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The onset of ventilator-induced lung injury (VILI) is linked to a num-
ber of possible mechanisms. To isolate the possible role of alveolar
epithelial deformation in the development of VILI, we have devel-
oped an 

 

in vitro

 

 system in which changes in alveolar epithelial cell
viability can be measured after exposure to tightly controlled and
physiologically relevant deformations. We report here a study of the
relative effect of deformation frequency, duration, and amplitude on
cell viability. We exposed rat primary alveolar epithelial cells to a vari-
ety of biaxial stretch protocols, and assessed deformation-induced
cell injury quantitatively, using a fluorescent cell viability assay. Defor-
mation-induced injury was found to depend on repetitive stretching,
with cyclic deformations significantly more damaging than tonically
held deformations. In cyclically deformed cells, injury occurred rap-
idly, with the majority of cell death occurring during the first 5 min of
deformation. Deformation-induced injury was increased with the fre-
quency of sustained cyclic deformations, but was not dependent on
the deformation rate during a single stretch. Reducing the amplitude
of cell deformations by superimposing small cyclic deformations on a
tonic deformation significantly reduced cell death as compared with
large-amplitude deformations with the same peak deformation.

 

Ventilator-induced lung injury (VILI) is a growing concern in
the management of mechanically ventilated patients (1, 2).
The onset of VILI in animal and isolated lung models has
been ascribed to several possible mechanisms, including re-
peated collapse and reopening of air spaces (3), inflammation
and neutrophil influx (4), changes in hemodynamic pressures
(5), surfactant inactivation (6), and injurious deformations of
the cellular constituents of the lung (7). One of the hallmarks
of severe VILI is the presence of alveolar edema (1), presum-
ably due to breakdown of the blood–gas barrier. The alveolar
epithelium forms a continuous lining of the alveolar air spaces
of the lung, provides the majority of resistance to fluid and
protein transport between the vasculature and air space (8),
and facilitates the efficient clearance of alveolar edema in re-
sponse to injury (9). We have previously shown that the base-
ment membrane underlying the alveolar epithelium expands
as lung volume approaches physiologic limits (10), suggesting
that the alveolar epithelium may be exposed to large deforma-
tions during ventilation to high lung volumes. Primary me-
chanical injury of the alveolar epithelium may thus be one of
the initiating mechanisms associated with VILI.

Supporting this hypothesis has been the demonstration of
changes in the alveolar epithelial barrier associated with lung
inflation in a variety of preparations and with various measure-
ment techniques. Ventilator studies with animals have shown
that epithelial injury, as measured by electron microscopy and

the presence of alveolar edema, depends on lung volume
rather than on pressure (7, 11). In fluid-filled isolated lungs un-
dergoing static inflation (12–15), epithelial permeability to a
variety of tracers of different molecular weights increases
slightly with increasing lung volume until large-scale breaks
occur in the epithelial barrier. Electron microscopy has shown
that the alveolar epithelium exhibits an increasing frequency
of breaks when fixed at increasing lung volumes (16). In earlier

 

in vitro

 

 work, we demonstrated that primary alveolar epithelial
cells were increasingly vulnerable to cell death when deforma-
tions exceeded those associated with inflation to TLC (17).

Despite these advances, the relative importance of end-
expiratory volume, end-inspiratory volume, and tidal volume

 

(V

 

T

 

)

 

 

 

in the development of VILI remains controversial (1–3,
18), and uncertainty about the relative importance of these
volumes continues to hinder the development of ventilator
settings and strategies intended to limit VILI. Ideally, end-
expiratory, end-inspiratory volume, and V

 

T

 

 should be varied
independently to determine their relative importance in the
development of VILI. In practice, it is rare that these volumes
can be changed without alterations in other potentially impor-
tant parameters (e.g., inspired oxygen fraction, flow wave-
form, and respiratory frequency and duration), each of which
may effect lung injury independent of changes in lung volume
(1). Furthermore, changes in the lung volume cycling protocol
can introduce changes in surfactant activity, airway opening
and collapse, hemodynamics, and blood gas exchange, all of
which may have independent effects on epithelial integrity.

To isolate the role of alveolar epithelial deformation in the
development of VILI, we have developed an 

 

in vitro

 

 system in
which changes in alveolar epithelial cell viability can be mea-
sured after exposure to tightly controlled and physiologically
relevant cyclic deformations (17). In the study reported here,
we exposed rat primary alveolar epithelial type II (ATII) cells
to a variety of deformation protocols with the goal of identify-
ing the relative importance of deformation frequency, dura-
tion, and amplitude in deformation-induced cell injury. Our
primary finding was that cell death can be reduced by limiting
the amplitude of deformation, even while peak deformations
are kept constant. This result suggests that ventilator strate-
gies that limit changes in V

 

T

 

 and the concomitant epithelial
deformations may limit epithelial injury during mechanical
ventilation.

 

METHODS

 

Cell Culture Protocol

 

ATII cells were isolated from specific-pathogen–free male Sprague–
Dawley rats (Harlan Sprague–Dawley, Indianapolis, IN) weighing
180 to 200 g. Rats were anesthetized with pentobarbital sodium (50
mg/kg body weight, intraperitoneally). After the trachea was cannu-
lated, the lungs were mechanically ventilated, an abdominal aortot-
omy was performed, and the lungs were perfused via the pulmonary
artery to remove blood. The lungs were then excised, and ATII cells
were dissociated and isolated in a technique adapted from Dobbs and
coworkers (19). Elastase solution (7 ml, 3 U/ml; Worthington Bio-
chemical, Lakewood, NJ) was instilled into the airways of the excised
lungs and incubated for 32 min, with an additional 6 ml instilled at 12
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and 22 min of incubation. The lungs were then finely minced in the
presence of deoxyribonuclease (Sigma Chemicals, St. Louis, MO), us-
ing a tissue chopper. The elastase reaction was stopped with fetal bo-
vine serum (FBS; GIBCO BRL/Life Technologies, Gaithersburg,
MD). Cells were purified by filtration and plating on bacteriologic
plastic plates precoated with rat IgG (Sigma), using 3 mg IgG in 5 ml
Tris-HCl per plate. After 1 h of incubation, the type ATII cells were
isolated from the macrophages and contaminating cells by “panning”
(19). Cell purity was assessed by phosphine 3R staining of adherent
cells at 24 h, and was 

 

.

 

 95% (20).
ATII cells were resuspended in minimum essential medium with

Earle’s salts and 

 

L

 

-glutamine (Mediatech; Fisher Scientific, Pitts-
burgh, PA), supplemented with 10% FBS and penicillin (100 U/ml)
and streptomycin (0.1 

 

m

 

g/ml) (all from GIBCO BRL/Life Technolo-
gies). Cells were plated at 1.0 

 

3

 

 10

 

6

 

 cells/cm

 

2

 

 on silastic membranes
coated with fibronectin (40 

 

m

 

g/ml; Boehringer Mannheim Biochemi-
cals, Indianapolis, IN). Cell attachment was limited to the central por-
tion of each custom-made well by placing a piece of Tygon tubing in
the center of each well and seeding cells only within this restricted
area. Cells were incubated in 5% CO

 

2

 

 at 37

 

8

 

 C, with the cell medium
replaced every 24 h, and were studied at 5 d after isolation. At this
time the cells have attained some morphologic and phenotypic char-
acteristics of type I alveolar epithelial cells (21–23), and have a greatly
increased resistance to deformation-induced injury (17). Because our
primary objective in the present study was to investigate the effect of
deformation on integrity of the blood–gas barrier, which is lined pri-
marily by type I cells, we focused our attention on cells after 5 d in cul-
ture.

 

Cell Deformation Protocol

 

The custom-designed device that we used for cell deformation studies is
described in detail elsewhere (17). Briefly, wells are formed by securing a
0.2-mm–thick silicone membrane (gloss/gloss finish; Specialty Manufac-
turing, Saginaw, MI) to the bottom of a custom-designed polysulfone ring
with a rubber o-ring pressed into a groove in the bottom of each poly-
sulfone ring. When the cells are to be deformed, up to nine wells are
mounted in the cell-stretching device, on a stationary top plate. Mem-
brane deformation is provided by annular indentors that contact the bot-
tom of each silicone membrane near the periphery of the cell culture sur-
face. Simultaneous vertical displacement of each indentor results in sliding
of the membrane over the indentor surface and stretching of the mem-
brane in the plane transverse to the direction of indentor motion. Indentor
motion is provided by a variable-speed DC motor (Bodine Electric, Chi-
cago, IL), with minimum stretch and stretch amplitude set independently
with a cam and linkage that connect the motor to the indentor assembly.

A schematic illustration of the various deformation protocols is
shown in Figure 1. To investigate the effect of static deformation on
cell viability, we mounted one or two wells each, from three separate
cell isolations, in the deformation device and adjusted the conditions
(

 

z

 

 6%/s) until membrane surface area (SA) was increased by 25%,
37%, or 50%. The static deformations were then held for 1 h. These
deformations were selected on the basis of a previously derived rela-
tionship between epithelial basement membrane SA and lung volume
in isolated rat lungs (10 [Table 2 and Figure 3a]). The equation de-
rived from these data is:

The chosen deformations are roughly equivalent to the change in epithe-
lial basement membrane SA between RV and 80%, 100%, and 

 

.

 

 100%
TLC. To study the influence of deformation rate, we exposed three wells
from three separate isolations to a single deformation of 50% 

 

D

 

SA over
periods of either 4 s or 1 s. To separate the effect of deformation fre-
quency from the cumulative number of cyclic deformations, we exposed
two to three wells from three separate isolations to 50% 

 

D

 

SA at 15 cyl-
ces/min (cpm) for 60 min, or to 60 cpm for 15 min (a total of 900 deforma-
tion cycles for both). To examine the early time course of cell injury in cy-
clically deformed wells, we exposed three or four wells from each of four
cell isolations to either 5 min or 60 min of 50% 

 

D

 

SA at 15 cpm. To exam-
ine the effect of an extended duration of cyclic deformation on cell viabil-
ity, we subjected two or three wells from three separate cell isolations to
cyclic deformations of 25% 

 

D

 

SA for 6 h at 15 cpm. To investigate the rel-
ative importance of minimum and maximum deformation and deforma-

%∆SA 0.0057 %TLC( )2 0.2608 %TLC( ) 4.8021+⋅–⋅=

 

tion amplitude, we statically deformed one or two wells from an addi-
tional three cell isolations as in the manner described earlier until
membrane deformations (

 

D

 

SA) reached 25%, and then subjected them
to 1 h of cyclic deformation (15 cpm) of 12% or 25%, resulting in peak
deformations of 37% and 50% 

 

D

 

SA, respectively. One or two wells from
each isolation were included in each protocol as unstretched controls.

 

Measurement of Cell Injury

 

Before the wells were placed in the cell stretching device, each was
washed three times with phenol red and serum-free Dulbecco’s mini-
mum essential medium supplemented with penicillin (100 U/ml) and
streptomycin (0.1 mg/ml) (all from GIBCO BRL/Life Technologies),
in which sodium bicarbonate was replaced with 20 mM 4-(2-hydroxy-
ethyl)-1-piperazine-

 

N

 

-2-ethanesulfonic acid. The experiments were
conducted at 37

 

8

 

 C in room air (with the exception of the 6-h experi-
ments, which were conducted in 5% CO

 

2

 

 with the bicarbonate-buff-
ered medium). To evaluate cell viability, we added ethidium ho-
modimer-1 and calcein AM to wells to final concentrations of 0.23 

 

m

 

M
0.12 

 

m

 

M, respectively (Live/Dead Kit; Molecular Probes, Eugene,
OR). Ethidium homodimer-1 (excitation/emission: 

 

z 

 

495 nm/

 

z 

 

635
nm), which is excluded by the intact plasma membrane of live cells,
enters cells with damaged membranes and undergoes a fluorescence
enhancement on binding to nucleic acids. Calcein AM (excitation/
emission: 

 

z

 

 

 

495 nm/

 

z

 

 

 

515 nm, respectively) is well retained within
living cells. Fluorescent dyes were added at the onset of stretching for
the 1 h, 5 min, and one-stretch protocols, and at 1 h before the conclu-
sion of the 6-h protocol, with microscopic visualization carried out 1 h af-

Figure 1. Schematic representation of the various deformation proto-
cols used in the study. Static protocols were achieved by ramping up
deformation (z 6%/s) until the desired deformation level was reached.
Deformations were held for 60 min and then released (z 6%/s). The ef-
fect of frequency was determined by exposing cells either to a single si-
nusoidal deformation cycle (50% DSA) over either 1 s (60 cpm) or 4 s
(15 cpm), or to an identical number of cycles (900) at 15 cpm and 60
cpm (not shown). The relative importance of deformation magnitude
and amplitude were tested by exposing cells to cyclic deformations
of matched magnitude (50% DSA in the case illustrated here) with dif-
ferent amplitudes (either 50% DSA or 25% DSA).



 

Tschumperlin, Oswari, and Margulies: Deformation-Induced Injury of Alveolar Epithelial Cells 359

 

ter addition of the dyes in all cases. In previous work, we found no differ-
ence between adding the fluorescent dyes before or after the stretching
protocol (17). Wells were examined with an inverted epifluorescence mi-
croscope (Diaphot; Nikon), with images of cells captured and stored with
a digital imaging system (Hamamatsu CCD camera and controller; Meta-
morph 2.5, Universal Imaging, West Chester, PA). Images were acquired
randomly from four locations in each well, with a 

 

3

 

20 objective, using
separate filter blocks for visualization of ethidium homodimer-1 and cal-
cein AM. Two images from each well were subsequently analyzed by
counting of stained cells, and the percentage of dead cells was determined.
The fraction of dead cells in unstretched control wells (always 

 

,

 

 1%) was
subtracted from the fraction of dead cells found in stretched wells, thus the
reported percentage of dead cells reflects cell death that is attributable to
the deformation protocol.

 

Data Analysis

 

Results are presented as mean 

 

6

 

 SD. Multiple observations from
each well were averaged and counted as a single experimental mea-
surement. Data were compared by analysis of variance with the JMP
statistical package (SAS Institute, Cary, NC). Differences were re-
garded as statistically significant when p 

 

,

 

 0.05.

 

RESULTS

 

Previously, we demonstrated that deformation-induced injury
of alveolar epithelial cells was significantly greater when cyclic
deformation was continued for 60 min (at 15 cpm) than with a
single deformation at the same frequency. In the present study,
to determine whether the increasing damage was due to the du-
ration of the deformation protocol or to the repetitive nature of
the cyclic protocol, we applied a single deformation that was
held for 60 min (static). As in the cyclic studies, cell death in-
creased nonlinearly with static deformation, rising dramatically
at deformations of static 

 

D

 

SA to 50% 

 

D

 

SA (Figure 2), which
corresponds roughly to lung inflation to a volume greater than
TLC (10). Although the cell death caused by a 1-h static defor-
mation was statistically indistinguishable from that caused by a
single cycle (1 stretch) occurring over a period of 

 

z

 

 4 s, defor-
mation-induced cell death was significantly lower at each defor-
mation magnitude in the static groups than with cells exposed to
cyclic deformation (15 cpm) for an identical duration (Figure 2)
(17). This finding indicates that cell injury depends not so much
on the duration of deformation as on the repetitive nature of
cell deformations.

We next performed experiments to examine whether defor-
mation-induced injury was dependent on the frequency of de-
formation. With a device similar to that used on our study, cell
injury in astrocytes has been found to depend on the rate of de-

formation, although at much higher rates than used in our
study (24). Because of limitations of our deformation device,
the highest frequency we could apply was 60 cpm. Because cell
death depends on the number of deformation cycles, we first
chose to apply a single deformation of 50% 

 

D

 

SA at either 15
cpm or 60 cpm. Although there was a small increase in the per-
centage of dead cells when the rate was quadrupled, this did
not reach statistical significance (Figure 3). To more fully study
the effect of deformation frequency, we exposed cells to an
identical number of deformation cycles (900 cycles, 50% 

 

D

 

SA)
at either 15 cpm or 60 cpm. The effect of frequency in this case
was highly significant (p 

 

,

 

 0.05). Thus, the data suggest that
for the deformation rate to exert a significant effect on cell in-
jury, rapid deformation cycling must be sustained.

To gain insight into the time course of repetitive-deforma-
tion–induced injury, we next performed experiments at times
shorter and longer than the 60-min duration we had previously
examined. There was no difference in deformation-induced in-
jury when 25% 

 

D

 

SA cyclic deformation was continued beyond
1 h for a total of 6 h (Figure 4), suggesting that continued cyclic
deformation beyond 1 h did not increase damage to the cell
layer. We therefore focused our attention on the development
of injury between a single deformation and 1 h of sustained cy-
cling. As can be seen in Figure 4, more than two-thirds of the
observed deformation induced injury occurred within the first
5 min of cyclic stress. Thus, although we had earlier shown
that injury was dependent on the repetitive nature of deforma-
tion, this effect appeared to diminish with sustained cycling.

The significant increases in cell death with increasing static
deformation (Figure 2), and increasing dynamic deformation
(17) clearly indicate that maximum deformation plays a role in
deformation-induced cell injury. To investigate the relative
importance of peak deformation magnitude and cyclic defor-
mation amplitude on deformation-induced injury, we sub-
jected cells to cyclic deformation amplitudes of 12% 

 

D

 

SA and
25% 

 

D

 

SA superimposed on a static deformation of 25% 

 

D

 

SA,
resulting in peak deformation magnitudes of 37% 

 

D

 

SA and
50% 

 

D

 

SA (Figure 1). (Here we define peak magnitude as the
maximum deformation achieved above the resting state, in
analogy to end-inspiratory volume, whereas amplitude is used
to denote the amount of cyclic deformation, in analogy to V

 

T

 

.)
Restricting data analysis to these deformation protocols and
the cyclic deformation protocols described previously (17), we
found that deformation-induced injury did not depend on min-
imum deformation, but did vary significantly with both peak
magnitude and deformation amplitude. The most intriguing
finding in these studies was that limiting the deformation ampli-
tude resulted in significant reductions in deformation-induced
cell death at identical peak deformations (Figure 5). Thus, al-

Figure 2. Comparison of 1-h static deformation with previously re-
ported (17) single deformation and 1-h cyclic deformation (15 cpm).
Data are presented as mean 6 SD. Although the percentages of dead
cells associated with single and static deformations were not signifi-
cantly different from each other at any deformation level, both static
and single deformations were significantly less injurious than were cy-
clic deformations at each deformation level. *p , 0.05.

Figure 3. Dependence of deformation-induced cell death on deforma-
tion frequency. Left: cells were exposed to a single deformation (50%
DSA) applied over a period of either z 4 s (closed rectangles: 15 cpm)
or z 1 s (open rectangles: 60 cpm). Data are not significantly for the
two different conditions (p . 0.05) Right: cells were exposed to an
identical number of deformation cycles (900) at either 15 cpm or 60
cpm, again using 50% DSA. Cell death in this case was significantly de-
pendent on frequency (p , 0.05).
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though cell death increases with the magnitude of cell defor-
mation, this effect can be mitigated by increasing the minimum
deformation while reducing the amplitude of deformation.

 

DISCUSSION

 

The results presented here show that the primary determinants
of deformation-induced cell death are the amplitude and mag-
nitude of deformation and the number and frequency of cyclic
changes in cell SA. Although our earlier work demonstrated
the general concept that repetitive cyclic deformations were
more damaging to cells than was a single deformation, the re-
sults presented here emphasize that the deleterious effects of
repetitive cycling are most severe in the first few minutes of cy-
cling, with little additional cytotoxicity beyond 1 h of cycling.

The most intriguing finding of these studies was the dimi-
nution of cell death when deformation amplitude was re-
duced, even when peak deformation was maintained. As re-
ported by Dreyfuss and Saumon in a recent review (1), a
wealth of experimental evidence supports the concept that
ventilation with positive end-expiratory pressure (PEEP) and
reduced V

 

T

 

 is less injurious than ventilation with zero end-
expiratory pressure and a higher V

 

T

 

 for the same peak airway
pressure. The postulated explanations for this improved out-
come include preservation of surfactant function (6), changes
in cardiac output and hemodynamic pressures (5), and preven-
tion of repeated recruitment and collapse of alveoli (3), which
may produce large shear stresses on the epithelial layer. Our

 

in vitro

 

 findings suggest that an additional benefit of limiting
V

 

T

 

 is the resulting reduction in epithelial deformation ampli-

tude, which may help to preserve cell viability and the integ-
rity of the alveolar epithelial barrier.

 

Limitations

 

Before discussing the implications of our 

 

in vitro

 

 findings for me-
chanical ventilation of human lungs in the clinical setting, it is nec-
essary to discuss several limitations of the present study. As dis-
cussed in detail elsewhere (21–23), ATII epithelial cells undergo
major morphologic and phenotypic changes over the first few
days in culture. By 5 d in culture the cells have a severely reduced
ability to secrete surfactant, and express many of the phenotypic
markers of alveolar epithelial type I cells, the cell type that covers
the great majority of the alveolar surface (

 

.

 

 90%) (25). In addi-
tion, we have previously shown that by 5 d in culture these cells
exhibit a greatly increased resistance to deformation-induced cell
death (17). In the absence of a readily available alternative for
examining the cellular physiology of the alveolar epithelial bar-
rier (21), alveolar epithelial cells maintained in culture for several
days have been used extensively to characterize the active and
passive transport properties of this monolayer (26). Despite the
limitations inherent in this primary cell culture preparation (21),
it is interesting to note the close correspondence between the
occurrence of alveolar epithelial type I cell injury in electron mi-
crographs of rat lungs exposed to inflations beyond TLC (11) and
the dramatic increase in deformation-induced injury that occurs in
primary cultures of alveolar epithelial cells when deformations ex-
ceed those associated with inflation to TLC.

Although the present study focused primarily on changes
in cell viability over a period of 1 h of deformation, there is ev-
idence in the literature that significant injury can develop over
longer time periods at more moderate pressures (27). Our re-
sults indicate that 

 

in vitro

 

, cell injury does not increase signifi-
cantly between 1 and 6 h of continuous cyclic deformation
(Figure 4). It therefore seems likely that the development of
injury over longer periods in normal animals involves other
mechanisms of injury.

The primary goal of this study was to investigate the delete-
rious effects of deformation on alveolar epithelial viability.
The advantage of this experimental approach is the ability to
remove other possible injurious factors, thus better establish-
ing the mechanisms and deformations specifically associated
with deformation-induced injury. Additional factors associ-
ated with alveolar epithelial injury, including high concentra-
tions of O

 

2

 

 (28), can be included in future studies to address
the possibility that these agents act synergistically with defor-
mation to increase cellular injury.

Of further importance is that the outcome measure of the
present and related studies is the breakdown of cell membrane
integrity, which leads to cell death. This outcome measure is at
the extreme end of what is most likely a spectrum of deforma-
tion-induced changes in cell physiology (3, 29–31). Some of
these changes may be protective for the cell, but others are
probably representative of more subtle forms of injury, result-
ing in the failure of cells to exercise their normal functions.
These latter changes may be manifested in a number of ways,
including increased leakiness of the tight junctions connecting
alveolar epithelial cells (32) or changes in active transport
across the alveolar epithelial barrier (33). A more sophisti-
cated understanding of acute and chronic responses of the al-
veolar epithelium to deformation will be gained by examining
these and other more subtle changes in cell physiology.

 

Implications for Clinical Mechanical Ventilation

 

Despite the limitations of the 

 

in vitro

 

 preparation used in our
study, the results of the study raise several issues of impor-

Figure 4. Development of deformation-induced cell death over time
for 25% DSA and 50% DSA. Note break in time axis between 1-h and
6-h time points.

Figure 5. Relative importance of deformation magnitude and ampli-
tude. Deformations were applied for 60 min, at 15 cpm. Data are
given as mean 6 SD. Reducing the amplitude to 12% DSA or 25%
DSA significantly reduced cell death when maximum deformation was
held at 37% DSA or 50% DSA, respectively. *p , 0.05.
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tance for mechanical ventilation in the clinical setting. It is
clear from the results presented here, and those presented
previously (17), that deformation of the alveolar epithelium
can lead to significant changes in cell viability. Although these
findings do not rule out the possible importance of other
mechanisms associated with ventilator-induced lung injury,
the results of this study emphasize the need to consider the
cell deformations that accompany mechanical ventilation in
selecting ventilator settings and strategies. Although the cur-
rent results, and those with healthy animal lungs (1), show that
alveolar epithelial injury is modest when deformations are less
than those associated with TLC, the extension of these find-
ings to the diseased lung is less clear (34, 35). This may espe-
cially apply to disorders such as acute respiratory distress syn-
drome, in which computed tomography demonstrates that
increased edema fluid leads to overexpansion of some alveoli
while others remain closed or flooded (36, 37).

The administration of PEEP is now used widely in the ven-
tilation of patients with acute lung injury, with several postu-
lated rationales for improved lung function (2). In animal ven-
tilation studies, the application of PEEP with end-inspiratory
lung volume kept constant is always less injurious than for ven-
tilation at a large V

 

T

 

 in the absence of PEEP (1). Because alve-
olar epithelial injury was mitigated by reducing the amplitude
of cyclic deformations, our 

 

in vitro

 

 results suggest that one ad-
vantage of concurrently limiting end-inspiratory lung volume
and reducing V

 

T

 

 is reduced injury of the alveolar epithelium.
In addition, we have shown that large static increases in SA are
much less damaging than cyclic increases in SA of the same
magnitude, indicating that epithelial viability is not adversely
affected by the application of large static deformations associ-
ated with PEEP at volumes up to TLC. Moreover, the depen-
dence of alveolar epithelial injury on repetitive rather than on
single changes in SA indicates that the use of occasional deep
inspirations to recruit collapsed alveoli should not have a seri-
ous negative impact on alveolar epithelial viability.

The application of these 

 

in vitro

 

 findings to the much more
complex 

 

in vivo

 

 situation requires great care, since changes in
surfactant, hemodynamics, and blood gas may all contribute
either positively or negatively to the preservation of lung func-
tion (1, 18). Nevertheless, the results of this study show that
ventilation strategies such as the “open lung approach” with
permissive hypercapnia (38), and high-frequency ventilation
(2), both of which increase the mean airway pressure while
limiting end-inspiratory lung volume and reducing V

 

T

 

, should
be very effective in preserving epithelial viability, which is crit-
ical to gas exchange and the resolution of alveolar edema (9).
Although our 

 

in vitro

 

 results suggest that frequency is a major
determinant of deformation-induced cell damage, it is not
clear how this dependence would translate to the clinical ap-
plication of high-frequency ventilation, in which the ampli-
tudes of cell deformations are likely to be much smaller than
even the smallest deformations used in the present study. This
is an issue that deserves further study.

 

Conclusions

 

We used a previously developed experimental model of 

 

in
vitro

 

 deformation of the alveolar epithelium to show that de-
formation-induced injury of this alveolar epithelium can be re-
duced by limiting the magnitude and amplitude of deforma-
tion or by limiting the repetitive changes in SA. Although care
must be taken in extrapolating these results to the complex en-
vironment of the heterogeneously injured and inflated human
lung, these results indicate that alveolar epithelial integrity
should be protected by ventilation strategies that limit end-

inspiratory lung volume and V

 

T

 

. Although deformation of the al-
veolar epithelium is only one of many factors to consider in the
application of mechanical ventilation, the results of this study in-
dicate the important role of mechanical factors in determining
alveolar epithelial viability and the integrity of the blood-gas
barrier.
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