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ABSTRACT

Introduction:

During mechanical ventilation, cyclic recruitment and derecruitment (R/D) of alveoli result in focal points of heteroge-
neous stress throughout the lung. In the acutely injured lung, the rates at which alveoli can be recruited or derecruited
may also be altered, requiring longer times at higher pressure levels to be recruited during inspiration, but shorter times
at lower pressure levels to minimize collapse during exhalation. In this study, we used a computational model to simulate
the effects of airway pressure release ventilation (APRV) on acinar recruitment, with varying inspiratory pressure levels
and durations of exhalation.

Materials and Methods:

The computational model consisted of a ventilator pressure source, a distensible breathing circuit, an endotracheal tube,
and a porcine lung consisting of recruited and derecruited zones, as well as a transitional zone capable of intratidal R/D.
Lung injury was simulated by modifying each acinus with an inflation-dependent surface tension. APRV was simu-
lated for an inhalation duration (T'y;,p,) of 4.0 seconds, inspiratory pressures (Py;,,) of 28 and 40 cmH, O, and exhalation
durations (7',,,) ranging from 0.2 to 1.5 seconds.

Results:

Both sustained acinar recruitment and intratidal R/D within the subtree were consistently higher for Py, of 40 cmH,0
vs. 28 cmH, 0, regardless of T,,. Increasing T),, was associated with decreasing sustained acinar recruitment, but
increasing intratidal R/D, within the subtree. Increasing 7', was associated with decreasing elastance of both the total
respiratory system and transitional subtree of the model.

Conclusions:

Our computational model demonstrates the confounding effects of cyclic R/D, sustained recruitment, and parenchymal
strain stiffening on estimates of total lung elastance during APRV. Increasing inspiratory pressures leads to not only
more sustained recruitment of unstable acini but also more intratidal R/D. Our model indicates that higher inspiratory

pressures should be used in conjunction with shorter exhalation times, to avoid increasing intratidal R/D.

INTRODUCTION

Severe trauma is a major problem in combat-related casual-
ties and can progress into acute respiratory distress syndrome
(ARDS), especially for injured military personnel deployed to
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austere combat environments.! Current clinical management
of ARDS is largely supportive and typically includes positive
pressure mechanical ventilation. However, cyclic recruitment
and derecruitment (R/D) of alveoli during mechanical venti-
lation can result in foci of parenchymal stress, from which
inflammation and edema develop and spread.” The result of
these processes is progressive ventilator—induced lung injury
(VILI), which itself can be fatal.

The development and progression of VILI can be signifi-
cantly mitigated through the avoidance of cyclic R/D, as has
been demonstrated both theoretically and experimentally.>~>
Achieving this goal clinically, however, is complicated by
the fact that R/D of any region of the lung is a process that
depends on time as well as on the pressure applied to that
region. This means that even though the applied pressure
to a particular derecruited region might exceed its critical
opening pressure, there is a time lag before it is recruited. Sim-
ilarly, when the applied pressure is released during exhalation,
there is a time lag before the region closes.® Furthermore,
as the lung becomes increasingly injured, longer durations

MILITARY MEDICINE, Vol. 188, November/December Supplement 2023 141

£20Z J8qWIBAON 60 UO Jasn Ajisiaaiun [eolps|y 81eisdn Aq 8€z288¢€//Ly1L/9 uswa|ddng/gg | /a|onie/paw|iw/wod dno-olwspeoe//:sdyy Wwolj papeojumod


https://orcid.org/0000-0001-6969-1223
https://orcid.org/0000-0001-5046-5592
https://orcid.org/0000-0003-0464-237X
https://orcid.org/0000-0002-3211-6337
https://orcid.org/0000-0001-9422-1063
https://orcid.org/0000-0002-4541-4472
https://orcid.org/0000-0003-4378-5242

Sustained vs. Intratidal Recruitment in the Injured Lung During Airway Pressure Release Ventilation

Stable, Aerated

Transitional

Nonaerated

ventilator

circuit

airway opening

trachea

\ stable,
acrated

subtree opening

transitional

2904 airway segments
1452 terminal acini

FIGURE 1. (A) Computational model of the porcine lung airway network (gray) generated from a computed tomography scan and the subset of airways
(black). (B) Computed tomography image of an injured porcine lung in the transverse section, along with its representation of the three different zones:
stable/aerated, transitional, and nonaerated. (C) Complete computational model including a ventilator pressure source, a breathing circuit, an ETT, and
the porcine subset of airways consisting of aerated and nonaerated zones, as well as the transitional zone capable of intratidal R/D. Abbreviations: ETT,

endotracheal tube.

at high pressure during inspiration are required to produce
recruitment, while shorter durations at low pressure during
expiration are required for derecruitment to occur.” The chal-
lenge, therefore, is to adjust the pressure waveforms and
durations of inspiration and expiration, such that the necessary
minute ventilation can be achieved, while at the same time
maximizing the volume of recruited lung and minimizing
cyclic R/D.

This is a challenge that is not easily attained, because of
the complex and spatially distributed nature of various physi-
ologic factors involved. Nevertheless, airway pressure release
ventilation (APRV) has been proposed as a ventilator modal-
ity with the attributes required to achieve the aforementioned
goals.” APRV is a form of positive pressure ventilation that
employs a fixed level of high inspiratory pressure (P;g,) for
an extended duration (7',,;,) with brief expiratory durations
(Toy) at a fixed lower pressure (P, ). During APRV, Ty,
may be 80% to 95% of the total breath period, while T, typ-
ically ranges from 0.4 to 1.0s.® Studies of APRV in animal
models and patients with acute respiratory failure have shown
promising clinical and physiological outcomes.’-'® Neverthe-
less, our understanding of the beneficial effects of APRV has
thus far been limited by the difficulties of studying its mech-
anistic underpinnings in living subjects.!! Accordingly, in the
present study, we investigated the application of APRV to a
porcine model of ARDS using a high-fidelity computational
model in which all physiologic mechanisms are specified and
thus precisely known. This enabled us to determine how var-
ious choices of APRV settings impact regional lung R/D,
as well as overall lung mechanics. Portions of this work
were presented as a poster at the 2022 Military Health Sys-
tem Research Symposium in Orlando, FL, Abstract number
MHSRS-22-07335.

METHODS

The complete computational model used to simulate the
APRYV waveforms in the injured lung is shown in Figure 1. The
computational model was designed to simulate time-varying
fluctuations in gas pressure and flow throughout an anatomi-
cally structured airway tree with subtending viscoelastic acini.
For simplicity, mechanical relationships between gas pressure
and flow throughout the model were described using lumped-
element representations. Further mathematical details of the
simulations can be found in the references cited later. Briefly,
the model consisted of a ventilator pressure source, a disten-
sible breathing circuit,'” an endotracheal tube (ETT),'? and
a porcine lung and chest wall scaled to an approximately
22-kg subject.'* The inspiratory and expiratory breathing cir-
cuit limbs were each assumed to be 1.5m in length, with a
compliance per unit length of 1.2mL cmH,0~! m™' and a
resistance per unit length of 1c¢cmH,0 s L™! m™'. The size
of the ETT was assumed to be 7.0 mm ID, with a nonlin-
ear pressure-flow relationship as described by Cruz et al.'3
The porcine lung itself was divided into anatomically dis-
tinct recruited and derecruited zones, as well as a transitional
zone capable of intratidal R/D. The mechanical properties of
the consistently recruited zone included a lumped-element
representation of the parallel combination of all acini that
remained in an opened state during ventilation, in series with
a lumped-element representation of the resistive and inertial
properties of the airway segments, leading to those recruited
acini.'” The consistently derecruited zone was approximated
with an infinite impedance. The transitional zone consisted
of a three-dimensional subtree of peripheral airway segments
and acini, extracted from a porcine airway tree structure,
as previously described.'* Each airway segment and acinus
were modeled using resistive, inertial, and elastic elements, '°
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FIGURE 2. Modeling acinar recruitment and derecruitment using a virtual trajectory variable 0 < x < 1. During ventilation, = varies according to the
distending pressure (A P) relative to critical opening (APpe,) and closing pressures (AP o). P, is the alveolar pressure (inside the lumen). Py, is the
pressure at the distal end of the parent bronchiole. P, is the pressure from the surroundings or stress applied to the wall. AP, _, is the driving differential
pressure between Py, and P,. AP,_, is the driving differential pressure between P, and Py,. Sqpen and Sgioqc denote rates of opening and closing velocities,

respectively. Modified from Bates and Irvin.®

with mechanisms to approximate constant-phase viscoelastic
tissue impedance,'” time-dependent acinar R/D,° as well as
parenchymal strain-stiffening.'®

Lung injury was simulated by modifying each acinus with
an inflation-dependent surface tension randomly sampled
from a uniform distribution, to mimic varying degrees of sur-
factant dysfunction.'” A numerical solver was implemented
to compute gas pressures and flows at each timepoint dur-
ing the simulation in a manner similar to SPICE solvers,?
by factoring a large, sparse system of equations constructed
via modified nodal analysis. Nonlinear elements were substi-
tuted by linear approximations for each timestep. An adaptive
timestep approach was used to improve numerical stability
and reduce computational costs, resulting in simulated time
increments ranging from 0.010 to 10.0 msec. Within each
iterative timestep, the instantaneous local gas flows and trans-
mural pressures were computed via a numerical solver.?’
Regional gas volumes were obtained from numerical inte-
gration of the corresponding regional gas flows. The local
mechanical properties of the airways and acini, based on the
updated local volumes and geometrical assumptions, were
then determined, including the R/D state for each acinus.?!

Recruitment and derecruitment dynamics were represented
in the model as pressure- and time-dependent phenomena®
that mimicked the transient recruitment responses that have
been observed experimentally.”” Each acinus was associated
with a virtual trajectory variable x that transitioned grad-
ually from a derecruited state (z =0) to a recruited state
(x = 1)—or vice versa—at a rate proportional to the amount
by which the driving pressure exceeded a critical opening or
closing pressure threshold (Fig. 2):

x(t—I—At):x(t)—l-At% (1)

where At is the incremental time step and % is the rate of
change in x given by

dx _ { Sclose <APa7w - APclose) ’ ifA‘Pafw < APclose

E N Sopen (Abea - APopen) ’ ifAbea > A‘Popen
2
Sopen and Sjoq. are speed coefficients for opening and clos-
ing, respectively, AP, ., and AF, are critical opening and

closing pressure thresholds, respectively, AP, _, is the dif-
ference between the pressure in the parent bronchiole lumen
and the pressure in the acinus lumen, and AP,_,, is the dif-
ference between the pressure in the acinus lumen and the
stress in the acinar wall. When an acinus was derecruited, its
recruitment was driven by the pressure differential between
the distal end of its parent airway segment (P})) and the acinar
lumen (P,), and the critical opening pressure differential was
4 cmH,0. When the acinus was recruited, its derecruitment
was driven by the pressure differential between its lumen (P,)
and the stresses imposed on its septal walls (P,,) (i.e., local
transmural pressure). The critical closing pressure differen-
tial was 0cmH,O. Opening and closing rate variables were
randomly sampled from an inverse uniform distribution with
a minimum value of 0.1s™! cmH,0~!. Acini were immedi-
ately derecruited if luminal volume decreased below a limiting
threshold representing the residual gas volume of the acinus.

The original anatomic structure of the porcine model
consisted of 30,959 cylindrical airway segments, with 15,479
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FIGURE 3. (A) Example of the porcine computational lung model under a recruitment maneuver to 40 cmH,O, followed by APRV with Pp;,, = 28 cmH,0,
Thign =4.0sec, T, = 0.5 sec, and transitional to aerated lung volumes = 0.20. The figure shows the first 50 seconds and the last APRV breaths of the simu-
lation. The individual acinar pressures within the subtree are shown in green, while black denotes the ventilator pressure waveform proximal to the breathing
circuit. Flow at the trachea and subtree are shown in blue and red, respectively. Total volume from the ventilator, volume at the trachea, and volume at the
subtree are shown in black, blue, and red, respectively. Acinar recruitment reached 100% during the recruitment maneuver but remains irregular during the
APRV with T, = 0.5 sec. (B) Close up of the same waveforms as in (A), from times 284 to 288 seconds of the simulation. Abbreviations: APRYV, airway

pressure release ventilation.

viscoelastic acini.'* This geometry allowed for different,
albeit limited, options for selecting a specific subsegmental
branch of the airway tree, as well as the size of its subtree.
Simulations required approximately 150 h of computing time
for 300 seconds of simulation time, using 14 threads of a
high-performance computing cluster. Given such a high com-
putational overhead, we selected a transitional subtree with
roughly 10% (1,452 acini) of the total number of viscoelastic
acini in the original model. Model simulations were per-
formed with three different scenarios of varying percentages
of aerated, nonaerated, and transitional compartments com-
prising the total lung volume: scenario [—45% consistently
aerated, 9% transitional, and 46% consistently nonaerated;
scenario II—60% consistently aerated, 9% transitional, and
31% consistently nonaerated; and scenario III—90% consis-
tently aerated, 9% transitional, and 1% consistently nonaer-
ated. Thus, the corresponding ratios of transitional to aerated
(T/A) lung volumes for scenarios I, II, and III were 0.20,
0.15, and 0.10, respectively, progressing through decreasing
severities of lung injury.

The ventilator pressure source of the model simulated
APRV waveforms with Py, of 28 and 40cmH,0, Ty, of
4.0 seconds, P, of 0cmH,0, and T, ranging from 0.2 to
1.5 seconds in 0.1 second increments. These values of Py,
Thigh» Piow» and T, were selected to explore the roles of
parenchymal strain stiffening and R/D in our simulations, as
reported in our recent experimental study in pigs.’ Each sim-
ulation was initiated with a 30 second recruitment maneuver
to 40 cmH, O followed by 60 breaths, each of total duration

Thigh + Ty~ The last five breaths were used to calculate the
percentages of sustained recruitment, as well as intratidal
R/D, in the transitional zone. The estimated “global” elas-
tances of the transitional subtree, as well as the entire porcine
respiratory system comprising the consistently recruited, tran-
sitional, and consistently derecruited compartments of the
lung, were obtained using the multiple linear regression tech-
nique described by Kaczka et al.>* Global resistive and elastic
properties for the subtree and the entire respiratory system
were estimated from the corresponding sampled flow and
pressure waveforms at the subtree root and the trachea, respec-
tively, using the equation of motion,

P=RV+EV+P, A3)

where P, V, and V denote the delivered pressure, flow, and
volume, respectively, at the trachea or subtree root, R is the
resistance, E is the elastance, and P, is the distending pressure
at end expiration. Estimates of the R, E, and P, parameters for
the total respiratory system and subtree were obtained from
the last five APRV breaths for each simulation.

RESULTS

Figure 3 shows example pressure, flow, and volume trac-
ings simulated by the computational model over 50 seconds,
as well as the percentage of acinar recruitment in the tran-
sitional subtree. For this simulation, the ratio of the rel-
ative percentages of transitional and aerated volume (T/A)
was equal to 0.20. The simulation started with all acini of
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FIGURE 4. (A) Sustained acinar recruitment, (B) intratidal R/D, (C) total respiratory E, and (D) subtree E vs. T),,,. Simulations were obtained for Phigh
of 28 (circles) and 40 (triangles) cmH, O for the three different ratios of transitional and aerated zones (T/A). Abbreviations: R/D, cyclic recruitment and

derecruitment.

the subtree derecruited, followed by a recruitment maneu-
ver to 40cmH,O and then cyclic APRV breaths with
Ppigh =28 cmH, 0, Py, = 0cmH,0, T}y, =4.0 seconds, and
T'ow = 0.5 seconds. Note that 100% of the acini in the subtree
were recruited within 2.27 seconds of the ventilator pressure
reaching 40 cmH,O. However, during the APRV breaths, aci-
nar recruitment in the transitional subtree was ongoing during
Tyign» varying between a minimum of 40% at end expiration
and a peak value of about 75% at end inspiration.

Figure 4A shows the sustained acinar recruitment vs. 7',
within the subtree, defined as the percentage of those acini
in the subtree remaining in a consistently opened state dur-
ing APRV (i.e., the percent recruitment within the transi-
tional subtree at end expiration). Simulations are shown for
Ppigh =40cmH,0 and 28 cmH,0 and T/A ratios of 0.20,
0.15, and 0.10. Sustained acinar recruitment in the sub-
tree was consistently higher for Py;,, =40 ¢cmH,0O compared
with 28 cmH, 0, regardless of T, or T/A ratio. However,
for both Py, values, sustained recruitment in the subtree
decreased with increasing T',,. There was essentially no
influence of the T/A ratio on sustained recruitment, regardless
of Py Figure 4B shows the corresponding percentages of
acini within the subtree experiencing intratidal R/D, defined

as the relative number of acini cycling between opened and
closed states during the APRV breaths. The percentage of
intratidal R/D was higher for Py, =40cmH,0 compared
with 28 cmH,0O and increased with increasing T, from
7% to 51% for Py, =28cmH,0, and from 8% to 71%
for Pyjep =40cmH,0. Intratidal R/D was only minimally
affected by T/A ratio.

Figure 4C shows the estimated E of the total respiratory
system vs. T, for Py, =28 and 40 cmH,0, as well as the
three different percentages of aerated, nonaerated, and transi-
tional zones. For all conditions, respiratory E decreased with
increasing 7', with a steeper descent for Py;,, =40 cmH,0
compared with 28 cmH,O. Moreover, respiratory E increased
with the increasing T/A ratio, regardless of Py;,,. For each
T/A ratio, respiratory E was higher for Py;,, =40cmH,0
compared with 28 cmH, O, regardless of 7', .

Figure 4D shows the estimated E of the transitional sub-
tree vs. T, for P, =28 and 40cmH,0, as well as the
three different percentages of aerated, nonaerated, and tran-
sitional zones. Similar to the estimations for the total respi-
ratory system model, the subtree E decreased with increasing
T, for expiratory durations less than about 0.7 seconds. For
both Py, conditions of 40 and 28 cmH,O, the subtree E
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achieved a plateau in T, greater than 0.7 seconds. Above
this level of T',,,,, the subtree E diverged for the two Py, lev-
els, being higher for 28 cmH,0O compared with 40 cmH,O.
However, at each Py, level, the subtree elastance exhibited
no dependence on the T/A ratio.

DISCUSSION

Supportive mechanical ventilation remains the mainstay of
clinical management for many forms of acute lung injury and
respiratory failure, especially in patients who meet the clini-
cal criteria for ARDS. Regardless of etiology, ARDS remains
a major contributor to mortality in critically ill patients.?*
However, if ventilator settings are not appropriate for a given
patient, unintended VILI may arise, further contributing to the
mortality associated with ARDS.?

The pathophysiology of ARDS is often conceptualized
with the aid of compartmentalized representations of the lung,
as shown in Figure 1B. One compartment represents consis-
tently aerated (i.e., recruited) lung tissue, and another com-
partment represents non-recruitable and/or edematous tissue,
while a third compartment represents a “transitional” zone
consisting of tissue that can experience intratidal R/D. Among
various mechanisms postulated to cause VILI in ARDS, the
two principle candidates are (1) overdistension of alveoli
in the consistently aerated compartment (i.e., volutrauma)
and (2) cyclic R/D of alveoli in the transitional compart-
ment (i.e., atelectrauma).?! “Protective” ventilation strategies
in ARDS are designed to minimize volutrauma in the con-
sistently aerated compartment using reduced tidal volumes
or driving pressures while simultaneously providing appro-
priate levels of positive end-expiratory pressure to maintain
lung recruitment in the transitional compartment. This allows
the collapsed tissue to “rest” by keeping it out of the ven-
tilator cycle. However, such protective strategies have not
dramatically lowered mortality in patients with established
ARDS?*26:27 despite their widespread adoption and persis-
tent use in clinical practice. One reason for this disappointing
outcome may be the longitudinal time course of the mechani-
cal derangements in ARDS. That is, as more aerated tissue is
progressively lost to gradual alveolar collapse, more injurious
strain is placed on the parenchyma of the remaining aerated
lung.?® Accordingly, if a progressively shrinking functional
lung is at the core of VILI pathophysiology, then counter-
measures that avoid such shrinkage may improve clinical
outcomes.’

APRYV was first introduced in 1987% as a supportive ven-
tilator modality that essentially provides continuous positive
airway pressure to the airway opening for maintenance of lung
recruitment interspersed with brief periodic interruptions to
guarantee a minimal level of CO, elimination. In contrast to
conventional ventilator modalities that are restricted to ven-
tilating a heterogeneously injured lung and so rely on low
tidal volumes or driving pressures to minimize the potential
for parenchymal overdistention, APRV uses extended inspi-
rations to progressively recruit lung tissue over prolonged

periods of time. Most importantly, APRV employs expira-
tory durations that are short enough such that the recruited
lung does not have enough time to derecruit before inspira-
tion begins again. In this way, APRV has potential to recruit
alveoli and prevent their recollapse with each breath, thus pre-
venting progressive collapse. This inflate (rapid inspiration
from the termination of expiration) and brake (brief expiratory
duration preventing alveolar recollapse) effectively “ratchets”
open small volumes of lung with each breath slowly recruiting
the entire lung over a period of hours,” similar to the method
the full-term newborn uses to “ratchet” open their collapsed
and fluid filled lungs at birth.*® However, the appropriate
APRV settings to apply to a given patient remain a matter of
contention.?!

In this study, we used a computational model to simu-
late how the APRV parameters Py;,, and T, influence the
dynamic acinar recruitment patterns in the transitional zone
of the lung. The model is based on realistic airway anatomy,
accounts for both the pressure and time dependencies of R/D,
and produces ventilator waveforms strongly reminiscent of
those observed clinically (Fig. 3). The model also simulates
the dynamic state of lung recruitment, which enabled us to
show that for a given Py, decreasing 7', increased the sus-
tained recruitment of unstable acini and thus reduced intrati-
dal R/D (Fig. 4A and B). These recruitment patterns were
independent of the relative amounts of consistently recruited
and derecruited lung tissue (i.e., the T/A ratio). Increasing
Pyign also increased the sustained recruitment of unstable
acini (Fig. 4A), but at the expense of an increase in intratidal
R/D, especially as T, increased (Fig. 4B). Since intrati-
dal R/D is recognized as a key contributor to atelectrauma
and VILI, our simulations thus suggest that the most critical
APRV parameter is 7). Regardless of the value of Py,
T, should be kept as low as physiologically permissible,
permitting only just enough exhaled volume to maintain ade-
quate CO, elimination and no more. Nonetheless, 7', should
remain sufficiently brief to prevent atelectrauma induced by
large increases in intratidal R/D.

As expected, estimates of total respiratory system E at a
given Py, increased with the increasing T/A ratio (Fig. 4C),
consistent with reductions in aerated volume and the amount
of functional lung tissue in communication with the air-
way opening (i.e., the “baby lung”). Moreover, for a given
T/A ratio, increasing Py;,, from 28 to 40cmH,O resulted
in increased E at all values of T,,,, consistent with the
strain stiffening of the parenchymal tissues that was incor-
porated into our model.'® Similarly, the apparent elastances
of both the total porcine respiratory system and the subtree
decreased with increasing T, regardless of Py, or T/A
ratio (Fig. 4C and D), consistent with a greater fraction of
the recruited acini being on a flatter portion of their pressure—
volume curves throughout the breathing cycle.'® Thus, the
improvements in sustained lung recruitment with decreas-
ing T, resulted in higher acinar distending pressures and
thus higher E. On the other hand, higher Py, also resulted
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in increased R/D (Fig. 4B) because higher inspiratory pres-
sures recruit more severely injured acini that tend to have
faster rates of collapse. Our model simulations thus suggest
that higher inspiratory pressures should be used in conjunc-
tion with shorter exhalation times to avoid increasing the
damaging effects of intratidal R/D.

The computational modeling and simulation study pre-
sented here offer several insights into the mechanical prop-
erties and dynamics of recruitment of the acutely injured
lung during APRV. Nonetheless, our study does have a num-
ber of limitations. First, a porcine structure was used for
our simulations,'* given our previously acquired data on
regional mechanics using computed tomography imaging in
pig lungs.'!+32:33 Moreover, the pig lung is sufficiently large in
size, such that its mechanical properties are similar enough to
those of human lungs for these results to be relevant for clini-
cal applications. In addition, we used an empiric model of R/D
dynamics® and thus did not distinguish between cyclic acinar
collapse and axial movement of liquid plugs along small air-
ways, which may also be an important contributor to apparent
intratidal recruitment. The effects of parenchymal interdepen-
dence among the acini in our subtree were also not accounted
for in these simulations.** Such mechanical interdependence
may strongly influence R/D dynamics and result in the clus-
tering of “stress concentrators,” further contributing to VILI.?
Other factors of course may also contribute to VILI, such as
barotrauma as well as heart/lung interactions. Moreover, as an
investigation solely on the influence of APRV on respiratory
mechanics and recruitment patterns, our study did not con-
sider the effects of APRV on hemodynamics, gas exchange, or
ventilation-to-perfusion matching. Finally, while we did con-
sider different severities of lung injury based on the level of
sustained derecruitment, we did not account for time-varying
changes in the mechanical properties of the model over long
durations, as may be seen over the course of hours or days
in patients with ARDS.” Such time-varying changes could
potentially be incorporated into the mechanical properties of
the model, which would allow for real-time adjustments in
the APRV settings. While such “long-duration” simulations
of mechanical ventilation are computationally prohibitive at
the present time, they will certainly become feasible in the
future as processing speed improves.

In conclusion, these simulations using an anatomically
based computational model of the ventilated injured lung
demonstrate the confounding effects of cyclic R/D, sustained
recruitment, and parenchymal strain stiffening on estimates
of global and regional elastance during APRV. Minimally
injurious ventilation strategies thus cannot be based simply
on minimizing lung elastance; one must consider compet-
ing physiologic phenomena when choosing ventilator settings
for a given patient. Moreover, a major difference between
the current protective ventilation strategies and APRV is that
the former is constrained to ventilating a heterogeneously
injured lung, whereas the latter recruits the entire lung over
a period of hours, allowing the possibility of repair during its

naturally inflated state. Determination of the least injurious
APRYV settings, however, is a significant challenge given the
complexities of the various factors involved. Our model has
the potential to play a valuable role in guiding such decisions,
particularly when combined with patient-specific evidence of
R/D and parenchymal strain stiffening.'!-%3
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