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Abstract

Acute respiratory distress syndrome (ARDS) has a high mortality rate that is due in part to ventilator-induced lung injury
(VILI). Nevertheless, the majority of patients eventually recover, which means that their innate reparative capacities eventu-
ally prevail. Since there are currently no medical therapies for ARDS, minimizing its mortality thus amounts to achieving
an optimal balance between spontaneous tissue repair versus the generation of VILI. In order to understand this balance
better, we developed a mathematical model of the onset and recovery of VILI that incorporates two hypotheses: (1) a novel
multi-hit hypothesis of epithelial barrier failure, and (2) a previously articulated rich-get-richer hypothesis of the interaction
between atelectrauma and volutrauma. Together, these concepts explain why VILI appears in a normal lung only after an
initial latent period of injurious mechanical ventilation. In addition, they provide a mechanistic explanation for the observed
synergy between atelectrauma and volutrauma. The model recapitulates the key features of previously published in vitro
measurements of barrier function in an epithelial monolayer and in vivo measurements of lung function in mice subjected
to injurious mechanical ventilation. This provides a framework for understanding the dynamic balance between factors
responsible for the generation of and recovery from VILIL
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Introduction to repair itself. On the other hand, the majority of ARDS

patients go on to recover, which means that the reparative

Up to 40% of ARDS patients lose their battle with acute
respiratory distress syndrome (ARDS) [1]. While mortality
from ARDS often likely reflects the inherently fatal char-
acteristics of its underlying pathology, some patients suc-
cumb because the ongoing lung damage caused by mechani-
cal ventilation overwhelms the innate capacity of the lung
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capacities in these patients eventually prevail. Since there
are currently no medical therapies for curing ARDS [2],
minimizing its mortality amounts to achieving an optimal
balance between spontaneous tissue repair versus the genera-
tion of ventilator-induced lung injury (VILI).

Although the balance between repair versus VILI remains
poorly understood, we have recently obtained clues as to its
general nature. Yamaguchi et al. [3] used an in vitro model of
atelectrauma to show that epithelial barrier integrity initially
remains normal following onset of cyclic airway recruitment
and derecruitment (RD). After this initial phase, however,
cell layer integrity becomes progressively diminished such
that barrier-function decreases exponentially with further
insult. Based on the similar well-known characteristics of
cancer survival curves governed by multi-hit mechanisms
[4], this leads us to hypothesize that the time-course of VILI
development also reflects some kind of multi-hit process that
governs the dynamics of degradation of the blood-gas bar-
rier in the lung. In addition, Yamaguchi et al. [3] showed that
the barrier integrity of an epithelial monolayer develops with


http://crossmark.crossref.org/dialog/?doi=10.1007/s10439-023-03186-1&domain=pdf
http://orcid.org/0000-0002-6062-6377

Ventilator-Induced Lung Injury as a Dynamic Balance Between Epithelial Cell Damage and Recovery 1053

a characteristic time course from its initial minimum value,
when the monolayer is first seeded, to its maximum value
at full confluence. If we assume that the processes involved
in monolayer development share many similarities to those
involved in repair from physical injury, we can take the rate
of development to reflect that of repair.

Based on the dynamics of barrier disruption and repair
inferred from the in vitro study of Yamaguchi et al. [3], we
develop in the present study a multi-hit computational model
that predicts the dynamics of VILI development and reso-
lution in the face of injurious mechanical ventilation. This
model combines two levels of scale: (1) the cellular level
where repetitive recruitment events impair epithelial barrier
integrity by disrupting adhesions between adjacent cells and
between cells and their substrates, and (2) the whole lung
level where lung mechanics become deranged due to leak-
age of plasma fluid and proteins into the airspaces through
the damaged blood-gas barrier. We show that this model
potentially explains the synergy between volutrauma and
atelectrauma that we have previously documented in mice
[5]. We then use the model to explore some of the factors
that determine whether a given regime of mechanical venti-
lation is injurious or safe, the goal being to develop a tool to
help in the identification of ventilation strategies that permit
the best chance of surviving ARDS.

Materials and Methods

We developed a computational model of VILI progression
and recovery based on dynamic biophysical processes that
interact across cell and organ level scales. At the level of
the airway epithelial cell, biofluid mechanical stresses are
hypothesized to destroy cell adhesion complexes in a sto-
chastic manner, while spontaneous reassembly of these com-
plexes forms the basis for recovery of epithelial barrier func-
tion. At the level of the whole lung, flux of plasma-derived
fluid and proteins into the airspaces through a compromised
barrier leads to the changes in lung function associated with
acute lung injury. The cell and organ levels interact through
the modification of the probability of disruption of cell adhe-
sion complexes by changes in lung tissue distension during
ventilation. The mathematical expression of these processes
is formulated below.

Dynamics of Barrier Failure and Recovery
at the Cellular Level

Yamaguchi et al. [3] simulated atelectrauma in the small air-
ways by subjecting cultured epithelial cells in vitro to repeti-
tive passage of an air bubble over the apical surface. The
electrical impedance of the monolayer was monitored con-
tinuously as a measure of its integrity. They found that the

real part of impedance, resistance (R), remained unchanged
at its baseline level during passage of the first approximately
200 bubble passages across the fully confluent monolayer,
after which R decreased monotonically in a quasi-exponen-
tial fashion. System evolution profiles characterized by an
initial plateau that eventually transitions to a quasi-exponen-
tial decay are often governed by multi-hit processes. A clas-
sic example of this is the well-known survival probability of
cancer when its pathophysiology is attributable to a multi-hit
mechanism in which a number of events must occur before
malignancy appears [4]. In terms of the overall shape of
a multi-hit survival curve, it is not important what these
events are—they can be repetitions of the same event or
sequences of different events. All that matters is that they
are probabilistic and statistically independent of each other.
The fact that R exhibits the same overall features as seen in
cancer survival curves leads us to hypothesize, by analogy,
that the epithelial barrier disruption observed in the study of
Yamaguchi et al. [3] was caused by the multiple hits imposed
by repetitive bubble passage. This raises the question as to
what is being hit. We propose that the numerous adhesion
complexes that attach each epithelial cell to its neighbors
and to the underlying substrate are each independent targets
for the destructive effects of RD, and that barrier function
itself begins to fail when enough of these adhesions have
been broken.

We modeled this situation by considering a monolayer
composed of N identical epithelial cells in which each
cell is attached to adjacent structures (other cells and the
basement membrane) by 7 distinct mechanical attachments
each composed of one or more structural adhesions medi-
ated by binding proteins [6]. We do not necessarily equate
a cell attachment with a single protein-mediated adhesion;
an attachment is simply a quantum of mechanical integrity
that has some finite probability of being disrupted by bubble
passage. We assume these attachments bear equal stress and
contribute equally to the integrity of the monolayer. When
the monolayer is fully confluent with all its attachments
intact, n is at its maximum value of n,,, and R achieves its
maximum value of R, .. Conversely, R achieves its mini-
mum value of R_;, when all the attachments to every cell
have been disrupted such that n = 0. R, thus represents
the small but finite contribution that the fully detached cells
make to the resistance of the monolayer. Since the N cells in
the monolayer act in parallel to restrict the passage of elec-
tric current between the apical and basal surfaces, each cell
in the monolayer has a maximum resistance of r = R ,, N
when n =n and a minimum resistance of r = R;,N
when n = 0.

Each time-step in the model corresponds to a single bub-
ble passage across the monolayer. Each such event creates
a biomechanical stress on each cell that has a certain prob-
ability, py...c, of breaking one of its attachments (breakage
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may be due to mechanical damage or active removal via
some mechano-transduction mechanism [7-10]). The model
is thus stochastic since, with each bubble passage, there is
a probability 0 < p, ...« < 1 that the value of n for each cell
will be reduced by 1.

As the number of broken attachments,
Mproken = (nmax - n), increases, we let py ., increase accord-
ing to

1 Mproken
Dbreak = P[ R— M
nmax nmax

where 0 < 1y en < Pmax a0d 0 < p < 1is a constant. Since
the term in the square brackets in Eq. 1 must lie between 0
and 1, this ensures that 0 < p, ...« < 1as must be the case if
Dureak 1S to be a probability. Thus, cells with fully intact
attachments (n,,,., = 0) have only a very small probability
of 2 of experiencing an attachment break due to bubble

‘max

passage, but this probability increases as attachments break.
When there is only one attachment left, it has the highest
probability, p, of breaking with the next passage. Equation 1
is in keeping with our previously articulated hypothesis that
barrier failure is governed by a rich-get-richer mechanism
in which large perforations in the blood-gas barrier are more
likely to become further enlarged by VILI than are small
perforations [11-13]. Here, we make the simple assumption
that the probability of future breakage is linearly related to
the number of broken attachments.

To invoke the multi-hit hypothesis, we require that a criti-
cal fraction 0 < y < 1 of the n,,, adhesions to any given
cell must be broken before that cell starts to fail in its bar-
rier function, as reflected in a drop in r below R, N. Once
failure begins (y,oen > ¥Mmay)»> additional breaks cause r to
drop linearly toward R,;,N. That is,

r=R__N

max lf NMproken < Y Mpax = RminN + (Rmax - Rmin)N(n

period of about 2 h during which R was low and did
not change, perhaps reflecting a period of consolidation
of the plated cells before they started forming attach-
ments. This was followed by a biphasic rise in R; the
first phase was coincident with a quasi-exponential fall
in monolayer capacitance, C, reflecting the strength of
the cell-substrate attachments, while the second phase in
R reflected the integrity of the cell—cell tight junctions
[3]. We did not attempt to capture all these details in the
model, but rather sought to reproduce the overall rate of
rise as a global measure of epithelial repair from injury.
Accordingly, we modeled formation of the monolayer by
assuming that all the cell attachments are bound to their
attachment sites at confluence, and that if any attach-
ments become broken, they will reattach with a fixed
probability. This means that the probability, p,,,..,, that
the number of attachments to a cell will increase by 1 per
unit time is proportional to n, ., according to

Pattach = ﬁnbreak (3)

where f is a constant. It is clear that p,,,,,, must be con-
siderably smaller than p, ., because monolayer devel-
opment takes hours to complete whereas monolayer
damage takes only minutes [3]. We incorporated barrier
repair into the model by, at each time step, drawing a
random number x uniformly distributed on the interval
[0, 1T for each cell in the epithelium in turn. If x < p,..ens
we increased the current value of n for the cell in ques-
tion by 1.

Dynamics of VILI Generation and Recovery
at the Whole Lung Level

ARDS predisposes the lung to VILI by causing fur-

n . .
> lf Myroken > Vlmax = RminN lf n=0

@

max — ¥ max

The behavior of this model of epithelial barrier disrup-
tion is thus determined by the values of the 6 parameters N,
n R.in> Rmax and y. We simulated this behavior with
the initial condition that the value of n began as n,,, for
every cell. The effects of each subsequent bubble passage
were then simulated by drawing a uniformly distributed ran-
dom number x on the interval [0, 1] for each cell in turn. If
X < Ppreak> the current value of n was decremented by 1 for
the cell in question.

Yamaguchi et al. [3] also investigated the rise in R in
their epithelial cell monolayer as it developed from its
nascent state immediately following plating to eventually
form a mature cohesive monolayer about 30 h later. The
time-course of R over this period began with an initial

max? p9
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ther damage to an already injured blood-gas barrier.
This exacerbates the flow of fluid and proteins from
the blood into the airspaces where, together with
debris from local tissue damage, they interfere with
surfactant function [2, 14]. Inappropriate mechani-
cal ventilation can also directly deactivate surfactant
in normal lungs without edema [15]. We previously
studied this phenomenon in initially normal mice
that were mechanically ventilated under anesthesia
while supine with a tracheal cannula in place [5]. We
found that lung over-distension (OD) alone did not
cause VILI; when the animals were ventilated with
PEEP =3 cmH,0 and a large V; commensurate with
vital capacity, there was no change in lung function
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over 4 h (except in those occasional cases in which a
mouse developed a sudden pneumothorax). VILI was
also not caused by a modest amount of RD alone, evi-
denced by the fact that lung function was not affected by
ventilation with a modest tidal volume at zero positive
end-expiratory pressure (PEEP) (under these conditions,
the lungs at end-expiration were close to residual volume
and thus almost certainly below closing volume [16]).
This finding is supported by the study of Protti et al. [17]
in pigs ventilated with low V; at high PEEP. Interestingly,
the in vitro studies described above showed that simulated
RD alone is able to degrade barrier function in an epithe-
lial monolayer. Interfacial flows likely played a key role
in epithelial cell injury, as has been illustrated through
in vitro [18] and in vivo [19] experiments. but the cellular
stress magnitudes were likely quite different because the
cultured epithelial cells were plated on a rigid substrate
while the small airway epithelium in the lung is supported
by structures that are compliant, particularly at low lung
volumes [20]. The precise role of substrate compliance on
barrier function is not entirely clear, however, since it has
been shown that increased substrate compliance leads to
reduced cell death while reduced compliance causes more
cells to detach [21].

The key finding of our previous study in mice was that
progressive VILI only occurred when OD (large V) and
RD (zero PEEP) were present simultaneously [5]. This
apparent synergy between OD and RD can potentially
be explained by a rich-get-richer mechanism in which
RD causes small perforations in the blood-gas barrier
that are then exacerbated by OD [11]. Nevertheless, the
accelerating VILI caused by simultaneous OD and RD
in a normal lung only begins to manifest at about 1 h fol-
lowing commencement of mechanical ventilation; lung
function remains normal during the first hour [5, 11, 22].
This suggests that the multi-hit phenomenon postulated
above for the degradation of epithelial barrier function
in vitro is also operative in vivo. We therefore propose
that the synergistic effects of RD and OD cause discrete
mechanical failure events in the blood-gas barrier that
accumulate over time to progressively undermine its
integrity. Alveolar leak and the clinical phenotype of
VILI only start to appear when a certain number of fail-
ure events have occurred.

In the presence of RD, VILI is accentuated by OD in a
dose-dependent manner [11, 13]. We introduce this effect
into the multi-hit model developed above by having py ..«
increase with V; through an increase in the parameter p
in Eq. 1. Since mice do not sustain VILI when V7 is low,
we assume that p = 0 when V7 is less than a critical value,
Virerie> @8 has been previously found in pigs [23]. We further
assume that p, .., increases asymptotically toward 1 as V;
rises above V... We represent these assumptions in the

model by having p in Eq. 1 conform to a nonlinear expres-
sion constrained to lie between O and 1 thus:

p= 0 lf VT < VTcrit

V=V Ti . 4
= @ if Vi 2 Vi X
(VT - VTcrit) +A

where A is a constant that defines the value of V at which
p = 0.5. Note that this scenario applies only to an initially
normal lung. In a patient with ARDS, the lung is already
injured and inflamed, often as a result of infection, inhala-
tion or aspiration. While we still expect the above model
to pertain in these situations, it seems very likely that the
parameters defining the strength of the blood-gas barrier
would need to be adjusted to reflect a greater likelihood of
failure for a given level of biophysical stress.

To translate these barrier failure events into an effect on
the whole lung, we need to relate them to the rate at which
plasma fluid and proteins flow into and accumulate within
the airspaces, labeled as (e) in Fig. 1. We model the flow of
liquid into the alveolar space, V., as inversely proportional
to the current value of the blood-gas barrier resistance R, or
Vin = B(%). So, as R is reduced by VILI, the rate of accu-
mulation of liquid in the airspace increases. Likewise, we
model the normal drainage of fluid from the airspaces of a
healthy lung as V., = B L), where R

o = B\ 7— is the barrier

max
function of the intact monolayer. The net flow of material
into the alveolar space is thus

. . . 1 1
Vnet VIH Vout B(R Rmax > (5)
where B is a constant. With damage, R < R
the accumulation of an excess volume, V,, ..
derived material in the airspaces.

In addition, there must be a mechanism for clearing this
Vexcess from the airspaces [14], otherwise there would be no
possibility of eventual recovery. This clearance of plasma-
derived material is labeled as (h) in Fig. 1. In the interests
of keeping the model as simple as possible we assume that
the rate of clearance, VC which adds to the normal rate of

resulting in
of plasma-

max?

lear»

Vout» 18 proportional to V.. according to
Vclear = kclear Vexcess (6)
where k.., is a clearance rate constant. This means that
Vercess aCcrues over time according to

! . .
Vexcess = / [Vnel(t) - Vclear(t)] dr. (7)

0

Once in the airspaces, the plasma-derived material impairs
pulmonary function both as a result of the fluid displacing
air and the proteins inactivating pulmonary surfactant [13].

@ Springer
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Fig. 1 Schematic of the events
taking place during VILI
development and resolution that
are represented in the model.
Endothelial cells (a) line a
pulmonary capillary in close
proximity to the epithelial cells
(b) that line an alveolus (¢)
served by a peripheral bronchi-
ole (d). Injurious mechanical
ventilation causes impairment
of the endothelial-epithelial
barrier, as governed by Eq. 4, so
that plasma fluid and proteins
flowing through the capillary
(e) leak through gaps in the
blood-gas barrier (f) according
to Eq. 5. This material accumu-
lates in the alveolus as V,

excess

(hatched area) (g) according to
Eq. 7, where it causes an eleva-
tion in E, according to Eq. 8.

At the same time, clearance (h)

of Vi, cess from the alveolus into

the lymphatic system (i) leads to
eventual resolution of VILI [24]

These events cause a rise in respiratory system elastance,
ERs. which is a key physiologic marker of VILI. While Eygq
almost certainly increases monotonically with the accumula-
tion of alveolar material, we do not know the precise nature
of this relationship. In the interests of simplicity, we will
therefore assume simple proportionality. That is,

ERS = ERS,baseline + aVexcess (8)

where « is a constant and Egg p,ceiine 19 the €lastance of the
uninjured respiratory system.

The complete model thus accounts for how the key bio-
physical mechanisms known to be behind VILI manifest in
the face of the ongoing stresses wrought by mechanical ven-
tilation. These mechanisms include the way in which physical
stress causes the barrier between alveolar air and capillary
blood to fail, the way in which plasma-derived material enters
the airspaces as a function of barrier failure, and the counter-
acting mechanisms of fluid clearance that eventually lead to
recovery if they are able to prevail. The behavior of complete
model is determined by the values of 12 parameters that are
listed in Table 1 along with their units and definitions.

Results

Figure 3 shows mean R profile (+ SD) obtained by
Yamaguchi et al. [3] during formation of an epithe-
lial monolayer. Also shown are the model predictions
of barrier function obtained from Eq. 3 with g = 0.01,

@ Springer

Ry =6x10°Q, R . = 1x 10°Q, along with the bound-
ing predictions obtained by varying R, on either side
of its aforementioned value by 2 x 10% Q. The values of
these three parameters are independently determined by
the data in Fig. 3.

Figure 4 shows Eyg versus time in mice ventilated at zero
PEEP with a range of large tidal volumes from 1.0 to 1.3 ml
obtained from our previous study [25]. These data show an
initial phase of about an hour during which Eyg remained
essentially unchanged, followed by a monotonically increas-
ing phase. These two phases correspond to the initial pla-
teau phase and subsequent monotonically decreasing phase
seen in R for the monolayer system (Fig. 1). Figure 4 also
shows the predictions of the multi-hit computational model
(Egs. 1-8) for V values of 1.0, 1.1, 1.2 and 1.3 ml.

Here we used values of N = 10,000, n,,, =25, and
y = 0.2 as for the in vitro experiment shown in Fig. 2,
while § = 0.01 as for the experiment shown in Fig. 3. We
do know how R in the in vitro system relates to that in a
living mouse so we normalized it for the in vivo situation
such that R_,, = 1 Q, which then dictated that R_;, = 0.23
Q. The data also dictate that Egg petine = 23 cmH,0 ml~,
The value of 0.001 min~! for k., was chosen on the basis
that alveolar fluid clearance has been shown to occur with
a time-constant in the order of 1000 min [26]. A value for
Vierie = 0.9 ml was chosen on the basis that this approaches
the vital capacity of a mouse, and there is evidence that
the lungs may begin to experience damage when inflated
repeatedly to roughly this level [5, 25]. The values of the
final three parameters were determined by trial and error to
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Table 1 Parameters and
variables of the model

Fig.2 Time evolution of R
(mean + SD) measured at 1 kHz
(symbols, from [3]). Predic-
tions by the stochastic model of
barrier repair are shown by the
solid line. The closed circles
show the prediction when y

is forced to be zero. The open
circles show the prediction with
alternate values for n,,,, and p.
(See text for model parameter
values.)

Parameter Units Definition

N (none) Number of epithelial cells in monolayer

Minax (none) Maximum number of attachments per cell

Mproken (none) Number of broken attachments to a cell

R Q Resistance of monolayer

r Q Resistance of single cell

Rin Q Maximum resistance of fully intact monolayer

Riax Q Minimum resistance of fully disrupted monolayer

y (none) Fraction of cell attachments needed to maintain R, ,,
p (none) Parameter controlling probability of breakage of cell attachment
Vr ml Tidal volume

A ml Constant relating Vi and py,..c (Eq. 4)

B mls™! Q7! Constant relating alveolar leak to barrier resistance (Eq. 5)
Vit ml Tidal volume threshold above which injury begins
ERs paseline cmH,0 s ml~! Respiratory system elastance for an uninjured lung

a cmH,0 s mi~> Rate at which Eygincreases with V... (Eq. 8)

p (none) Constant controlling probability of attachment

Kejear min~! Rate constant of alveolar clearance of fluid and debris
v mls™! Flow of material into airspaces

Vijear ml s~} Clearance flow of material from airspaces

V. ml Excess volume of material accumulated in airspaces

excess

See text for the values of the parameter values used in the model simulations; these values were sometimes
different between the monolayer simulation and the VILI simulation because of the different circumstances

involved

10000 ~

8000

6000 -

R(1K) O

4000

2000

I ! g
200 300
Passage number
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Fig.3 Mean R (+SD) measured
at 1 kHz across a cell monolayer
versus the number of bubble
passages forced across the layer
(symbols, from [3]). Predictions
by the multi-hit model of barrier
disruption are shown in the
solid and dashed line (see text
for parameter details)

Fig.4 Respiratory system
elastance versus time in four
groups of mice ventilated for

4 h at a PEEP of zero with tidal
volumes ranging of 1.0 (black),
1.1 (green), 1.2 (blue) and 1.3
(red) ml. The predictions of Eyg
by the computational model
are shown as correspondingly
colored solid lines (see text for
parameter details)

@ Springer
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beA=0.1ml,B=0.Imls' Q 'anda = 1cmH,0 s ml~>.
Since the equations in which A, B and a appear (Egs. 4, 5
and 8, respectively) represent the simplest relationships we
could devise to describe the phenomena concerned, these
three parameters not readily identified with any specific bio-
physical quantities.

The model was simulated with a time step of 1 min, so
the values of py,... (derived from Eqs. 1 and 4) and p,,,,.
corresponded to probabilities of attachment breakage and
reattachment, respectively, per minute. (Here we assume that
RD events take place in the lung with every breath so that
a small amount of injury manifests every minute.) These
model predictions recapitulate the important features of
the data, particularly the delay until obvious VILI starts to
occur, the rapid rise thereafter, and the increase in rate of
VILI increase with increasing Vr.

Finally, we used the model to predict how VILI would
progress if steps were taken to treat an already injured
lung. First, we investigated the effect of instituting protec-
tive mechanical ventilation by letting VILI develop for a
period of time under the same conditions as in Fig. 4 with
Vr=1.3 ml. Tidal volume was then suddenly reduced to a
value less than Vi, at which point, py.,.., fell immediately to
zero and the lung began to heal as a result of the reestablish-
ment of broken cell attachments governed by p,,,,.,- At the
same time, clearance of material from the airspaces, gov-
erned by k., continued. Figure 5SA shows the predictions
of the model when V.- was reduced below Vi, at both 120
and 150 min, the latter case allowing more injury to develop.

Interestingly, Eg continued to rise in both cases for about
30 min following V- reduction before epithelial barrier repair
could bring the continued inflow of plasma-derived mate-
rial under control and the alveolar clearance mechanism was
able to reverse the effects of its accumulation. We also inves-
tigated the benefits of increasing V.; from 0.9 to 1.0 ml and
of increasing k., from 0.001 to 0.002 min~!. In both cases,

clear

the subsequent degree of VILI was reduced (Fig. 5B).

Discussion

Volutrauma and atelectrauma have long been implicated as
underlying the generation of VILI. However, while these
two injury mechanisms are viewed as biophysically distinct,
there is clear evidence that cyclic RD and OD interact syn-
ergistically with each other [5]. This has been explained as
being due to a rich-get-richer mechanism in which initial
cellular damage caused by RD is exacerbated and thus pre-
vented by OD from spontaneously repairing itself [11, 12]
. The consequence of this mechanism is that injury starts
in specific regions of the lung parenchyma and then grows
in both size and severity as it progresses to full-blown
VILI [13]. In the present study, we propose a biophysical

80—A

—— 150 min
- - - 120 min

E

@
Q
= o0
£ 80
N
4
]

— baseline
- - - increased V',
----- increased K,
0 . 1 1 L | L | ' 1
0 100 200 300 400 500

Time (min)

Fig.5 Epg simulated by the computational model during onset
and recovery of VILI over a 500-min period of mechanical ventila-
tion. A Ventilation begins with an injurious tidal volume of 1.3 ml
and is then reduced below Vo, at 120 min (dashed vertical line) and
150 min (solid vertical line). B Starting from a baseline condition
equivalent to the solid line in A (solid line), Vi; was increased from
0.9 to 1.0 ml to give the dashed line, while £, was increased from
0.001 to 0.002 min~! to give the dotted line

clear

explanation for how this happens based on observations of
the way in which epithelial barrier degradation takes place
during simulated atelectrauma in vitro [3]. Borrowing from
the field of cancer pathogenesis [4], the fact that barrier deg-
radation requires a period of repetitive RD before starting
to manifest, and then proceeds quasi-exponentially (Fig. 1),
suggests that multiple independent events must occur before
injury starts to become measurable.

We modeled this process in vitro as due to the disruption
of points of physical attachment between adjacent epithelial
cells in a monolayer and between the cells and their base-
ment membrane (Fig. 1) [8—10]. Of course, the blood-gas
barrier in vivo is comprised of more than just an epithelial
monolayer. Therefore, to extrapolate this concept to VILI
requires that it be generalized to include the degradation of
whatever structural components are key in maintaining the
integrity of the barrier. These additional components include
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the capillary endothelium and the intervening extracellular
matrix, which are anatomically in series with the alveolar
epithelium. All these structures are tightly coupled structur-
ally, however, and indeed it is clear that RD alone, which is
operative only on the alveolar side of the barrier, is capa-
ble of causing alveolar leak. Accordingly, we propose that
RD disrupts structures integral to the blood-gas barrier in a
multi-hit fashion analogous to that described above for the
epithelium in vitro. This concept suggests an explanation for
the synergy between RD and OD; while it is the stresses of
RD that are primarily responsible for disrupting the cell—cell
and cell-substrate adhesions that maintain barrier integrity,
when these adhesions are placed under additional stress by
OD, their failure thresholds to RD stress are correspondingly
reduced. This is represented in the model by having py ...
increase with Vi > V.., through Eqgs. 1 and 4, and it leads
to the same kind of dependence of VILI progression with Vi
that we have previously observed in mice (Fig. 4).

At the same time, if we are to account for the fact that
most ARDS patients eventually recover from the acute life-
threatening stages of this often-lethal condition, it is nec-
essary to include in the model some mechanism by which
barrier function returns to normal. This repair is almost cer-
tainly a complex multi-scale process. At short timescales,
for example, small tears in the epithelial cell membrane
repair themselves spontaneously over minutes [27], likely
representing minor damage that never becomes physiologi-
cally significant. Larger scale damage that reduces barrier
function probably takes much longer to repair, the most
extreme version presumably being when entire sections of
epithelium are destroyed [28]. We have assumed that the
dynamics of this more profound recovery is reflected in the
increase in R observed during the in vitro culturing of cells,
which takes place with a time-constant in the order of 20 h
(Fig. 2). Accordingly, we assigned this mechanism to the
spontaneous repair of disrupted cellular adhesions in our
whole lung model (Fig. 4). If patients are to recover from
ARDS, however, it is not enough merely to repair the bar-
rier; the accumulation of fluid and proteins in the airspaces
that is the principal cause of derangements in lung mechan-
ics must also be cleared [24]. Alveolar fluid clearance has
been shown to differ between men and women [26], and
is driven to a large extent by osmotic gradients created
by ion transport across the epithelium [29] and so is only
fully effective when the epithelium is intact. This suggests
that k., should depend on R. We do not know what this
dependence should be, but our assumption that clearance
is governed by a first-order mechanism (Eq. 4) is clearly an
over-simplification and is meant simply to approximate the
overall dynamics of the process.

The model thus recapitulates both the onset and reso-
lution of VILI, the latter requiring the discontinuation of
injurious ventilation so that the reparative processes have a
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chance to prevail. Obviously, the sooner this step is taken,
the sooner the lung recovers (Fig. SA). Increasing the thresh-
old tidal volume for volutrauma, Vy,,;,, also decreases VILI,
as does increasing the rate at which plasma-derived mate-
rial is cleared from the alveolar spaces (Fig. 5B). It is not
entirely clear how either of these effects might be achieved
medically, but there is some evidence that stem cell therapies
could help by reducing inflammation and promoting heal-
ing [30]. The model therefore provides a tool with which to
investigate the conditions that lead to a favorable balance
of repair over injury (in which case the patient survives), or
alternatively the unfavorable conditions under which repair
cannot get the upper hand (in which case the patient dies).

An interesting feature of the predictions shown in Fig. 5 is
the way that injury, as reflected in Eyg, continues to increase
for a period of time past the point at which V7 is reduced to
a safe level. This is due to the fact that even though damage
to the barrier ceases to progress when V is reduced, influx
of material from the vasculature continues to accrue in the
airspaces until the barrier can be repaired to the point that
ongoing alveolar clearance exceeds influx of new material.
Seah et al. [5] demonstrated a similar phenomenon in mice
that had been ventilated with an injurious regimen to the
point of having developed some degree of VILI; switching
to a previously safe mode of ventilation resulted in continued
VILI progression, albeit it at a slower rate. They concluded
that a mechanical ventilation regimen that does not cause
VILI in the normal lung may no longer be safe when applied
to a lung that is already damaged. The model simulations in
Fig. 5, however, suggest that this interpretation may need
revision; when the originally safe regimen is re-instated, it
may still be safe, but this does not manifest as an improve-
ment in lung function until the barrier has been repaired
sufficiently.

The model we have developed has a number of significant
limitations largely related to its inherent assumptions, the
validity of which must await the arrival of specific experi-
mental data. We assumed that the relationships between
variables such as py,., and V; (Egs. 1 and 4), and Eyg and
Vexcess (EQ. 8) are simple, that the alveolar clearance mecha-
nism is first order (Eq. 6), and that all cells have the same
maximum number of equal-strength attachments.

We further assumed that the probability of a cell attach-
ment breaking increases in inverse proportion to the num-
ber of remaining attachments (Eq. 1). The rationale for this
assumption is that the remaining attachments would have to
bear the stress that was previously shared by a larger number
[31], but the choice of the relationship in Eq. 1 was made
purely on the grounds of simplicity; we do not know if a dif-
ferent relationship would be more appropriate, and indeed
the data to test this possibility do not yet exist as far as we
know. Our model is based on the probability of breaking a
single adhesion attachment—this is simply illustrative of a
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hypothesized mechanism. In fact, more than a single attach-
ment maybe disrupted with each passage, as a function of
the biomechanical stresses and the history of prior damage.
Prior computational modeling suggests that when attach-
ments break, stress on the remaining intact attachments may
in some cases actually decrease [32]. We have been pur-
posely non-specific about exactly what these attachments
are comprised of, other than to suppose that they are some-
how involved in the integrity of the blood-gas barrier. We
also equated the rate of monolayer formation under static
(non-ventilated) conditions to the rate of repair of an injured
monolayer under dynamic (ventilated) conditions.

Finally, we have not built spatial heterogeneity into the
model, except insofar as it arises in the course of stochastic
breakage of cell attachments, because the epithelial cells are
treated as all being identical. Lung injury is typically a very
heterogeneous pathology, so extensions of the model could
include regional variations in the number of cellular attach-
ments and/or the probabilities that they are disrupted by RD
events. For example, reopening stresses should be greater in
smaller airways and alveoli following the Law of Laplace.
Furthermore, surfactant deactivation caused by edema fluid
entering the airspaces should increase the surface tension,
which would, in turn, increase mechanical stress on airways
and alveoli [33] and thus increase pyqu-

These various assumptions were made in the interests of
keeping the model as simple as possible in the absence of
specific evidence to the contrary, yet they amount in many
cases to little more than educated guesses, and so might
best be viewed as a rationalized list of details that need to
be refined through future experimentation.

In conclusion, we have developed a model of how VILI
develops over time under the combined influences of atelec-
trauma and volutrauma. This model incorporates both our
previously articulated rich-get-richer hypothesis and a new
multi-hit hypothesis that explains why VILI appears in a
normal lung only after there has been an initial latent period
of injurious mechanical ventilation. The model recapitulates
the key features of both in vitro measurements of epithe-
lial monolayer barrier function and in vivo measurements
of lung function. The numerous assumptions made in con-
structing the model present targets for further investigation
toward a more detailed understanding of the factors respon-
sible for the generation of and recovery from VILI.
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