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Predictive Modeling Report

Atelectrauma Versus Volutrauma:  
A Tale of Two Time-Constants

Jason H. T. Bates, PhD, DSc, ATSF1; Donald P. Gaver, PhD2; Nader M. Habashi, MD3; Gary F. Nieman, BA4

Objectives: Elucidate how the degree of ventilator-induced lung 
injury due to atelectrauma that is produced in the injured lung during 
mechanical ventilation is determined by both the timing and magni-
tude of the airway pressure profile.
Design: A computational model of the injured lung provides a plat-
form for exploring how mechanical ventilation parameters potentially 
modulate atelectrauma and volutrauma. This model incorporates the 
time dependence of lung recruitment and derecruitment, and the 
time-constant of lung emptying during expiration as determined by 
overall compliance and resistance of the respiratory system.
Setting: Computational model.
Subjects: Simulated scenarios representing patients with both nor-
mal and acutely injured lungs.
Measurements and Main Results: Protective low-tidal volume venti-
lation (Low-Vt) of the simulated injured lung avoided atelectrauma 
through the elevation of positive end-expiratory pressure while main-
taining fixed tidal volume and driving pressure. In contrast, airway 
pressure release ventilation avoided atelectrauma by incorporating 
a very brief expiratory duration (Tlow) that both prevents enough time 
for derecruitment and limits the minimum alveolar pressure prior to 
inspiration. Model simulations demonstrated that Tlow has an effective 
threshold value below which airway pressure release ventilation is 
safe from atelectrauma while maintaining a tidal volume and driving 
pressure comparable with those of Low-Vt. This threshold is strongly 
influenced by the time-constant of lung-emptying.
Conclusions: Low-Vt and airway pressure release ventilation represent 
markedly different strategies for the avoidance of ventilator-induced 

lung injury, primarily involving the manipulation of positive end-expira-
tory pressure and Tlow, respectively. Tlow can be based on exhalation 
flow values, which may provide a patient-specific approach to protec-
tive ventilation.
Key Words: acute respiratory distress syndrome; computational 
model; lung elastance; mechanical ventilation; recruitment and 
derecruitment; ventilator-induced lung injury; volutrauma

Ever since the publication of the acute respiratory distress 
syndrome (ARDS) net trial of low tidal volume (Vt) venti-
lation, the critical care community in the United States has 

been dominated by the notion that a Vt of 6-mL/kg ideal body 
weight should be used in ARDS (1). However, this prescription 
has not been adopted universally without reservation. The rea-
son for this is not simply lack of attention to the message by the 
medical community. The ARDS network trial compared only two 
interventions—a Vt of 6 versus 12 mL/kg—and thus, it cannot 
possibly have settled on the global optimum. In addition, even if 
it had, what is best for the population on average may be very far 
from best for an individual patient when it comes to a condition 
as heterogeneous as ARDS (2). In the face of these obvious short-
comings, the search for the best way to ventilate ARDS patients 
continues.

Motivated by the above considerations, numerous studies have 
sought to optimize various aspects of the mechanically ventilated 
breath, including the choice of positive end-expiratory pressure 
(PEEP), minimization of driving pressure, and use of extremely 
small Vt in high-frequency oscillatory ventilation (3–5). None 
of these approaches has reduced mortality in large clinical trials. 
Indeed, the only recent addition to the evidence-based manage-
ment of ARDS is prone-positioning (6), which is a manipulation of 
the lung itself rather than of ventilation strategy. Such a paucity of 
positive outcomes is curious given how much is apparently under-
stood about the mechanistic underpinnings of ventilator-induced 
lung injury (VILI). In particular, it is well accepted that breath-by-
breath recruitment of closed lung units is extremely damaging to the 
lung parenchyma (7, 8) and that this can be mitigated by PEEP (5, 9),  
so why is the choice of PEEP still not firmly evidence based? We 
therefore ask the following questions:
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1) What has been missed in the search for the level of PEEP that 
minimizes VILI?

2) What other ventilation parameters can provide patient-specific 
means for protective ventilation?

The premise of the present study is that the answers to these ques-
tions lie in the dynamic nature of lung recruitment and derecruit-
ment. That is, recruitment and derecruitment do not occur as soon 
as pressure thresholds have been crossed; they take time to manifest, 
and the amount of time required depends on the nature and degree 
of lung injury in addition to the applied airway pressure (1, 10). This 
means that the fraction of the lung that is open at any point in time 
is determined not only by the current pressure but also by its recent 
history, which is defined by the prior pattern of ventilation (11, 12). 
However, alveolar ventilation is determined by an airway pressure 
profile acting on the mechanical properties of the lung, which them-
selves change with recruitment and derecruitment (12). Therefore, 
intrabreath changes in the fraction of open lung, which are what give 
rise to atelectrauma, are determined by two interacting time-depen-
dent processes. These processes are governed by two time-constants:

1) The respiratory system time-constant, τ rs , accounting for pas-
sive emptying of the lungs during expiration.

2) The recruitment and derecruitment time-constant, τR D/ , 
accounting for the rate of opening and closing of lung units, 
that is associated with atelectrauma.

In this article, we develop a first-order model of lung mechan-
ics that encapsulates both these processes in order to investigate 
how they interact, the goal being to identify conditions under 
which atelectrauma and/or volutrauma might be minimized.

MATERIALS AND METHODS
Following Hamlington et al (13), we represent the lung as a 
single alveolar compartment that can expand in two orthogo-
nal directions, as illustrated in Figure 1. Vertical expansion 
corresponds to distension of the open lung, whereas horizontal 
expansion corresponds to an increase in the open lung fraction 
(i.e., recruitment of closed lung units). Parameters of this model 
are provided in Table 1.

The intrinsic mechanical properties of the respiratory system 
tissues are represented by a spring with stiffness E fr . The elastance 
of the respiratory system, Ers, is equal to E fr  when the lung is fully 
recruited. As the lung derecruits, its open fraction, fopen, becomes 
less than unity. This causes Ers to increase above E fr  according to 
E E frs fr open= / . The alveolar compartment is served by a conduit 
representing respiratory system resistance Rrs. This resistance con-
tains a component from the lung and chest wall tissues as well 
as the airways themselves (14), but in a mechanically ventilated 
patient, the effective value of Rrs includes significant contributions 
from the endotracheal tube and the ventilator circuit, which are 

Figure 1. Model schematic and example behavior.  A, Single-compartment model of the lung; the alveolar compartment expands vertically to represent tissue 
distension and horizontally to represent recruitment. B, Simulated profiles of airway pressure and flow during pressure-controlled low-Vt ventilation (solid lines) 
and airway pressure release ventilation (dashed lines).
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not affected by recruitment and derecruitment. Accordingly, we 
assume in our model that Rrs remains fixed regardless of the state 
of the lung. The time-constant of the respiratory system that gov-
erns how rapidly the patent regions of the lung empty during pas-
sive expiration is given by τ rs rs rsR E= / , which shows that the time 
required for lung deflation decreases as Ers increases.

The rate at which the model recruits and derecruits is governed 
by the two parameters ER D/  and RR D/  that together determine a time-
constant of recruitment and derecruitment, τR D R D R DR E/ / //= .  
If airway pressure is held constant, it will eventually equilibrate 
with alveolar pressures, and the fraction of open lung will eventu-
ally approximate a steady-state value determined by the stiffness 
ER D/  of the horizontal spring in Figure 1A. The horizontal dashpot 

with resistance RR D/  in Figure 1A prevents the steady-state open 
fraction from being attained immediately following a change in 
airway pressure and is related to the resistance provided by the 
motion of a plug of airway fluid or the peeling open of a collapsed 
airway that is required for airflow (15). Instead, the steady-state 
value is approached asymptotically as the dashpot slides under 
the force exerted by the spring. ER D/  and RR D/  together thus imbue 
the model with dynamic recruitment/derecruitment behavior, 
whereby the fraction of open lung at any point in time is deter-
mined by prior excursions in alveolar pressure, in addition to its 
current value. Note that the time taken for the dashpot to approach 
its steady-state value may be substantially longer than the duration 
of a single breath, depending on the value of τR D/ .

Although the model is represented as having a single alveolar 
compartment in Figure 1, this compartment corresponds to a dis-
tribution of alveolar units each of which is either open or closed 
at any point in time. Those units that are open are distended to an 
identical extent by alveolar pressure, but the number of open units 
changes with time as recruitment or derecruitment occurs. It is 
well accepted that the pressure that causes a closed lung unit to 
open during inflation is higher than the pressure at which it closes 
during a subsequent expiration (16). In the interests of keeping 
the model of the present study as simple as possible, however, we 
assume here that the opening and closing pressures are equal to a 
single critical pressure, Pcrit , that determines whether the steady-
state condition of a particular lung unit is to be open or closed at 
the current value of airway pressure, P t( ). Thus, if a unit is closed 
and P t Pcrit( ) > , then the unit will start to open, and conversely, if 
the unit is open and P t Pcrit( ) < , then the unit will start to close. 
Following our previous modeling work and that of others (12, 16), 
we assume that Pcrit  is a Gaussian function of airway pressure with 
mean µ and sd σ . The mean of the Gaussian, µ( )t , varies with lung 
injury, increasing monotonically with surface tension at the air-
liquid interface (i.e., with the increasing surfactant dysfunction 
that accompanies VILI) (17).

We simulated mechanical ventilation by driving the model 
with a prescribed airway pressure profile, P t( ), producing a calcu-
lated airway flow profile, �V t( ). Two modes of protective mechani-
cal ventilation, both delivered at a rate of 12 breaths/min, were 
investigated with this model:

1) Low tidal volume ventilation (Low-Vt) generated using a ramp in 
airway pressure during inspiration and an inspiratory:expiratory 
ratio of 1:2. A set value of PEEP was used to maintain airway/
alveolar patency at end-expiration, whereas peak airway pres-
sure was adjusted to target a desired Vt.

2) Airway pressure release ventilation (APRV) in which pressure 
has a defined maximum airway pressure (Phigh) applied over the 
duration (Thigh) with a short exhalation defined by the duration 
(Tlow) over which a constant low pressure (Plow) is applied with 
no applied PEEP. Tlow is the key parameter that may be tuned 
based on a measured expiratory flow profile to maintain air-
way/alveolar patency.

The two modes of ventilation were thus adjusted to be as com-
parable as possible, although this is impossible in every respect 
(e.g., compared with Low-VT, APRV had a somewhat greater 

TABLE 1. Description of Symbols  
and Acronyms

Symbol Description

ARDS Acute respiratory distress syndrome

VILI Ventilator-induced lung injury

PEEP Positive end-expiratory pressure

P t( ) Airway pressure

�V t( ) Airway flow

Vt Tidal volume

Low-Vt Low tidal volume ventilation

APRV Airway pressure release ventilation

Efr Elastance of the respiratory system when the lung is 
fully recruited 

E trs( ) Elastance of the respiratory system at any level of 
recruitment

ER D/ Elastance associated with recruitment and 
decrecruitment

Rrs Resistance of respiratory system

RR D/ Resistance associated with recruitment and 
decrecruitment

τ rs Time-constant of patent region of respiratory system 
(Rrs/Ers)

τR D/ Time-constant associated with recruitment and 
derecruitment (RR D/ /ER D/ )

fopen Fraction of open (nonderecruited) lung

Iatelec Atelectrauma index (change in fopen during a breath)

Pdrive Driving pressure (difference between end-inspiratory 
and end-expiratory pressures)

Pcrit Critical airway pressure for recruitment and 
derecruitment

µ Mean of Gaussian distribution of Pcrit values 
throughout the lung

σ sd of Gaussian distribution of Pcrit values throughout 
the lung
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mean airway pressure because of its greater inspiratory duration). 
We explore these modes and how they affect the level of atelectasis 
in a time-dependent breath-by-breath analysis.

Examples of simulated airway flow and pressure waveforms 
with each mode are shown in Figure 1B. Each simulation was ini-
tialized with the lung fully open (open fraction = 1.0) and was 
continued until the model reached steady state (which took only a 
few breaths in each case). Once steady state had been reached, we 
calculated tidal volume (Vt) as well as the driving pressure (Pdrive)  
given by the difference between end-inspiratory and end-expi-
ratory alveolar pressures. As a measure of the rate of formation  
of atelectrauma, we calculated an atelectrauma index (Iatelec)  
defined as the total change in the fraction of open lung taking 
place per breath.

The equations defining the model are given in the Supplement 
Digital Content (http://links.lww.com/CCX/A453). The five 
free parameters in the model are E fr , Rrs, µ, σ , and τR D/  (Table 1). 
When these parameters are given the values E fr  = 20 cm H2O.mL–1,  
Rrs = 15 cm H2O.s.mL–1, µ = 2 cm H2O, σ = 6 cm H2O, and τR D/  = 10 s,  
the model is able to recapitulate our previously observed the dynam-
ics of recruitment and derecruitment in normal mice. We mod-
eled an ARDS lung by increasing µ to 7.5 cm H2O, which produces 
behavior corresponding to mice receiving intratracheal instilla-
tions of hydrochloric acid to simulate aspiration injury (10, 12),  
as illustrated by E trs ( ) as a function of PEEP in Figure 2.

In order to model mechanically ventilated patients, we used the 
human scale value of E fr  = 10 cm H2O.L–1 to represent the elastance 
of a typical fully open adult human respiratory system. We thus 
assumed that any increases in elastance (decreases in compliance) 
due to lung injury occurred entirely as a result of lung derecruit-
ment. We also used Rrs = 15 cm H2O.s.L–1 to represent the total 
series flow resistance of the airway tree, the endotracheal tube, 
and the ventilator tubing. This gave a time-constant for empty-
ing of the respiratory system during expiration of τ rs  = 1.5 s when 
the lung was fully open. There is little in the literature to guide 
the choice of τR D/  in humans, however, so we performed simula-
tions using both τR D/ = 10 s derived from the above mouse data as 
well as the shorter time-constant of τR D/  = 2 s based on previous 
experimental observations in a rat model of lung injury created 
by lavage (1). Per the above calibration of the model in our previ-
ous mouse study (12), we modeled the normal human lung using  
µ = 2 cm H2O and σ  = 6 cm H2O, with µ = 7.5 cm H2O to simu-
late lung injury. Since these studies involve only a computational 
model, no ethics review of the protocol was required.

RESULTS
The primary adjustable parameter in Low-Vt is PEEP, since the 
value of PEEP determines the plateau airway pressure via the 
requirement to achieve a particular Vt. Accordingly, we deter-
mined Iatelec , Pdrive, and Vt as PEEP increased from 5 to 25 cm H2O 
when the model was ventilated with Low-Vt ventilation. At the 
same time, the plateau airway pressure increased from 15 to 35 cm 
H2O so that Vt remained close to 400 mL in all cases. Figure 3 
shows Iatelec , Pdrive, and Vt versus PEEP for slow (τR D/  = 10 s) and 
rapid (τR D/  = 2 s) rates of recruitment for both a healthy lung 
(dashed lines) and an injured lung (solid lines). In both cases, Pdrive 

and Vt remain roughly constant with PEEP above about 20 cm 
H2O. As PEEP decreases below this level, the increasing degree 
of derecruitment causes Pdrive to increase and Vt to decrease mod-
estly. Iatelec, on the other hand, is highly PEEP-dependent, being 
close to zero above about 20 cm H2O but increasing dramatically 
as PEEP descends to impinge on the Gaussian distribution of Pcrit  
values. Note that Iatelec  is also strongly dependent on τR D/ ; shorter 
time-constants allow for more intratidal recruitment and dere-
cruitment to occur within the breath.

We also explored Iatelec , Pdrive, and Vt when the model was venti-
lated with APRV, which is characterized by four parameters—the 
duration (Thigh) at which a constant inspiratory pressure (Thigh) is 
applied to the airways to inflate the lungs and the duration (Tlow) 
at which a constant low pressure (Plow) is applied to the airways to 
allow for expiration to occur (as exemplified in Fig. 1B). It is typi-
cal to set Plow  = 0, because this maximizes the pressure drop that 
drives expiratory flow and thus maximizes minute ventilation, 
but the remaining three parameters are all subject to adjustment. 
During weaning, for example, Phigh is progressively decreased 
while Thigh  is progressively increased (18). Arguably, the parameter 

Figure 2. Calibration of model to experimental data. A, Respiratory system 
elastance versus time in mice following recruitment maneuvers given at t = 0 
at three different positive end-expiratory pressure (PEEP) levels (adapted from 
a previous study [10] with permission from the American Physiologic Society). 
Open symbols: baseline conditions; closed symbols: lung injury; circles: PEEP 
= 1 cm H2O; squares: PEEP = 3 cm H2O; triangles: PEEP = 6 cm H2O. B, 
Elastance profiles simulated using the model. Solid lines: baseline conditions; 
dashed lines: lung injury.
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most critically in need of careful attention, however, is Tlow, which 
keeps expiration brief. Tlow can be as low as 0.2 s when APRV is 
first applied to lungs that are severely injured and can increase 
somewhat as they become inflated and stabilized (19, 20). As a 
rule of thumb, Tlow should rarely exceed about 0.5 s, although the 
specific value should be set in a patient-specific manner based on 
the exhalation flow profile to prevent derecruitment and the asso-
ciated damage from atelectrauma that occurs with rerecruitment.

To explore the critical nature of Tlow, we repeated a similar set of 
simulation experiments as in Figure 2 but this time determining 
how Iatelec , Pdrive

, and Vt varied as Tlow was varied between 0.2 and 
2.0 s, again for τR D/  = 10 and 2 s and for a healthy (dashed lines) 
and an injured (solid lines) lung. The results in Figure 4 show that 
Iatelec , Pdrive, and Vt all exhibit strong positive dependencies on Tlow.

Finally, we examined how the potential for atelectrauma dur-
ing APRV is affected by the rate of lung emptying governed by 
value of τ rs , given by the ratio of Ers to Raw. The baseline value of  
τ rs  = 1.5 s used in the above simulations represents what one might 
expect in a typical ventilated patient, but we explored the effect 
of its reduction by, for example, the absence of an endotracheal 
tube as might be the case during noninvasive ventilation. Figure 5  
shows that Iatelec  increases substantially as τ rs  decreases and the 
lungs empty more rapidly duration expiration. These differences 
are greatest in relative terms at low values of Tlow but are essentially 
unaffected in relative terms by the value of τR D/ . In absolute terms, 
however, Iatelec  has a substantial inverse dependence on τR D/  as is 

seen in Figure 4. Thus, the degree of atelectrauma produced in the 
injured lung during a fixed pattern of APRV is largely dictated by 
the two time-constants τR D/  and τ rs .

DISCUSSION
The search for better ways to ventilate patients with ARDS has been 
an ongoing focus of critical care research for decades, with the 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
pandemic only increasing motivation to improve upon current 
approaches (21, 22). It seems self-evident that this search will be 
most efficient if it is based on an understanding of the biophysi-
cal mechanisms that give rise to VILI, the primary evil afflicting 
the ventilated ARDS patient. Ideally, one would like to identify 
the most clinically advantageous ventilation strategy for a given 
patient. Despite its obvious appeal, however, personalized ventila-
tion for ARDS has so far proven elusive, presumably because key 
aspects of how ventilators cause VILI have yet to be taken into 
account in a quantifiable manner to design optimal ventilation 
strategies.

We hypothesize that critical among the missing considerations is 
recognition of the importance of the dynamic nature of recruitment 
and derectruitment. That is, collapse of alveoli and small airways 
in the injured lung is not only determined by the applied inflation 
pressure; collapse takes time to manifest, and the rate at which it 
manifests varies with the nature and severity of lung injury (10).  

Figure 3. Atelectrauma index (Iatelec), driving pressure (Pdriving), and tidal volume as a function of positive end-expiratory pressure (PEEP) for Low-Vt ventilation for 
(A) τR/D  = 10 s and (B) τR/D  = 2 s. Peak airway pressure was 10 cm H2O above PEEP in all cases. Dashed lines: healthy lung; solid lines: injured lung. Note that 
Iatelec remains relatively high until PEEP reaches approximately 15 cm H2O.
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This means that atelectrauma, perhaps the most insidious of VILI 
mechanisms (8, 23), depends not only on the pressure and vol-
umes that are applied to the lungs during mechanical ventilation 
but also on how these pressure and volumes vary with time.

In the current study, we present a simple mathematical model 
of lung mechanics that incorporates the temporal nature of 
recruitment and derecruitment. We set the physiologic param-
eters (functional residual capacity, Rrs, and Erf ) of the model to 
correspond approximately to a 70-kg human patient connected 
to a standard ventilator circuit. We imposed acute lung injury on 
the model by increasing the mean of the critical opening/clos-
ing pressure distribution (μ) so that the model mimicked time 
courses of respiratory system elastance observed experimentally 
during derecruitability tests (Fig. 2A). This allowed us to explore 
how two canonical modes of mechanical ventilation, Low-Vt and 
APRV, are compared in terms of measures of intratidal recruit-
ment (Iatelec) and tissue distension (Vt and Pdrive. Our results show 
that Low-Vt and APRV can each avoid atelectrauma if their 
respective parameters are chosen appropriately, but the strategies 
employed are very different. For the particular example of lung 
injury examined here (simulated by increasing µ from 2 to 7.5 cm 
H2O), similar reductions in Iatelec  are achieved if PEEP is elevated 
to about 15 cm H2O in the case of Low-Vt, and if Tlow is reduced 
to about 0.5 s in the case of APRV (Figs. 3 and 4, respectively). Vt, 
Pdrive, and mean airway pressure are similar at these two respective 
thresholds implying that, under the particular injury condition we 

have simulated here, the two modes of mechanical ventilation are 
essentially equal in their abilities to avoid VILI.

The above results might seem to suggest Low-Vt and APRV 
can each be set so as to achieve similar levels of avoidance of both 
atelectrauma and volutrauma. The situation is not quite this sim-
ple, however, because of the following tradeoffs:

1) Low-Vt: Figure  3 shows that further reductions in Iatelec  can 
be achieved with Low-Vt without incurring an increase in 
Vt by increasing PEEP above 15 cm H2O. However, if PEEP is 
increased to the point that lung volume starts to impinge on the 
upper curvilinear portion of the pressure-volume curve of the 
respiratory system, this may come at the expense of an increase 
in mean intrathoracic pressure.

2) APRV: Figure 4 shows that further reductions in Iatelec  can be 
achieved with APRV by decreasing Tlow below 0.5 s, but at the 
expense of a reduced Vt (and hence minute ventilation).

The implications of these differences depend on which of atel-
ectrauma versus volutrauma is considered to be the principle cul-
prit behind VILI and also on hemodynamic factors that might be 
impacted by high intrathoracic pressures.

In addition, Crotti et al (16) have shown that the values of mean 
and sd of opening and closing pressure distributions in the injured 
lung are hugely variable between the patients. For example, in 
those cases where these distributions do not extend up to exces-
sively high pressures, the plateau pressures resulting from the PEEP 

Figure 4. Atelectrauma index (Iatelec), driving pressure (Pdriving), and tidal volume as a function of Tlow  for low-Vt ventilation for (A) τR/D  = 10 s and (B) τR/D  = 2 s. 
Peak airway pressure was 10 cm H2O above positive end-expiratory pressure in all cases. Dashed lines: healthy lung; solid lines: injured lung. Note that Iatelec is 
low until Tlow  reaches approximately 0.5 s, after which it rises dramatically as Tlow  is further increased.



Predictive Modeling Report

Critical Care Explorations www.ccejournal.org 7

required to avoid atelectrauma with Low-Vt may pose no danger 
to the patient. However, this may not be the case in the cases of very 
severe lung injury in which the opening pressures can extend to 
well above 20 cm H2O (16). In such a case, the use of APRV may be 
advantageous if it can be employed with a Phigh that is substantially 
lower than the plateau pressure required of Low-Vt.

Figures  3 and 4 also highlight the potential dangers of both 
Low-Vt and APRV. Obviously, using excessive peak airway pres-
sures in either mode of ventilation poses risk of causing mechani-
cal damage to the lungs. What is also clear, however, is that both 
modes have the potential to cause substantial atelectrauma due to 
significant intratidal recruitment and derecruitment (23).

In the case of Low-Vt (Fig.  3), this risk increases as PEEP 
decreases, because it allows for an increasing fraction of the lung 
to derecruit during expiration, only to be forced to recruit again 
during the subsequent inspiration. Because the duration of expira-
tion in Low-Vt is invariably a few seconds or more, there is usu-
ally plenty of time for derecruitment to occur even though, as we 
have established, this is a process that does not take place immedi-
ately upon the lowering of airway pressure.

In contrast, the dangers of atelectrauma with APRV manifest 
when Tlow increases (Fig. 4), because this allows more time for dere-
cruitment to occur. Furthermore, since the rate of derecruitment 
depends on how far airway pressure has been allowed to fall below 

the critical closing pressure (10–12), the rapid emptying of the lungs 
during the early stages of Tlow mitigates in favor of rapid derecruit-
ment. Thus, as demonstrated in Figure 4, although short durations of 
Tlow (below about 0.5 s) can protect against atelectrauma, lengthening 
Tlow by a relatively small amount above the safe range rapidly leads to 
large values of Iatelec and thus substantial atelectrauma. Studies with 
porcine models of ARDS provide dramatic confirmation of these 
model predictions (16) and support the potential for personalized 
mechanical ventilation based on targeting end-expiratory flows.

The above considerations might be taken as a support for the 
practice of keeping Tlow in the region of half a second when apply-
ing APRV. However, as Figure 5 makes clear, this is the only case 
when the combined resistance of an endotracheal tube and its 
associated ventilator tubing elevates the time-constant of lung 
emptying from its normal value of 0.5 s or less in a free-breathing 
human to the 1.5 s τ rs  we have assumed here for the ventilated 
patient. Slowing the rate of emptying slows the rate at which dere-
cruitment occurs throughout Tlow, but it also reduces minute ven-
tilation, an effect that is relatively insensitive to the rate at which 
derecruitment occurs as governed by τR D/  (Fig. 5).

Another very important clinical source of variation in τ rs arises 
from the changes in lung compliance that take place as the mechani-
cal status of the lung changes over time. In particular, when severely 
injured patients are first intubated and started on mechanical ven-
tilation, their lungs may be very stiff due to a high degree of dere-
cruitment and so τ rs may be small. If the patient is being ventilated 
with APRV, they will require a very short Tlow, possibly substantially 
less than 0.5 s, in order to avoid high values of Iatelec, as illustrated 
in Figure 5. If Low-Vt is being employed, the patient will require a 
high airway plateau pressure in order to deliver the target Vt. Once 
mechanical ventilation is underway, the lungs often become pro-
gressively more compliant as derecruited regions open up. This pro-
cess can take hours and is not incorporated into the computational 
model of the present study, but it causes τ rs to increase. Tlow can then 
be lengthened accordingly in the case of APRV, or inflation pressure 
reduced if Low-Vt is being used. In either case, this highlights the 
importance of allowing mechanical ventilation to be adaptable so 
that ventilation parameters can be adjusted in the face of changing 
lung mechanics (19, 24, 25).

The results of our model analysis thus point to significant dif-
ferences in the way that Low-Vt versus APRV can be used to 
manage the potential mechanisms of VILI. Which mode is more 
advantageous depends on the particular dynamics and pressure 
dependencies of recruitment and derecruitment that pertain to a 
given patient, since both characteristics vary substantially with the 
nature and severity of lung injury (10, 16). Accordingly, the practi-
cal implementation of a personalized ventilation strategy is almost 
certainly going to rely on a means of accurately determining these 
characteristics in a patient-specific manner. If this was done using 
either the capability of modern ventilators to estimate lung mechan-
ics or alternatively an ancillary technique such as oscillometry to 
measure respiratory system impedance (26), the model we present 
here could potentially be fit to the mechanical characteristics of a 
given patient. The model could then be interrogated computation-
ally by subjecting it to a wide range of ventilatory regimens and 
identifying the least injurious strategy for the patient in question.

Figure 5. Model predictions of the atelectrauma index (Iatelec) as a function 
of Tlow  during ventilation of the injured lung with airway pressure release 
ventilation for (A) τR/D  = 10 s and (B) τR/D  = 2 s, showing the effects of 
reducing the time-constant of emptying of the lung achieved by varying airway 
resistance (Raw).
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Nevertheless, our model has some immediate implications for 
the management of ARDS patients, including those whose primary 
affliction is infection with the SARS-CoV-2 virus. Reports are that 
at least some of these patients first present with the somewhat puz-
zling picture of hypoxemia in the presence of relatively normal 
lung mechanics (27, 28). A possible explanation for this scenario 
is that the pulmonary edema that forms early in coronavirus dis-
ease 2019 (COVID-19) infection is confined to the interstitium 
where it interferes with gas exchange by thickening the blood-gas 
barrier, but this does not stiffen the lung tissue more than mod-
estly. The major effects on lung mechanics, especially significantly 
decreased lung compliance, do not manifest until the epithelial 
barrier is breached. When this happens, plasma-derived fluid 
and proteins enter the airspaces, disrupt surfactant function, and 
increase surface tension, thereby altering alveolar mechanics. This 
leads to alveolar instability, which is a primary mechanism of VILI 
via atelectrauma (29). Ventilation strategies that are not adjusted 
to restabilize alveoli increase the tissue stress and damage caused 
by mechanical ventilation (23). In this sense, the lung epithelium 
functions as a last line of defense against the worst clinical manifes-
tations of COVID-induced ARDS, suggesting that keeping it intact 
is paramount.

This, in turn, highlights the importance of preemptively venti-
lating in a way that avoids atelectrauma, even if COVID patients 
do not appear to be in full-blown ARDS when they are first placed 
on mechanical ventilation. Both Low-Vt and APRV are poten-
tially capable of meeting this goal, but the short Tlow employed with 
APRV prevents derecruitment in two ways: 1) limiting the fall in 
lung volume during expiration so that it remains above the level 
at which derecruitment starts to occur and 2) not giving epithe-
lial surfaces enough time to come into apposition before the next 
inspiration begins even if end-expiratory pressure (PEEP) falls 
to levels at which derecruitment would eventually occur if given 
enough time. Low-Vt, in contrast, only exploits the first of these 
mechanisms through its use of PEEP. To our knowledge, there are 
no published studies using APRV in COVID-19 patients. The effi-
cacy of mechanical ventilation, however, in this disease has so far 
been disappointing, with mortalities among individuals 18–65 and 
greater than 65 years old being 74.6% and 97.2%, respectively (21).  
This suggests that a more personalized approach to mechanical 
ventilation in SARS-CoV-2 is needed (30).

In terms of ARDS in general, the fact that recruitment and dere-
cruitment depend on time as well as pressure means that APRV 
is not simply a means for producing auto-PEEP. Certainly, limit-
ing the duration of expiration does produce auto-PEEP, but not all 
lung units have enough time to actually close as they would if the 
lung equilibrated against an equivalent level of static PEEP. This has 
implications for the clinical use of recruitment maneuvers; the key 
questions are not whether they should be used at all, but rather how 
frequently they should be given and long should each maneuver last. 
Indeed, there is experimental evidence that there is an optimal fre-
quency of application for recruitment maneuvers that balance the 
tissue stresses wrought by their application to the temporary relief 
of stress produced by a subsequent period of more open lung (31).

The model of the present study might possibly serve as a vehicle 
for achieving this end. Nevertheless, the simplicity of this model 

brings with it numerous limitations. We designed the model to 
be the simplest that still retains the essential elements necessary 
to account for basic lung mechanics as well as the dynamics of 
recruitment and derecruitment. Application of this model to a 
patient, however, might require incorporation of more realistic 
representations of physiology, such as a nonlinear pressure-vol-
ume relationship for the lung tissues rather than the linear rela-
tionship we assumed here. It is also clear that the dynamics of 
recruitment and derecruitment themselves are substantially more 
complex than the linear first-order representation we used in our 
simple model (see Supplement Digital Content, http://links.lww.
com/CCX/A453). For example, although Crotti et al (16) found 
evidence that Pcrit remains roughly Gaussian in injured lungs, they 
also showed that the distributions of opening and closing pres-
sures can be quite widely separated, rather than being identical 
as we assumed in the present model. Incorporating such details 
would inevitably improve the model’s ability to serve as a useful 
platform for finding optimal ventilation strategies (13). In addi-
tion, we implemented Low-Vt in the model using a ramp in 
inspiratory pressures; there are other ways in which 6 mL/kg can 
be achieved, such as with a constant inspiratory pressure of the 
appropriate level. Despite these various limitations, however, our 
study clearly demonstrates that in order to develop personalized 
strategies for mechanical ventilation in ARDS, it is going to be 
necessary to assess the dynamics of recruitment and derecruit-
ment taking place in the lungs of an individual patient. Only with 
this information in hand will it be possible to optimize the timing 
as well as the magnitudes of the pressures that are applied to the 
airways during mechanical ventilation.

CONCLUSIONS
We conclude that the generation of atelectrauma during mechani-
cal ventilation is critically determined not only by how lung 
recruitment and derectruitment depend on pressure but also by 
how they depend on time. Our simulation results confirm conven-
tional wisdom that avoidance of atelectrauma during Low-Vt is 
achieved primarily by manipulating pressure through adjustment 
of PEEP. In contrast, avoidance of atelectrauma during APRV is 
achieved by manipulating time through adjustment of Tlow. Our 
simulation studies further show that the efficacy of APRV is deter-
mined by the relative values of two time-dependent processes that, 
in our model, are represented by the time-constant of lung empty-
ing (τ rs) and the time-constant of recruitment and derecruitment 
(τR D/ ). Model simulations also demonstrated that Tlow has an effec-
tive threshold value below which APRV is safe from atelectrauma 
while maintaining a tidal volume and driving pressure compa-
rable with those of Low-Vt. This threshold is strongly influenced 
by the time-constant of lung emptying. The relative advantages 
of Low-Vt versus APRV for the avoidance of VILI thus depend 
on the dynamics of recruitment and derecruitment in a given 
patient and on whether the primary mechanism of lung damage 
is volutrauma or atelectrauma. Critical to this consideration is the 
underappreciated fact that the timing of expiration is as important 
as the applied levels of airway pressure in avoiding atelectrauma. 
Bedside use of our computational model could potentially help in 
the optimization of these parameters in a patient-specific manner.
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