o
2


(32)


1
1 
=
− 
VL − Vo b 
1 + exp ( − p ) 2 

=
U L −Uo

(33)


−p
b   2 exp ( − p ) 
ln 

−
k  1 + exp ( − p )  1 + exp ( − p ) 

(34)

4) Ferreria et al. reported the set of parameters with the sigmoid model of
static PV relationship for patients with IPF and MG as shown in Table 1 [11]. A
set of Equations (30), (31), (32), (33), and (34) depicted the VL − UL relationship
for each patient by using the parameters estimated in Table 1, as shown in Figure 5, where the minimum value of internal energy was represented by the bottom point of each curve (Uo).
DOI: 10.4236/am.2020.1111075
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(a)

(b)

(c)

Figure 4. The sigmoid (logistic) PV relationship in dimensionless form and the volume-energy relationship. (a): Venegas et al. [10] displayed that the sigmoid PV relationship showed good fitting for PV curves, and that the exponential PV relationship showed
poor fitting for PV curves in the region of volume less than 50% of the total lung capacity
(TLC); (b): The volume-energy relationships constructed from the logistic PV curves
were drawn in the upper right panel when b/k was 0.8, 1.0, and 1.2, respectively; (c):
Based on the self-similarity in the segmental structure of lungs, each secondary pulmonary lobule was assumed to have its own logistic volume-pressure relationship. By use of
the common volume-energy (g-v) relationship, the volume-energy relationship of the
lungs was reconstructed as a set of equations.

Figure 5. Constructed volume-energy diagrams from parameters reported in the paper of
Ferreria et al. The individual diagram was constructed from the estimated parameters
shown in Table 1 by Ferreria et al. [11] for each patient on a mechanical ventilator, which
is indicated by numbers 1 to 11. Each diagram has its own minimum value of Uo, and its
own specific shape dependent on b/k.
DOI: 10.4236/am.2020.1111075
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Table 1. Parameters in the logistic equation for PV curves reported by Ferreria et al. [11]
and corresponding minimal energies calculated.
#

Diagnosis

b (L)

Vo (L)

c (kPa)

1/k (kPa)

Vo (L)

Uo (kJ)

1

IPF

3.94

1.61

2.84

1.01

2.33

6.62

2

IPF

3.78

0.41

1.02

1.81

3.37

3.43

3

IPF

4.78

0.99

1.10

1.13

3.79

4.16

4

IPF

2.47

1.05

2.67

0.93

1.41

3.77

5

IPF

1.15

0.36

2.46

1.63

0.79

1.95

6

IPF

5.79

1.44

1.21

0.79

4.34

5.24

7

MG

6.02

0.93

0.79

1.23

5.09

4.05

8

MG

3.84

1.04

1.46

1.13

2.80

4.09

9

MG

2.81

0.86

1.40

1.01

1.95

2.74

10

MG

3.07

0.64

1.03

1.12

2.43

2.51

11

MG

2.29

0.70

1.31

0.90

1.59

2.09

Each value was described in MKS units of International Union of Pure and Applied Chemistry (IUPAC):
ml → L; cmH2O → kPa; cmH2∙ml → kJ. Numbers 1 to 11 indicate an individual patient. Patients numbered 1
to 6 have idiopathic pulmonary fibrosis (IPF), and patients numbered 7 to 11 have myasthenia gravis (MG).

5. Discussion
Classically static PV relationships of the respiratory system have been explained
by the mechanical balance between forces in the ribcage and the lungs, where the
lungs have been recognized to always behave as inflating from the residual lung
volume (RV) to the total lung capacity (TLC). This property of lungs has usually
been described by the exponential equation. Instead, the sigmoid (the logistic)
equation applied in this study describes quite different physiological behavior of

0 explains that the lungs reduce vothe lungs: the Equation (10) of Ptp + Pdi =
lume at more than Vo , and expand at less than Vo .
Lung elasticity has been recognized to originate mainly from the tissue components of the lung skeleton composed of a continuous network of elastic fibers
that connect the arteries, airways, and interstitial space. This component of elasticity was described by the exponential equation. However, another important
component providing elasticity to the lung is the so-called surface force, generated at the interface between air and the alveolar lining layer, where surfactant is
an important element. In the excised lung, elasticity is measured as the relationship between lung volume and pressure measured at the closed airway (PV
curve), after the lung has inflated, as shown in Figure 5: the left panel shows the
PV curve of an excised lung filled with saline solution (the solid lines), which is
described by the exponential equation. This has been recognized to mainly
represent the properties of the tissue components, whereas that of the gas-filled
lung includes both the tissue properties and the surface tension exerted along the
alveolar walls, which is described by the sigmoid or logistic equation (the dot
lines). Therefore, transformation of the PV relationship from an exponential
DOI: 10.4236/am.2020.1111075
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equation to a logistic equation through emergence of the standard condition at
the point of pressure c is suggested caused by mechanical effects of the surfactant
system in the lung.
Static PV curves are measured several seconds after changes in the volume are
made. Such curves represent the averaged mechanical properties of the whole
lung. The lungs are composed of a large number of secondary pulmonary lobules with integration through the bronchial tree as described in assumption 1.
The upper limits of the air-filled curve are made by all the secondary lobules at
about 30 cmH2O, and the lower limit of the curve is from air trapping at the lobular bronchioles. The prominent initial flat portion of the inflation curve up to
about 10cmH2O in the upper panel of Figure 1) is interpreted as being the onset
of recruitment of previously unventilated pulmonary lobules. The difference
between curves during inflation and deflation is called “hysteresis of lungs”,
which is measured by the area of PV loop and described as the entropy production (D) of Oliveria et al. [16] as follows:
=
Entropy production
( D)

p

b

Pel dVL ∫=
bdv ∫
∫=
k
k

pdv

(33)

Based on the thermodynamic model in this paper, since p and v are thermodynamic state functions, the area of the PV loop is zero as follows:

∫ pdv = 0

(34)

In comparing the volume-energy diagrams of deflation and inflation (Figure
5), the minimum point (black dots in Figure 5) of the inflation curve is shifted
upper and its shape transformed to a slightly wide curve. The entropy production (D) is represented as the area enclosed by the inflation and deflation VL −

UL diagrams (the dark area in Figure 6). The difference between the VL − UL diagrams is caused by the difference in b, which is described as follows:
b = ∑ j =1σ j b j
N

(35)

Figure 6. Hysteresis and the entropy production. Comparison of the PV relationships
and the volume-energy relationship showed the entropy production of lung hysteresis
quantitatively as the area of difference between volume energy diagrams.
DOI: 10.4236/am.2020.1111075
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where σ j indicates a state of the lobular bronchiole j open (1) or closed (0).
That is, D would relate to the number of contributing lobular bronchioles reflecting dynamic conditions of the bronchial tree modified by physiological actions of the pulmonary surfactant, which is a surface-active lipoprotein complex
(phospho-lipoprotein) secreted locally from cells including type II alveolar cells
and Clara cells, which are non-ciliated, non-mucous, and secretory cells, in the
lobular bronchioles [17].
Fitting an exponential equation to the deflation PV curves of lungs has been
applied at excluding points below 50% of the total lung capacity, and has been
shown useful clinically when applied to the deflation limb of the PV curve of
spontaneously breathing patients. Instead, a sigmoidal model is superior when
an inflation PV curve is captured in anesthetized patients because that it is necessary to fit the lower limb of the PV curve to titrate mechanical ventilation for
each patient [11]. The entropy model of each VL − UL diagram may help to titrate mechanical ventilation accordingly in individual patient.

6. Conclusion
First, the author revised the mechanical balance among classical components of
the chest wall and lungs during the static PV changes, resulting in finding that
the transdiaphragmatic pressure always balances with the transpulmonary pressure. Through thermo-statistic considerations on alveolar micromechanics, a
thermo-statistical model (entropy model) that would give a central role in the
static PV relationship of air-filled lungs was obtained. The entropy model led to
getting a set of thermodynamic state functions as common as the internal energy
g and volume v in every secondary pulmonary lobule from the logistic equation
for static sigmoid PV curves of the lungs. Based on reconstruction of the static
PV relationship by use of g and v, the logistic PV relationship was transformed
into the volume-energy relationship defined by a set of equations. An individual
volume-energy diagram was drawn by use of clinically estimated parameters of
each patient on the mechanical ventilator. Thus, the tissue components and the
surface component may be estimated as the minimum energy and the shape of
energy function respectively in an individual patient. Furthermore, the “entropy
production” of lung hysteresis may be estimated by the difference between the
UL − VL diagrams, and would describe the dynamics of the bronchial tree modified by the surfactant system. The VL − UL diagram is easy to construct by use of
estimated parameters from the logistic equation of each static sigmoid PV curve.
Therefore, the VL − UL analysis on the logistic PV curve including the entropy
production might be useful to optimize setting the mechanical ventilation of individual patients in the intensive care unit (ICU). To conclude, it is necessary to
develop easy tools usable in ICU for fitting the sigmoid PV curve by the logistic
equation.
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Appendix
f exp ( −kPel ) , the following equation is obtained,
When it is=
df =−k ⋅ exp ( −kPel ) dPel =−kfdPel

(A1)

Then, the Equation (12) is expressed as follows:

b ln f
TdS L =− Pel dVL =− ⋅
df
k [1 + f ]2

(A2)

Therefore, U L − U o is expressed as follows:


 1 ′ 
b exp( − kPel ) ln f
b exp( − kPel )
− ∫
df =
ln f ⋅ 
 df
∫
2
k 1
k1
 1 + f  
[1 + f ]

exp ( − kPel )
exp ( − kPel )  1
b  
1 
1  
=
−  ln f ⋅
−∫
⋅

 df 

1
k 
1 + f 1
 f 1 + f  

 exp( − kPel )  1
b  
1
1  
=
−   −kPel ⋅
 − ∫1
 −
 df 
k  
1 + exp ( −kPel ) 
 f 1 + f  

U L −Uo = −

exp ( − kPel )

   f 
−kPel
b  

= − 
−
ln
  


k  1 + exp ( −kPel )    1 + f  1


exp ( −kPel )
−kPel
b 
1 
=
− 
− ln
+ ln 
k 1 + exp ( −kPel )
1 + exp ( −kPel )
2 
−kPel
b   2 ⋅ exp ( −kPel ) 

=
−
ln 

k  1 + exp ( −kPel )  1 + exp ( −kPel ) 
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