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ABSTRACT

Quasi-static, pulmonary pressure-volume (P-V) curves were combined with a respiratory system model to
analyze tidal pressure cycles, simulating mechanical ventilation of patients with acute respiratory distress
syndrome (ARDS). Two important quantities including 1) tidal recruited volume and 2) tidal hyperinflated
volume were analytically computed by integrating the distribution of alveolar elements over the affected pop-
open pressure range. We analytically predicted the tidal recruited volume of four canine subjects and compared
our results with similar experimental measurements on canine models for the validation. We then applied our
mathematical model to the P-V data of ARDS populations in four stages of Early ARDS, Deep Knee, Advanced
ARDS and Baby Lung to quantify the tidal recruited volume and tidal hyperinflated volume as an indicator of
ventilator-induced lung injury (VILI). These quantitative predictions based on patient-specific P-V data suggest
that the optimum parameters of mechanical ventilation including PEEP and Tidal Pressure (Volume) are largely

varying among ARDS population and are primarily influenced by the degree in the severity of ARDS.

1. Introduction

Since the early definition of acute respiratory distress syndrome
(ARDS), a multitude of clinical studies have been published on such
subjects as the use of pressure-volume (P-V) curves for mechanical
ventilation of patients with ARDS [22,23,35,36,46,58,66], PEEP (po-
sitive end-expiratory pressure) vs. ZEEP (zero end-expiratory pressure)
and a degree of  PEEP for  effective ventilation
[4,10,15,19-21,27,29,31,37-39,45,47,49,50,60].  Also large-scale
ARDS ventilation trials [14,34,43] were conducted to investigate ef-
fective mechanical ventilation strategies to prevent hyperinflation and
ventilator-induced-lung injury (VILD) [13,17,24,48,51,56,57,61,69]
while maintaining sufficient oxygenation. Although these experimental
studies have significantly contributed to the optimization of mechanical
ventilation and thus the decrease in the mortality rate of ARDS patients,
majority of these studies investigated for ”one-size-fits-all” values of
PEEP and tidal volume for the entire ARDS population [8,11]. This
generalization is criticized by many studies [10,19,24,38,39,45,50,60]
that suggest patient-specific PEEP and tidal volume values for the op-
timization of mechanical ventilation.

Analytical modelings of respiratory system were investigated in
Refs. [59] and [9] by developing a statistical model of the inflation
process with a power-law distribution of the airway openings. Since
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then, the modeling studies of the respiratory system and/or the me-
chanical ventilation include a non-linear circuit model for the me-
chanical ventilation [47], an application of a sigmoidal P-V equation
[65] to optimize the mechanical ventilation [41,60], an examination of
lung compliance during the mechanical ventilation [27], and a devel-
opment of a recruitment function from the P-V curve [32]. Many pre-
vious investigations [10,18,19,24,38,39,45,50,54,60] also pointed out
needs for balancing alveolar recruitment and hyperinflation as well as
for information on ventilation strategy more applicable to individuals
than to population.

In Refs. [40,42], quasi-static pulmonary P-V curves along with a
respiratory system model developed in Refs. [5-7] were analyzed for
the patients with ARDS, canine models and healthy humans to propose
four stages of ARDS.

In this paper we aimed to contribute to the researches in the opti-
mization of mechanical ventilation by combining the quasi-static pul-
monary P-V curves of individuals with the respiratory system model
developed in Refs. [5-7] to further analyze mechanical ventilation of
ARDS patients under the hypothesis that our respiratory system model
yields quantitative prediction of tidal recruited volume and tidal hy-
perinflated volume.

We first analytically predicted the tidal recruited volume of four
canine subjects as function of PEEP and compared our results with a
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similar experimental measurements on canine models. We then applied 2. Background

our mathematical model to four stages of ARDS (Early ARDS, Deep

Knee, Advanced ARDS and Baby Lung) defined in Ref. [42] to quantify 2.1. Respiratory system model (RSM)
the tidal recruited volume and tidal hyperinflated volume. Our quan-

titative predictions of these two parameters in various ARDS patients A proposed P-V model equation [5-7] in the form of error-function
suggest that the optimum parameters of mechanical ventilation in- is (See Fig. 1(c)):
cluding PEEP and Tidal Pressure (or Tidal Volume) are largely varying
among ARDS population and are primarily influenced by the degree in AV AV (P
the severity of ARDS. V=W—-—+—ef|—A|l— -1
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Fig. 1. (a) Alveolar element for inflation: The element pops-open as its pressure exceeds the F;. A, = 173 (pop-open volume of an element), A;y; = Viistension
(volume increase due to elastic wall distension). (b) Alveolar element for deflation. Superscript, d, indicates properties of deflation. (c) Quasi-static inflation-deflation
P-V curve. V; = upper volume asymptote (total lung capacity), V;, = lower volume asymptote, AV (=1, — V) = vital lung capacity, Py = pressure at the midpoint
of P-V curve, Pp = pressure at the intersection of inflation- and deflation-curve. (d) P-V curves of Data group 1 and Data group 2 (solid = Before Injury,
dotted = After Injury). (e) Normalized distribution of alveolar elements at P = F,. Data sets D, J, R, T of Data group 3 (ARDS) and Data set rt of Data group 5 (healthy
human).
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where four parameters are V;= the upper asymptote (total lung capa-
city (TLC)), AV (=W — V;) = vital lung capacity (VLC) with V= the
lower asymptote (functional residual capacity (FRC))), By= pressure at
the midpoint (inflection point) of the P-V curve, and the non-dimen-
sional parameter, A, with the error-function, erf(x), defined as,
erf (x) = (Z/ﬁ)'/(;x e~dr, erf(o0) =1, erf(—x) = —erf(x). The de-
flation P-V curves are also represented by Eq. (1) with the four inflation
parameters replaced by the corresponding deflation parameters of V¢,
AV, P and A4 (See Fig. 1(d) for various inflation-deflation loops.)

Presented below is an outline of our (respiratory system) model and
its relation to the P-V model equation [6]. A total respiratory system is
represented by a large population of alveolar elements (N = total
number of elements) distributed over its (alveolar) opening pressure P, .
Referring to Fig. 1(a), an element, j, consists of a cylindrical chamber
with a piston-spring system (A;= piston surface area, k= spring con-
stant [N/m], J,= piston displacement due to pop-open mechanism, j,=
piston displacement due to elastic wall distension). The element is
closed when the piston is located at the left end of the cylinder. Once
the pressure acting on the left hand side of the piston reaches F. j, the
piston moves to a new position of ¥, (‘pop-open’ mechanism = alveolar
recruitment) with V,(= A, -%) indicating an elemental volume increase
due to the piston displacement of J,. Any further change in pressure
results in a volume increase as the piston moves to the right
0 < yJ < ¥;) (simulating the elastic distension of the alveolar wall
tissues) until it reaches the end of the cylinder (; = y;) as a state of
fully-distended element (Fig. 1(b) shows an alveolar element during
deflation.). An application of the Boltzmann statistical model, which
assumes that there is no limit in the number of alveolar elements per
energy state, yields a normal (bell-shaped) distribution as the most
probable distribution of alveolar elements over F. j, dN;/N(= a number
fraction of elements, for which the magnitude of P.; ranges between P,
and Pc] + dPC])

N, : A [ (v7@ V[B-@-R)T
N-dp; =f(®P) with f(P)= ap, exp( ( 1 A)[ ) ]]

2
In a given pressure P, the mean distribution is P — P, with the
standard deviation op = (8/ n)% PBy/ A~ 1.596-P,/A. Thus, B, controls the
mean (the higher P, the lower mean) and A controls the standard de-
viation (the higher A, the lower standard deviation) of the normal
probability distribution function over the alveolar openings pressure
(By).
Expressed in terms of non-dimensional volume (V) and non-di-
mensional pressure (P), are [5].

V:erf(ﬂAF) with vzw’ st

4 AV/2 B 3)
aN; . 5 _ A JT | \? 5 oy

N-dpcj =F(P) with F(P)= . exp[ (—4 A) [R; — P] ] @

where B. j = R j/ R, with the standard deviation, o = (8/ 71‘)%//\. It should
be noted that both the normalized P-V equation and the normalized
distribution depend on the magnitude of a single non-dimensional
parameter, A. Fig. 1(e) sketches the non-dimensional normal distribu-
tion, Eq. (4), at P = P, for selected patients with ARDS and a healthy
human.

By summing (integrating) the volume of each element over all open
elements, the model yields two P-V equations, one for the low-P region
and the other for the high-P region [6]. The equation for the high-P
region is the error function P-V equation (= Eq. (1)). However, Eq. (1)
with the four adjusting parameters had been shown to be an excellent
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Table 1
Inflation P-V curve parameters of DG1 and DG2.
A Py AV Vi Pro Pp
[emH, 0] [L] [L] [emH, 0]
DG1 Bef.Inj. 1.25 12.57 1.12 —0.24 0.22 32
Aft.Inj. 2.96 20.79 0.86 —0.03 0.84 32
DG2 Control 1.10 8.36 1.50 —0.34 0.10 30
Aft.Inj. 5.40 22.29 1.12 —0.02 0.76 35
Table 2
Inflation Parameters of DG3. ARDS patients.
Data A Py AV v $ro
[emH, 0] [L] [L]
A 2.96 22.40 2.37 —0.07 0.347
D 1.63 13.32 3.16 —0.57 0.379
G 1.73 20.16 3.10 —0.36 0.447
J 2.79 26.21 3.73 —0.16 0.474
K 2.43 17.89 1.34 —0.10 0.440
L 1.25 11.59 1.25 —0.28 0.695
(0] 1.95 18.37 1.88 —0.24 0.389
R 1.17 13.99 2.07 —0.51 0.406
T 5.47 30.04 1.77 —0.01 0.289
Table 3
Inflation Parameters of DG4. ARDS patients.
Data A Py AV 13 1o
[emH, 0] [L] [L]
6 4.14 21.60 1.07 —0.03 0.60
4.92 27.82 1.14 —0.01 0.55
11 1.73 18.45 3.86 —0.56 0.59
24 2.69 20.53 1.47 —0.06 0.93
30 3.40 22.18 2.87 —0.04 0.54
32 2.00 18.07 1.72 —0.22 0.73

approximation for both inflation- and deflation- P-V curves over the
entire P-region [5,7].

2.2. Data groups

Five data groups, all from a previously published data sets [42] was
used for the analyses in this report. These datasets were obtained by
procedures that satisfied the animal care and use requirements of re-
spective institution. The description of these data groups are as follows:

(1) Data group 1 [53]: Canine model of acute lung injury before (Data
group 1 Before Injury) and after oleic-acid-induced injury (Data
group 1 After Injury)

(2) Data group 2 [23]: Canine model of acute lung injury by saline
lavage; Control (Data group 2 Before Injury) vs. after lung injury
(Data group2 After Injury),

(3) Data group 3 [67]: P-V curves of patients with ARDS,

(4) Data group 4 [1, 2, 3]: P-V curves of patients with ARDS,

(5) Data group 5 [52,55]: P-V curves of healthy humans.

Tables 1-4 list parameters of the inflation P-V curves and Tables 5-7
list parameters of the deflation P-V curves of Data group 1 through Data
group 4. Selected P-V inflation curves are shown in Fig. 2.
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Table 4
Inflation Parameters of DG4. ARDS patients.
Data A Py AV 73
[emH, 0] [L] [L]
ec 1.34 13.47 6.40 —2.06
gf 1.05 6.44 6.52 —1.66
hh 1.23 11.04 5.10 —212
jk 1.15 9.41 6.24 —1.47
Tt 1.10 7.95 5.35 —1.31
Data from Ref. [23].
Table 5
Deflation P-V Curve Parameters of Data group 1, Data group 2.
Ad pg avd vE
[emH, 0] [L] [L]
Data group 1 Bef.Inj. 0.28 2.0 1.43 —0.40
Aft.Inj. 0.40 3.8 1.11 —0.33
Data group 2 Bef.Inj. 0.22 1.3 2.02 —-0.90
Aft.Inj. 1.45 9.8 1.19 -0.14
Table 6
Deflation Parameters of Data group 3 ARDS patients.
Data No Ad pd Avd vi
lemH 0] (L] (L]
A 1.47 11.41 1.92 -0.15
D 1.08 6.85 2.70 —0.61
G 0.98 8.14 1.28 0.05
J 1.66 13.40 1.89 0.03
K 1.06 9.78 1.51 -0.37
L 0.31 3.15 1.39 —0.81
(6] 1.06 10.97 1.87 -0.32
R 0.86 8.14 1.83 -0.49
T 4.51 23.62 1.17 0.11
Table 7
Deflation Parameters of Data group 4. ARDS patients.
d
Data A Pg Avd VE
[emH, 0] [L] [L]
6 2.38 14.71 1.09 —0.06
9 5.64 21.77 0.90 —0.25
11 0.98 12.03 2.40 —1.00
24 1.89 15.89 1.52 -0.14
30 2.96 14.01 2.27 —0.45
32 1.25 11.86 1.76 —-0.26

2.3. ARDS stages

In Ref. [42], four stages of ARDS (Early ARDS, Deep Knee, Advanced
ARDS and Baby Lung) were identified and defined in terms of para-
meters of inflation P-V curves (A and AV). Fig. 3, copied from Ref. [42],
depicts AV (VLC) vs. A, showing the process from healthy humans (high
AV, low A) to four stages of ARDS; Early ARDS (reduced AV with a
higher A-value, compared to data sets of healthy humans), Deep Knee
(low AV, high A with very low starting compliance on the inflation P-V
curve), Advanced ARDS (low AV, medium A), and Baby Lung (low AV,
low A).
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Fig. 2. P-V inflation curves selected from Data group 3 (ARDS data sets A, D, J,
K, R, T), Data group 4 (ARDS data sets 6, 11, 24) and Data group 5 (healthy
human data set.rt)
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Fig. 3. AV vs. A for all data sets from Data group 3 (patients with ARDS), 4
(patients with ARDS) and 5 (healthy humans). Path from Healthy Human to
Deep Knee via Early ARDS is characterized by decreasing AV and increasing A;
while, path from Deep Knee to Baby Lung via Advanced ARDS is marked by a
decreasing order of magnitude of A with AV limited to a narrow range.

3. Methods of analyses

In this section, we first presented the two basic mechanical venti-
lation strategies. One which is initiated from the inflation limb of the P-
V curve or called inflation from FRC (IFRC) and the other which is
initiated from the deflation limb or called deflation from TLC (DTLC).
All other mechanical ventilation strategies can be seen as some com-
binations of these two basic strategies [23]. Next, based on the re-
spiratory system model, we provided our quantitative derivation of the
tidal recruited volume and tidal hyperinflated volume as functions of
PEEP and Tidal Pressure for each type of mechanical ventilation stra-
tegies (IFRC or DTLC).

3.1. Tidal loop analyses: IFRC vs. DTLC

The mechanical ventilation strategy must be optimized by taking
into account the degree of severity in ARDS. Analyses were made on
cyclic inflation-deflation loops (to be referred to as tidal loops, simu-
lating mechanical ventilation) between a high pressure (Peak) and a
low pressure (PEEP (ZEEP) = positive (zero) end-expiratory pressure)
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Fig. 4. Two modes of tidal loop analyzed: (a) IFRC (Tidal loop after Inflation from Functional Residual Capacity), (b) DTLC (Tidal loop after Deflation from Total

Lung Capacity).

along a specified envelope P-V curve of inflation and deflation. There
are two basic modes of small-volume tidal loop for mechanical venti-
lation in relation to the main (inflation and deflation) P-V curves [23].
They are,

(1) Tidal loop performed after Inflation from FRC (IFRC),
(2) Tidal loop performed after Deflation from TLC (DTLC).

The two modes are sketched in Fig. 4(a) and (b).

In IFRC (Fig. 4(a)), after inflation from P = 0 to a certain (tidal)
peak pressure, the tidal loop begins with a main tidal deflation limb
(MTD) followed by a tidal inflation limb and then a tidal deflation limb
over the tidal pressure of APrp;, = Peak - PEEP.

In DTLC (Fig. 4(b)), on the other hand, after deflation from a certain
high pressure, Pp, preceded by a main inflation process, the first tidal
loop is initiated as a tidal inflation, followed by a tidal deflation;
therefore, in Fig. 4(b), the path from P = 0 to a fully-developed tidal
loop may be expressed as [Path O (Origin) » a— b— ID |
main inflation, [ Path ID — ¢— d | main deflation, [ Path d— e
tidal inflation 1, [ Path e— f] tidal deflation 1, [ Path f— g
tidal inflation 2, [ Path g— h] = tidal deflation 2.

Based on the parameters of the main inflation and the main deflation,
quantitative analyses may be made on the recruitment due to tidal loops
for the case of DTLC. For IFRC, on the other hand, it is necessary to
estimate the four parameters, defined as A%;7p, Péyrp, Vg, o AVEhrp of
the main tidal deflation corresponding to the process B — C in Fig. 4(a)
when Peak is varied between Peak = APrp; (i.e. the case of ZEEP) and
Peak = Ppp. These four parameters are estimated from the following four
relations: (1) Adyrp = A4, (2) Viip (P = Peak) = V (P = Peak) (volume
equality between the main inflation and the main tidal deflation at
P =Peak) (3) V& yrp in terms of the inflation parameters, (4)

]

V(P =0) = specified (zero for the case of no airway closure during
the main tidal deflation). The first relation implies that, for a specified
respiratory system, the normalized distribution is similar in shape for all
main tidal deflation curves.

3.2. Analyses of mechanical ventilation

3.2.1. Derivation of tidal recruited volume

According to the respiratory system model, the P-V curve of the
inflation (deflation) process is related to the distribution of the alveolar
elements over their opening (closing) pressure (Eq. (2)). A theoretical
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prediction of tidal recruited- or derecruited-volume in a tidal pressure
loop may be made from the distribution of elements over the alveolar
opening/closing pressure (Ej/Pg). F; of inflation and Pc‘} of deflation are
independent of each other as random variables of the inflation- and the
deflation-distribution [6]. Hence, the number fraction of alveolar ele-
ments that are recruited during the inflation from P, to E,, and subse-
quently derecruited during the deflation from P to P4 may be ex-
pressed in a joint distribution represented by a product of the inflation
and the deflation distribution function. (See Appendix for derivation of
equations presented below.)

3.2.1.1. Case IFRC. For IFRC (tidal loop after inflation from FRC)
sketched in Fig. 4(a),

Viee.irre = (volume recruited in IFRC between PEEP and Peak)
AV AV 4
= — K5 K3y

41 + Yro) AV 5)
where K; = L(Peak) — L(PEEP), Ki{\rp = (fygp(Peak) — Iy (PEEP)),
Vo N = the total volume available for recruitment, L(P)=
erf (C(P/Py — 1)),  Famp(P) = erf (CY(P/Pérrn — 1)),  C =T A4,
C? = ym N/4.

3.2.1.2. Case DTLC. For DTLC (tidal loop after deflation from TLC)
sketched in Fig. 4(b),

Viee.p1r.c = (Vvolume recruited in DTLC between PEEP and Peak)
-\ I(Pp) — I{(Peak) AVdK 4
=2 gli- )

4Q1 + Pro) 19(Pp) — IL(PEEP) | AV )
where K¢ = (If (Peak) — I (PEEP)), I (P) = erf (C*(P/P¢ — 1)).

There have been many, sometimes conflicting, reports on the opti-
mization of mechanical ventilation such as (1) high PEEP for high re-
cruitment [10,21,45], (2) low tidal volume for protection against ven-
tilator-induced lung injury (VILI) [43], (3) high PEEP as cause of VILI
[4,24,29,50,51]. Here, as an indicator of VILI, we proposed equations
for the total volume of elements which are open and fully distended
during the mechanical ventilation between PEEP and Peak.

3.2.2. Derivation of tidal hyperinflation

Tidal Hyperinflated volume is the total volume of alveolar elements
that are fully-distended throughout the tidal cycles. Here, we provided
its derivation for both cases of IFRC and TDLC.
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3.2.2.1. Case IFRC. For IFRC (Fig. 4(a)), It had been shown that
alveolar elements with B; = 0 (= elements which pop open at P = 0
(Fig. 1(a)) are fully distended (i.e. the piston reaches its stroke limit of
Yr in our model of an element (Fig. 1(a)) at P = Py-y, [6]. Therefore, at
P = Peak along the main inflation (Location B in Fig. 4(a)), elements
with 0 < RBj < Peak — Py-y;, are exposed to pressure higher than the
pressure for full distension (to be referred to as the state of
hyperinflation). A similar argument on MTD (deflation limb of B — C
— O in Fig. 4(a)) indicates that elements with Pc‘} = PEEP — Pgﬁ;’o begin
the contraction at PEEP (= Location C in Fig. 4(a)). However, P{y¢ is
very small (below 1 [emH,0]) compared to Py, of 5-20 [cmH, O] for
patients with ARDS [7]; hence, we postulated that the elements with
0< Pg < PEEP in Fig. 4(a) remain at the state of overdistension.

With the number fraction (NF) defined as a number of alveolar
elements as a fraction of the total number of elements, let NFy; =
Number fraction of elements exposed to pressure higher than the
pressure needed for the state of full distension of F; + PyJ;,, and noting
NViistension (= total volume available for distension against the spring of
the alveolar element in the model) = AV-(J;,/(1 + P)), the following
equations have been developed;

Case 1. Peak(=Pp) < Pyjp,

Vur rre Total (= volume of elements undergoing over-
distension) = 0.
Case 2. Peak (=Ppp) > Py,
Var rrre Total = Vg 1rre 1 + Var irre 2
Viir rrel = AV (r /(1 + 1)) NFyp irre 1 7

where Vi rrel = total volume of fully-distended elements that are
exposed to a pressure level higher than the pressure required for full-
distension throughout the tidal cycles of IFRC with NFyy; jrc1 defined as

AV 1

AV 3 (Birp (PEEP) + L)

1 N
E(Is(Peak — BoYry) + L)

= NF of elements, fully-distended at the initial main inflation —
MTD stage of 0 — B — C in Fig. 4(a), and remain fully-distended
throughout the tidal ventilation between PEEP and Peak where
L = erf (C), IldMTD = erf (C%) (=I{).

Vhr rre2 = 0 if APrpp < BoYpy

150 150
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T, o
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Vir rre2 = AV QOpg/(1 + Ppo))-NFyp ipre2 if APppp, > ByYprowhere
AV

NFyp 1pre2 = %(13 (PEEP + PO-)’}TU) -5 (PEEP)) AV K—J‘dMTD = number
fraction of elements, which go through the cycle of pop-open — fully-
distended — pop-close during the ventilation between PEEP and Peak.

3.2.2.2. Case DTLC . For DTLC (Fig. 4(b)), with similar approach:
Case 1. Pp < RyYry

Vur prrc Total = 0.

Case 2. Pp > Ryyp

Vi prre Total = Vir prrel + Vir proc2.

Varpricl = AV (po /(1 + $19))*NFar prrcl 8)

where NFy; prrcl = %(13(PID — Pyjipe) + L)-(AVY/AV)-(I¢ (PEEP) + IY).
= number fraction of elements fully-distended in the main inflation,
0 — a — ID in Fig. 4(b), and stay fully-distended since their closing
pressure lies between d (= PEEP) and 0 (Origin). Vi prrc2 = 0 if
APrp, < PoYro, Vhr pric2 AV Bro/(1 + $70))NFur pric2  if APrpr > PoYrg
where. NFyr pric2 = § (I (PEEP + Pojr) — Iy (PEEP))AA—"VdKf

4. Results

We first attempted to evaluate our analytical predictions of tidal
recruited volume by comparing them to a similar experimental work
being found in the literature [23]. We then presented our quantitative
prediction of tidal recruited volume and tidal hyperinflated volume as
functions of PEEP and tidal pressure by using quasi-static P-V curves of
human subjects in healthy and various ARDS conditions.

4.1. Experiments vs. theory

In an experimental study [23], the total volume increase from six
canine models as a function of PEEP is measured and shown (dotted
curves) in Fig. 5 as top graphs; These experiments were done in cases of
IFRC in Fig. 5(a) and DTLC in Fig. 5(b). For each case of IFRC and
DTLC, the left and right graphs is for the uninjured and injured canine
models respectively. The bottom graphs in both Fig. 5(a) and (b) are our

150 150
TLADTLC TLADTLC
=1 )
‘g‘._ 100 é,loo
§ |
g 50 £ 50
> e > R
° ¢
0% ) I 0 %
0 10 20 30
PEEP_ [cmH,0] PEEP, [cmH 0]
150 150
TLADTLC TLADTLC
b—
— 100| Data group 2 Ctrl. —~ 100
£ E
£ >§ _Qa\ta group 2 Al
30

PEEP,_[cmH,0]

PEEP, [cmH,0)

Fig. 5. Experiments vs. Theory on V... — PEEP. (a) IFRC, (b) DTLC. Top dotted curves = measurements by Ref. [23] at AR,, = 10[cmH, O], PEEP in airway pressure,

Bottom curves = theoretical predictions for canine ARDS models of Data group 1 and Data group 2 for AR,

= 8 [emH, 0] (solid), 9 [cmH,0] (dotted). PEEP in

transpulmonary pressure, Left-hand side = Before Injury, Data group 1 and Data group 2. Right-hand side = After Injury, Data group 1 and Data group 2.
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Fig. 6. V... vs. PEEP at APrp;, = 5, 7, 10, 12 [emH, O] for IFRC. Data set: rt = Healthy Human, D and 30 = Early ARDS, T and 9 = Deep Knee, 24 and O = Advanced
ARDS, R = Baby Lung. Our computational results show a degree of PEEP for maximum recruited volume shifting to a higher level from Healthy Human to Deep Knee;

then, decreasing to Baby Lung via Advanced ARDS.

model predictions for Before Injury and After Injury (Data group 1 and
2) on the left and right respectively. As described in Ref. [5], the
transpulmonary pressure (= B,,), which is the pressure used in our re-
cruitment analysis, is less than the corresponding airway pressure by
10-20%. Therefore, for better comparison with the experimental re-
sults, V... vs. PEEP relation of our predictions (Eq. (5) for IFRC, Eq. (6)
for DTLC) are shown in Fig. 5 as bottom graphs when APrp; is set to 8.0
[emH, 0] (dotted) and 9.0 [cmH, O] (solid) in transpulmonary pressure
(tp).

This experimental study, was the only experimental work on the
literature we were able to find that measured respiratory volume in-
crease as functions of PEEP in the conditions of IFRC and DTLC.
However, there still exists some differences between the conditions of
this experimental work and our analytical predictions. These differ-
ences are as follows: 1) The experimental measurements yield the total
volume increase (by pop-open mechanism as well as by alveolar dis-
tension) under the dynamic conditions; while, our theoretical predic-
tions are the volume recruited by the pop-open mechanism only, based
on the quasi-static P-V curve. 2) The canine subjects of the experimental
work are different than the canine subjects we used in our analytical
work. 3) The reported measurements in the experimental work are the
mean and standard deviation of the measurements of the six canine
subjects, whereas we reported our predictions on individual subjects
separately. 4) Finally, APrp; (= Peak - PEEP) of these experimental
measurements was 10 [cmH,0] in airway pressure (aw). However, in
our prediction, the APrp; is in transpulmonary pressure (tp) as the
quasi-static P-V curves are usually measured in transpulmonary pres-
sure.

Considering these differences, our quantitative predictions are in
satisfactory agreement with the experimental results. The tidal re-
cruited volume function predicted from the present analyses are in the
same order of magnitude and similar in variations as the measurement
results. Moreover, both experimental and our prediction results simi-
larly suggest that PEEP value required to achieve maximum volume
recruitment is very low for healthy subjects (left) and is relatively high
for the injured group (right) for both cases of IFRC (a) and DTLC (b).

50

4.2. Prediction of tidal recruited volume and hyperinflated volume among
ARDS patients

The mechanics of the respiratory system is subject to significant
changes as the degree of severity of ARDS advances. This leads the
optimum PEEP and Tidal Pressure to be changed based on the severity
of ARDS. Among the fifty P-V curves of Healthy and ARDS subjects
provided in the work [17], we randomly picked one healthy human
(Data R), two subjects with Early ARDS characteristics (Data D and 30),
two subjects with Deep Knee ARDS (Data T and 9), two Advanced ARDS
(Data 24 and O) and one Baby Lung ARDS (Data R). We therefore, for
the rest of the work made similar predictions and visualization of re-
cruited volume and overdistension for all these eight subjects based on
their quasi-static pressure volume curve.

In Fig. 6, using equation (5), we illustrated the tidal recruited vo-
lume as a function of PEEP and tidal pressure in the case of IFRC for all
the eight subjects from Healthy Human (Data rt) to Baby Lung (Data R).
Similarly, in Fig. 7, based on equation (6), tidal recruited volume is
plotted for the case of DTLC. In Fig. 8, we simultaneously plotted vo-
lume recruitment for the case of IFRC and DTLC for the purpose of
comparison. As illustrated in Fig. 9, we used equation (7), to predict the
hyperinflation as functions of PEEP and tidal pressure in the case of
DTLC for all the eight subjects. Finally, for the purpose of optimization
of mechanical ventilation, we simultaneously showed our prediction of
recruitment volume and hyperinflation for the case of DTLC as function
of PEEP with the tidal pressure = 10[cmH,O].

5. Discussion

Current ventilation strategies include low tidal volumes of 6 mL per
kilogram of predicted body weight [44] as “one-size-fits-all” for ARDS
patients with the PEEP being chosen in the range of 0-10 cmH,0 ad-
justed in reaction to changes in oxygenation [8,11]. Many physicians do
not strictly stay with the 6 mL per kilogram for tidal volume. Moreover,
there are evidences that optimizing PEEP based on the oxygenation
shown not to correlate well with pathologic changes in lung mechanics
and may cause ventilator-induced lung injury (VILI) [11,68].
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Fig. 7. Ve vs. PEEP at APrp;, = 5,7, 10, 12 [cmH, O] for DTLC. Data sets same as Fig. 6. Differences between IFRC (Fig. 6) and DTLC reflect the path-dependency of

the ventilation.

In this paper, we combined our respiratory system model with the
patient-specific quasi-static P-V data of ARDS patients to analytically
predict the effects of tidal pressure (volume) and PEEP on the recruit-
ment and hyperinflation of individual ARDS patients.

According to the respiratory system model (as described in the
background section), two model parameters B, and A are respectively
determining the mean and the standard deviation of the alveolar pop-
open pressure distribution function described in Eq. (2). An increase in
Py yields decrease in mean and similarly, increase in A results in the
decrease in the standard deviation of the distribution function.

datart dataD
300 A=1.1) 300 A=142
z DTLC
E 200 pric
g
= 100 IFRC 100
IFRC
0 0 ) % . T % 3
PEEP [CmH20] PEEP [cmHIO]
data9 data 24
- (A=4.92) - (A=2.70)
)
£ w0 20
>§ - DTLC
W R
0 10 X 0 0 0 ]
PEEP [CmHzol PEEP [cmH20]

Therefore, based on the values for the By and A being determined from
each subject's P-V curve, the variations in the shape of the alveolar pop-
open distribution function between ARDS stages is observed as follows:

Starting with the Healthy human group, the mean and the standard
deviation of the alveolar opening pressure are very large (since By and A
are very low, see Eq. (2)). However, in the Early ARDS groups, the mean
and the standard deviation significantly decreases until the Deep Knee
stage in which the mean and the standard deviation reaches to the
lowest values, thus forming a sharp distribution function for the al-
veolar opening pressure. With further advancement in the degree of

data 30 dataT
200 DTc 200
DTLC
100 100
IFRC IFRC
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300 (A=1.95) 300 (A=117)
200 200
100 100
IFRC DTLC IFERC DTLC
0 10 20 30 cU 10 20 30
PEEP [cmHZO] PEEP [cmHZO]

Fig. 8. Vj,. vs. PEEP. Comparison between DTLC and IFRC at APrp;, = 10 [cmH,0]. Data sets same as Fig. 6. Maximum recruited volume is achieved by DTLC for
Early ARDS and Deep Knee; while, IFRC yields a slightly higher recruited volume for Advanced ARDS and Baby Lung.
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Fig. 9. Vj,.. vs. PEEP. Comparison between DTLC and IFRC at APrp;, = 10 [cmH,0]. Data sets same as Fig. 6. Maximum recruited volume is achieved by DTLC for
Early ARDS and Deep Knee; while, IFRC yields a slightly higher recruited volume for Advanced ARDS and Baby Lung.

severity of ARDS, an opposite trend is observed as the mean and stan-
dard deviation are starting to increase within the Advanced ARDS
group up to the Baby-Lung ARDS group where the mean and the
standard deviation reaches to the highest values and almost equal to the
values in the Healthy Lung group. This is due to the fact that the healthy
human group and Baby-Lung ARDS group have similar distribution
function of the alveolar pop-open pressure. However, it is noted that
according to Fig. 6, vital lung capacity (AV) in healthy human group is
about 5-7 times larger than the Baby Lung groups. These quantitative
findings are in agreement with the concept of Baby-Lung which origi-
nates from the observation through the computed tomography of ALI/
ARDS patients that the normal state of their respiratory system has the
properties of a healthy human but the dimension of that of small chil-
dren [30]. This suggests that the total respiratory system of ARDS pa-
tients with ”baby lung” may be small, but similar in mechanics to that
of the healthy humans.

Our model predictions of the tidal recruited volume for the case of
IFRC (see Fig. 6) suggest that PEEP = O (natural breathing [64]) yields
the maximum recruitment for Healthy Human (Data rt). Healthy human
respiratory system during one cycle of quiet natural breathing (which
always taking place at PEEP = 0), creates up to 6cmH,O transpul-
monary pressure and the volume of 500mL [16]. Our model predicts
(see Fig. 6, data rt at PEEP = 0) that 150 — 200mL of this volume yields
to the recruited volume. In the Early ARDS, the decrease in the mean
and standard deviation of the distribution of alveolar elements over the
pop-open pressure resulted in the location of the maximum of tidal
recruited volume shifting away from ZEEP to a higher level of PEEP. As
the degree of severity of ARDS is further advancing to Deep-Knee cases
(Data T and 9), the mean and the standard deviation of the pop-open
distribution of the elements moves to higher values and thus our pre-
diction suggests that the location of the maximum of tidal recruited
volume shifting to the very high PEEP level. A similar continuous trend
but in the opposite direction is observed for the ARDS cases of higher
severity than Deep Knee. In Advanced ARDS (Data 24 and O), the PEEP
corresponding to the maximum tidal recruited volume gradually re-
turns to the lower values. This reverse behavior continues such that in
the terminal stages of ARDS (Baby Lungs, Data R), the PEEP
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corresponding to the maximum tidal recruited volume approaches to
zero, similar to the case of a healthy lung.

Our model prediction (Fig. 6) also suggest that the Tidal recruited
volume continuously and consistently decreases from the case of
Healthy Lungs (Data rt) to the Baby Lungs (Data R). These predictions
are consistent with many experimental measurements [25,26] which
suggest the reduction of PaO,/FiO, from above 500 mmHg for Healthy
Lung to 201-300 mmHg for early ARDS, 101-200 mmHg for moderate
ARDS and less than 100 mmHg for severe cases of ARDS.

The tidal recruited volume vs. PEEP for the case of DTLC ventilation
illustrated in Fig. 7 was more or less similar to the case of IFRC in terms
of the location of the optimum PEEP for each ARDS group. However, as
shown in Fig. 8, DTLC case leads to higher recruited volume for the
cases of healthy human, Early ARDS, and Deep Knee. As for the cases of
Advanced ARDS and Baby Lung there were no significant differences
observed between IFRC and DTLC.

Depicted in Fig. 9 is the tidal hyperinflated volume vs. PEEP at tidal
pressure = 5, 7, 10 and 12 [¢mH, O] for IFRC. As mentioned, the tidal
hyperinflated volume is the total volume of alveolar elements exposed
to a pressure level higher than the pressure required for the full dis-
tension throughout the tidal cycles. It is clearly observed from this
figure that with the increase in tidal pressure, the volume recruitment
increases in all subjects. From Healthy Human (data rt) to Deep Knee
(data T and 9), the location of a significant rise in tidal hyperinflated
volume above zero shifted gradually to a high PEEP region with the
opposite decreasing tendency from the high PEEP to the low PEEP for
Advanced ARDS and Baby Lung. Despite the general tendency of tidal
recruited volume which has a maximum value at some degree of PEEP,
the hyperinflation volume is always monotonically increasing with the
increase in PEEP and tidal pressure [63].

In order to discuss both the recruitment effectiveness and the hy-
perinflation as an indicator of the risk of VILI, presented in Fig. 10 are
simultaneous presentation of Tidal Recruited Volume vs. PEEP and
Tidal Hyperinflation Volume vs. PEEP at APrp; = 10 [cmH,O0].

In the healthy human group (Data rt), PEEP = 0 is the optimum
condition as it simultaneously maximizes the tidal recruited volume
and minimizes the tidal hyperinflated volume. This optimized scenario
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Fig. 10. V.. vs. PEEP. Comparison between DTLC and IFRC at APrp;, = 10 [cmH,0]. Data sets same as Fig. 6. Maximum recruited volume is achieved by DTLC for
Early ARDS and Deep Knee; while, IFRC yields a slightly higher recruited volume for Advanced ARDS and Baby Lung.

takes place in the process of natural breathing in healthy human [64].

In cases of Early ARDS, Deep Knee ARDS and Advanced ARDS,
achieving high recruited volume comes at the cost of increasing the
hyperinflation. These findings are in agreement with many previous
experimental observations [12,33,63]. However, in the Advanced ARDS
group (data 24 and O), the recruited volume is less sensitive to the
variations of PEEP while the hyperinflated volume drastically increases
as PEEP is increased, suggesting a mild low PEEP to be more effective
for the Advanced ARDS group.

In the case of Baby Lung ARDS (Data R), similar to Healthy Lung,
PEEP = 0 simultaneously maximizes recruitment and minimizes hy-
perinflation. However, the tidal recruited volume in magnitude is much
lower comparing to the healthy lung. According to our prediction in
Fig. 6 for the Baby Lung, increasing tidal volume does not yield to
significant increase in the recruited volume either. Thus, other ad-
junctive mechanical strategies such as partial or total extracorporeal
support [28,62] maybe recommended for the Baby Lung group to
compensate low recruitment volume.

Lastly, our prediction suggests that DTLC in general yields to a
slightly higher recruitment while it comes at the cost of slightly higher
hyperinflation comparing to IFRC.

6. Conclusion

Many previous clinical investigations pointed out needs for balan-
cing alveolar recruitment and overdistension as well as for information
on ventilation strategy more applicable to the individuals than to the
population. In this work, Quasi-static P-V curves were combined with a
respiratory system model (RSM) to analyze alveolar recruitment and
hyperinflation during the mechanical ventilation of patients with
ARDS. Using the respiratory system model, we quantified various
qualitative observations reported previously. We quantitatively showed
that the optimum parameters of mechanical ventilation (PEEP and
Tidal Pressure) are highly dependent on the degree in the severity of
ARDS. As for maximizing the recruitment, we quantitatively showed
that by the advancement of the ARDS severity from Early ARDS to Deep
Knee ARDS, optimum PEEP monotonically increases. However, PEEP
monotonically decreases back as the severity of ARDS further advances
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from Deep Knee to the terminal stages of Advanced ARDS and Baby
Lung ARDS. Our quantitative predication also showed that increasing
PEEP and tidal pressure will always yield to the increase in the hy-
perinflation with the rate of increase being varied by the degree in the
severity of ARDS. Our quantitative predictions based on individuals
pressure-volume curve may contribute to personalizing of mechanical
ventilation of ARDS patients.
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