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Abstract

Rationale: There is continued debate regarding the equivalency
of positive-pressure ventilation (PPV) and negative-pressure
ventilation (NPV). Resolving this question is important because
of the different practical ramifications of the two paradigms.

Objectives: We sought to investigate the parallel between PPV
and NPV and determine whether or not these two paradigms
cause identical ventilation profiles by analyzing the local strain
mechanics when the global tidal volume (VT) and inflation
pressure was matched.

Methods: A custom-designed electromechanical apparatus was used
to impose equal global loads and displacements on the same ex vivo
healthy porcine lung using PPV and NPV. High-speed high-resolution
cameras recorded local lung surface deformations and strains in
real time, and differences between PPV and NPV global energetics,
viscoelasticity, as well as local tissue distortion were assessed.

Measurements and Main Results: During initial inflation,
NPV exhibited significantly more bulk pressure–volume
compliance than PPV, suggestive of earlier lung recruitment.
NPV settings also showed reduced relaxation, hysteresis, and
energy loss compared with PPV. Local strain trends were also
decreased in NPV, with reduced tissue distortion trends compared
with PPV, as revealed through analysis of tissue anisotropy.

Conclusions: Apparently, contradictory previous studies are
not mutually exclusive. Equivalent changes in transpulmonary
pressures in PPV and NPV lead to the same changes in lung
volume and pressures, yet local tissue strains differ between PPV
and NPV. Although limited to healthy specimens and ex vivo
experiments in the absence of a chest cavity, these results may
explain previous reports of better oxygenation and less lung
injury in NPV.

Keywords: positive-pressure ventilation; negative-pressure
ventilation; local strain; pressure–volume response; hysteresis

Pressure–volume curves derived from
organ-level inflation–deflation tests can help
characterize lung mechanics in health and
disease (1, 2). Previous studies have analyzed
positive-pressure ventilation (PPV)
mechanics, in which applied air pressure

produces lung inflation (3, 4). In contrast,
physiological lung mechanics are governed
by negative-pressure ventilation (NPV),
in which diaphragm excursion reduces
intrathoracic pressure, resulting in lung
expansion and gas entrainment (3, 5).

Understanding the similarities and differences
between lung inflation resulting from PPV
and NPVmay yield mechanistic insights into
ventilator-induced lung injury (VILI) (6).

Previous assessments of respiratory
system responses to PPV and NPV through
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inflation–deflation tests or computed
tomography compared outcomes from
analyses of respiratory pressure–volume
mechanics, hemodynamics, and oxygenation
(5, 7–11). Grasso and colleagues reported
better oxygenation via computed
tomography tests andmore recruitment
of atelectatic lung in NPV (7, 8), whereas
Engelberts and colleagues found insignificant
pressure–volume or oxygenation differences
between the twomodes of ventilation (5).
Engelberts and colleagues concluded that
because their experiments demonstrated
various applied positive and negative pressures

resulted in the same tidal volumes (VTs), PPV
andNPV aremechanically similar; they refute
the benefits of NPV as claimed by Grasso and
colleagues, suggesting those findings are
attributable to the use of unmatched lung
volume histories in NPV and PPV.

In the current study, we sought to
resolve this controversy by using a custom-
designed dual-piston apparatus (4) to
implement both PPV and NPV on whole-
organ ex vivo lungs under matched loading
conditions, similar to Engelberts and
colleagues (5). These global measures are
uniquely interfaced with high-resolution
and high-speed cameras to capture three-
dimensional local tissue displacements on the
pleural surface via digital image correlation
(DIC) (12). This allowed us to link the global
pressure–volume behavior of the lung to local
tissue deformation responses in both PPV
and NPV for the first time. Some of the
results of these studies have been previously
reported as abstracts (13–15).

Methods

Lungs were collected from five healthy pigs
of 6-8 months old weighing 200–250 lbs
(local abattoir, Institutional Animal Care and
Use Committee approval not required) (16).
Testing was completed within 30 hours
postmortem, and the lung was maintained in
13 phosphate-buffered saline (17, 18). The
specimen was inflated, and quick-drying
white enamel paint (Rust-Oleum) was used
to speckle the entire lung surface for DIC
patterning. Images were collected at 15 Hz,
and technical strain was calculated using
GOM software (Trilion Quality Systems
GOMARAMIS, 2016) (19). Detailed DIC
tracking and analysis methodology can be
found inMariano and colleagues (12).

The lung was placed inside our custom-
designed, volume-controlled, airtight
pressure–volume ventilation system as
validated previously (4), shown with
representative pressure– and volume–time
responses in Figure E1 in the online
supplement. Inflation volumes of 675, 900,
and 1,350 ml, corresponding to clinical
tidal volumes (VT) of 6, 8, and 12 ml/kg
(4, 20), were applied in PPV. Then, the
maximum transpulmonary pressures and
corresponding changes in lung volume
in PPVwere matched for each lung within
610% for each NPV test, similar to past
studies (5, 7, 21). A preload of65 cmH2O
was applied in PPV and NPV, and each lung

was preconditioned with three complete
inflation–deflation cycles at 15 breaths per
minute before capturing a cycle for analysis
(22). PPV and NPV pressure–volume loops
for the three various VTs are illustrated in
Figure 1, measuring the actual change in
lung volume. A subsequent inflation and
volume hold of 120 seconds was used to
assess the viscoelastic response and calculate
the percent pressure relaxation (17).

As exemplified previously (23, 24), a
bilinear fit was applied to the linear
portions of the inflation and deflation
pressure–volume curves to calculate the initial
and final slopes representing airway opening,
tissue stiffness, and alveolar expansion (25, 26)
(Figure 2). Hysteresis was defined as the area
between the loading and unloading curve, and
energy loss was found as the hysteresis
normalized by total work (17, 27).

Local strain was tracked throughout the
experiment, analyzing two stages: maximum
inflation and the inflection point, which
was defined as the intersection of the
bilinear fit. Contour maps represented the
strain distributions across the dorsal lung
(Figure 3) and were quantified to compare
PPV and NPVmean, median, range, and
maximum strain values (Figure 4). The NPV
pressure–volume inspiratory limb differed,
and thus, for the inflection stage, both a PPV
volume-match and pressure-match were
analyzed (Figure 5).

The reduced Jacobian calculation
confirmed the volume change between the
two ventilation schemes was matched at each
applied volume (28). In addition, the
anisotropic index, a measure of tissue stretch
distortion, was calculated, in which a value of
1 indicated tissue isotropy (Figure 6).

Results were statistically analyzed using
the nonparametric paired t test (Wilcoxon)
and one-way ANOVA (Friedman)
(GraphPad Prism) for comparisons between
PPV and NPV and across volume groups,
respectively. Multiple comparisons were
performed with Dunn’s methods. A
significance level of 0.05 was set, and the
actual P values are included in the figures.

Further details are provided in the
online supplement.

Results

PPV versus NPV Varying VTs
Figure 1 demonstrates lung pressure–volume
data with PPV and NPVmatched for
maximum inflation for various inflation

At a Glance Commentary

Scientific Knowledge on the
Subject: The lung injury or damage
induced by positive-pressure
ventilation (PPV) or artificial breathing
is a well-known phenomenon.
Understanding the mechanical parallel
between PPV and physiological
negative-pressure ventilation (NPV) is
key to optimizing use of ventilators
and improving patient outcomes. By
repeating PPV and NPV on the same
specimens and using the same air
delivery system in both modes, so as
to minimize confounding factors, we
conclude that previously reported
studies need not be necessarily viewed
as contradictory: PPV and NPV can
produce the same global pressures and
volumes, but the local effects resulting
from these bulk behaviors differ.

What This Study Adds to the
Field: We use a unique
multiapparatus interface between
global pressure–volume mechanics and
local strain measures to examine PPV
and NPV and provide exclusive
experimental evidence illuminating the
debate between previous studies.
Comparative measures of
pressure–volume curves coupled with
tissue-level deformations demonstrate
that although the global response
between PPV and NPV may be
matched, the organ energetics and
viscoelasticity and local stretch and
distortions of NPV are reduced. This
study provides key insights for major
controversies within the field.
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volumes. With greater applied volumes, both
PPV and NPV loops became wider; however,
the inflation paths were notably dissimilar.

Global PPV and NPV pressure–volume
behaviors were quantified by extracting the
slope for initial and final inflation and
deflation portions for various volumes
(Figure 2). PPV produced a sudden rise in
volume at nearly 20 cmH2O, whereas NPV
gradually changed volume over the pressure
range (Figure 2A). The lung had greater
compliance during the initial inflation in NPV
compared with PPV for all tested volumes
(Figure 2B). In contrast, the compliance was
reduced over the final portion of inflation
with NPV compared with PPV (Figure 2C).
The initial and final deflation curves found
NPV to trend more compliantly, with
statistically significant differences with PPV in
final deflation for 675ml (Figures 2D and 2E).

Increasing VTs typically found 1,350 ml
to yield the greatest inflation and deflation
compliancy; this was significant for PPV
and NPV during final inflation and deflation.
PPV exhibited a unidirectional increase
in compliance for increasing VTs, unlike
NPV. The initial deflation portion of the
pressure–volume curve appeared to be
independent of the applied volume, whereas
the final deflation slope found PPV and NPV
to depend on the VT.

Strain Distributions
Strain contour colormaps at inflation
volumes of 675, 900, and 1,350 ml were
collected at PPV–NPVmatched maximum
inflation, the inflection pressure-match, and

the inflection volume-match (Figure 3).
Qualitative strain distributions across the
lung surface were observed.

PPV and NPV exhibited different
pressure–volume paths, indicating the
inflection stage to be a point of interest. The
PPV inflection stage was matched with NPV
either in volume or in pressure (Figure 3A).
The surface strain quantification for the PPV
inflection stage (Figure 3B) was most similar
to NPV volume-match, despite the stage
occurring at a lower pressure (Figure 3D).
When NPV pressure-matched the PPV
inflection point, NPV strains were greater
across the specimen’s surface, likely coupled
to the higher global volume.

The maximum inflation match
between PPV and NPV demonstrated
qualitative strain differences. PPV strains
were larger and more pronounced
(Figure 3E) than NPV (Figure 3F),
despite identical changes in global lung
volume and pressures. As the inflation
volumes were increased, the comparative
trends between PPV and NPV at both the
maximum and inflection stages were still
apparent. All applied PPV volumes
exhibited sizable regions of strain.75% at
maximum inflation, whereas these large
stretches had reduced footprints in NPV.

Additional strain contour colormaps
are provided in Figure E2 for a more detailed
comparison between PPV and NPV at
continuous time points during inflation
to better illustrate the disparate strain
evolutions observed between these two
ventilation modes.

Quantified Maximum Inflation and
Inflection Stage Local Strains
PPV andNPV strain distributions
were quantified using histograms for the
maximum inflation and inflection stage.
Figure 4 shows the fraction of the lung surface
exhibiting specified values of strains for each
pig at maximum inflation, where the lung
experienced the same pressure and volume
globally. Themean strain andmaximum
strains averaged across all specimens
demonstrated lower values in NPV compared
with PPV for all VTs, with statistically
significant differences at volumes of 900 and
1,350ml (P=0.0313). Increased VTs resulted
in increasedmeans, ranges, medians, and
maximum strains for both PPV andNPV
loads, reshaping the strain histogram from
right-skewed to a normal distribution.

The local strains at the PPV inflection
stage were compared with corresponding
NPV pressure- and volume-matches
(Figure 5). NPV strain means and medians
trended higher than PPV; both volume- and
pressure-matches yielded statistically
significant differences between PPV and
NPV (P=0.0313 for all pressure-matches
and volume-matches). Similarly, differences
in strain range andmaximum strain were
significant for the PPV and NPV volume-
match at VTs of 675 and 900 ml (P=0.0313)
and for all volumes of the PPV and NPV
pressure-match (P=0.0313). The pressure-
matched NPV tests exhibited the greatest
range and mean strains. As expected,
increasing VTs increased the mean and
ranges of measured strain.
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Figure 1. Pressure–volume raw lung measures under (A) positive-pressure ventilation (PPV) and (B) negative-pressure ventilation (NPV), in
which inflation volume varied from 675 to 1,350 ml at a rate of 15 breaths per minute. After three preconditioning cycles, the subsequent cycle
shown here is analyzed, in which PPV and NPV maximum pressures and change in lung volumes were matched. With increasing inflation
volumes, bulk tissue compliancy was also noted to increase.
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Tissue Distortion
The anisotropic index was calculated for each
lung at maximum inflation (Figure 6). The
average index was compared between PPV
and NPV and tended to be greater for NPV
(not significant, P> 0.0625). Increasing VT

resulted in more anisotropy for both PPV
and NPV, and the increase between 675 ml
and 1,350 ml was found to be significant
(P=0.0047).

Relaxation and Energetics
Viscoelasticity was evaluated in both PPV
and NPV tests and demonstrated as
average6 SD of pressure relaxation for all
pigs in Figure 7A. A representative pressure
relaxation profile is also provided (Figure 7B)
and demonstrated greater pressure relaxation
in PPV than in NPV, statistically significant

at VTs of 900 and 1,350 ml (P=0.0313;
Figure 7A).

Investigations of PPV and NPV
energetics found PPV hysteresis trended
greater for all inflation volumes and was
statistically significant for all VTs (Figure 8).
Energy loss was significantly greater in PPV
than in NPV for all VTs. Increasing VT from
675 to 1,350 ml resulted in a significant
increase in hysteresis for both PPV and NPV,
but the energy loss did not exhibit such a
unidirectional trend.

Discussion

We associate PPV and NPV local and global
lung mechanics, finding results are consistent
with Engelberts and colleagues (5), who
found peak PPV/NPV pressure-matches

resulted in matching volume values.
However, we also found NPV reduced
surface strain concentrations, caused
homogenous stretch contours, and tended
to show increased isotropy compared with
PPV (Figures 3–6); this aligns with Grasso
and colleagues’ conclusions that better
oxygenation results from improved air
distribution in NPV, as well as the trend
documented by Engelberts and colleagues
finding greater arterial oxygenation in NPV
(5, 7). By repeating PPV and NPV on the
same specimens and using the same air
delivery system in both modes to minimize
confounding factors, we conclude that
previously reported results need not be
necessarily viewed as contradictory: PPV
and NPV can produce the same global
pressures and volumes, but the local effects
resulting from these bulk behaviors differ.
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Figure 2. (A) Representative porcine pressure–volume response for matched positive-pressure ventilation (PPV) and negative-pressure
ventilation (NPV) at maximum pressure and change in lung volume. Dotted lines show the bilinear fit of the initial and final portions of the
inflation curves. Initial and final deflation slopes were similarly characterized. The averaged slopes6SD of (B) the initial portion of inflation
curve, (C) the final portion of inflation curve, (D) the initial portion of deflation curve, and (E ) the final portion of deflation curve are shown.
Varying the VT influences bulk tissue compliancy, and PPV slopes are noted to differ with NPV during inflation. Indicated differences between
PPV and NPV are significant with P=0.0313 and denoted differences between applied volumes are significant with P=0.0133 or 0.0047.
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This suggests the use of PPV versus NPV
may have different implications for
ventilator-induced injury, because this
form of damage is influenced by local
parenchymal strain (29).

Global pressure–volume inflation paths
differed significantly between PPV and NPV
(Figure 2), even though total lung volume
changed at the same rate. For all VTs, the
lung was initially more difficult to inflate in
PPV than in NPV (Figure 2B) and became
easier to inflate during the latter part of
inspiration. This discrepancy in the two
ventilation modes is potentially explained by
airway resistance and/or parenchymal
elastance differences. Given the quasistatic
nature of the experiments, it is unlikely
airway resistance would be the culprit,
because it makes a relatively small
contribution to overall transpulmonary
pressure changes during ventilation (30, 31).
Also, PPV would be expected to expand the
proximal airways and thus reduce their
resistance. This leaves differences in lung
elastance as the likely explanation for Figures
1 and 2. Furthermore, the sharpness of the
change in pressure–volume slope during
PPV is suggestive of sudden lung
recruitment occurring midway along the
course of inflation, as has been observed
previously in ex vivo lungs and patients with
acute respiratory distress syndrome (ARDS)
(25, 32–36). In other words, the differences
in PPV versus NPV lung stiffness appear to
potentially be due to disparate degrees of
lung recruitment pertaining to a given lung
volume. The local strain values at the
inflection point support this interpretation;
PPV results in significantly lower mean
strain, range, median andmaximum strains
than the same pressure in NPV (qualitatively
observed in Figures 3B and 3C) and in terms
of lung expansion and surface strain (Figures
5A and 5B). Even at matched volumes at the
inflection point, where PPV pressure is
higher, NPV still demonstrates greater local
strains (Figure 5C). These findings agree with
a previous study reporting significant
differences in aeration in midinspiration
between PPV and NPV (8).

PPV energetics, reflected in the
shape of the inspiratory and expiratory
pressure–volume profiles, demonstrate
greater hysteresis and work of breathing
than NPV (Figure 8). In addition to the
recruitment and derecruitment of alveoli
(32, 37), the finite width of the pressure–
volume loop has been attributed to the
dynamics of surfactant molecules at the
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air–liquid interface (38–41) and the
behavior of the fibers that compose the
lung tissue (38, 42–44). These effects may
be enhanced in lung diseases, such as
chronic obstructive pulmonary disease (45)

and VILI (46), which could explain why
hysteresis and breathing work increase
with disease progression (44). Nevertheless,
in the normal lungs of the present study, it
seems reasonable to suppose that acute

changes in hysteresis due solely to the
mechanical ventilation mode would be
attributable to differences in the nature of
recruitment and derecruitment throughout
the ventilatory cycle.
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Inflation of a lung comprising elastic
alveolar units served by a rigid airway tree,
in which the inflating medium is considered
incompressible and the only relevant variable
is transpulmonary pressure, should
theoretically result in no inflation behavior
difference between PPV and NPV. The
differences we observed here, therefore, must
be explicable on the basis of the extent to
which the above assumptions are not valid.
If the airways are compliant, for example,
then it is conceivable that the movement of
air along the airway tree from branch to
branch does not happen simultaneously but

rather is a sequential phenomenon in which
air must expand one branch to some degree
before moving to the next. In this case, the
sequence of events would differ during PPV
versus NPV. Moreover, if airway closure
occurs, it will disrupt the communication
between distal and proximal airways, and
this might be more pronounced in PPV
than in NPV. Although the exact
mechanisms remain uncertain, Yoshida
and colleagues proposed that NPVmay
reduce the pleural pressure gradient by
recruiting dependent lung instead of
aerating nondependent, already-inflated

lung (47–49). Our results support this
notion: despite matched changes in total
lung volume, transpulmonary pressure,
and similar expanding surface area as
computed by the Jacobian (28), the strain
concentrations during PPV were more
visible (Figure 3E) and more frequent
(Figure 4A) with larger maximum strain
values compared with NPV. In contrast, the
spatial distribution of strain in NPVwas
more uniform (Figure 3F). Also, the
anisotropic index, a measure previously used
to assess the severity of disease progression in
patients with chronic obstructive pulmonary
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disease (50), tended to decrease during PPV
compared with NPV, further supporting the
notion of distorted local strains in PPV. This
was notable at the higher VTs of 900 and
1,350 ml, in which PPV local strains were
fourfold to fivefold greater than in NPV,
(albeit the anisotropic index difference was
not significant; P=0.0625). This applies
particularly to 1,350 ml, where a greater
fraction of the lung surface experienced
strains of 100% or more in PPV compared
with NPV. These findings suggest that lung
tissue damage is more likely to be associated
with PPV than with NPV (7).

We also observed notable pressure
relaxation (Figure 7), mirroring isolated
airway and parenchyma tissue stress
relaxation tests (17, 18, 51, 52). In our
experiments, the same specimen was tested in
PPV andNPV, and therefore the material
properties must be identical. Thus, the
observed PPV/NPV viscoelastic differences
suggest alveolar loading, time-dependent
recruitment and the experienced tissue stress
under positive or negative ventilation, are
disparate (explained further below and in
supplemental notes). Because patients with
ARDS have significant differences in
viscoelastic properties (53), these findings
support the possibility that lung function may
becomemore impaired under PPV as
opposed to NPV. Indeed, continuous external
NPV delivered to patients with ARDS has
been demonstrated to be effective (54–56). In
an analysis of six intubated patients with

ARDS, continuous external NPV resulted in
better oxygenation at lower transpulmonary,
airway, and intraabdominal pressures and
improved hemodynamics compared with
continuous PPV (57). Furthermore,
combining PPV and NPV in a synchronized
manner has the putative benefits of enabling
more effective modulation of flows, volumes,
and pressures to meet the ventilatory needs of
the patient (58) andmay decrease the high
mortality from ARDS (59).

The effect of inflation volume on
compliancy, hysteresis, strain values, and
anisotropy index has also been investigated
in the current study. Increasing the VT did
not have an impact on the initial lung
compliance undergoing PPV but did affect
NPV lung compliance, supporting the
hypothesis that airways and alveoli are
initially nonresponsive in PPV, so varying VT

is not as influential on the initial compliance.
Increasing hysteresis for increasing VT was
expected and observed, yet energy loss was
unaffected by changes in VT for both PPV
and NPV. This was previously established
only for PPV from dog and human tests
(38, 60), and now for NPV in this study.
In addition, increasing VT results in
significantly greater values of mean strain at
the maximum inflation stage and greater
tissue distortion (lower anisotropy index) in
both PPV and NPV.

The aforementioned mechanism
of airway recruitment explaining the
discrepancies between PPV and NPV

may have its own underlying mechanism,
attributable to thin- versus thick-walled
airway models. Previously, theoretical PPV
and NPV differences in thin-walled
compartment models have been discussed
by Engelberts and colleagues (5), who
concluded that similar mechanics are at play
but conceded that geometrical effects may be
critical. Specifically, if the airways behave like
thick-walled cylinders, their behavior will be
governed by the Lam�e equations instead
(61), and the mechanics will be determined
not only by the transmural pressure but also
by the average pressure across the wall.
Therefore, although PPV and NPV
transmural pressures are identical, their
dissimilar average pressures beget disparate
PPV versus NPV wall stresses and therefore
strain values, resulting in differing airway
recruitment thresholds. This posits an
explanation for the different experimental
local DIC strains between PPV and NPV
(Figures 3–6) and an overarching
rationalization for the global PPV and NPV
pressure–volume inspiratory limb differences
(Figure 2). A more detailed analysis and
discussion is provided in the online
supplement (Figures E3 and E4).

Limitations
Among the limitations of this study is that
our experiments were conducted on porcine
and not human lungs. Conclusions may well
differ based on animal species; Engelberts
and colleagues (5) refute the differences
between PPV and NPV based on mice data,
whereas Grasso and colleagues (7) used
rabbits with lungs potentially large enough to
observe the mechanics seen here in pig lungs.
In addition, the experiments of the present
study were conducted on isolated lungs (12),
eliminating circulation and chest wall effects;
nonetheless, pressure–volume similarities
between in situ and ex vivomouse lungs have
been reported (5), supporting the likelihood
that these ex vivo findings may extend to
in situ. Although DIC necessitates ex vivo
testing, it affords real-time and continuous
local strain measures, enabling the extraction
of moments of interest, such as the inflection
point. Thus, despite being limited to
measurements on the lung surface, our
study provides insights that are not possible
with other discrete-time and prolonged
imaging methods that collect internal tissue
behaviors (e.g., computed tomography or
digital volume correlation). Although
absolute displacement of the isolated lung
may be somewhat different than in situ,
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relative measures (strain and the spatial
distributions) between PPV and NPV are
unlikely to be significantly different between
ex vivo and in situ conditions. In addition,
the reduced pleural pressure gradient
associated with negative pressure requires
further exploration, because this
phenomenon has been demonstrated to
occur through diaphragm realignment,
which cannot be examined given our current
explanted lung experimental design (47). It
is also important to note that measurements
were collected exclusively from the dorsal
surface of the lung, as simultaneous imaging
of the lung’s ventral side would require a
second interfacing DIC apparatus;
accounting for all sides of the lung during
ventilation, as well as the role of lung shape
due to positioning (i.e., prone vs. supine)
(62), can further elucidate possible
mechanistic differences between PPV
and NPV posited in this study. Another
potential limitation is the use of slightly

slower than normal breathing rates to
maintain quasistatic assumptions, which may
impact viscoelastic effects. Finally, it is
important to emphasize that the mechanical
discrepancies we observed between PPV
and NPVwere recorded from the same
lung specimen subject to the same testing
environment, so the greater resistance and
heterogeneity resulting from PPV compared
with NPV observed in these healthy
specimens may also potentially extend to
pathological conditions, given the more
solid-like behavior of diseased lungs (63);
pulmonary heterogeneities and alterations in
pressure distribution in diseased states may
well exacerbate PPV and NPV differences
(7), particularly at the local level.

Conclusions
VILI is a well-known artifact of PPV, and
thus understanding the physiological
differences between PPV and NPV can lead
to safer ventilation strategies for patients.

Previous studies examining the global
parallel between these two paradigms were
missing associated local insights, which we
address here using a unique multiapparatus
interface to provide novel experimental
evidence to illuminate the PPV versus
NPVmechanics debate. Global lung
pressure–volume curves coupled with tissue-
level deformation maps demonstrate that
organ energetics and viscoelasticity, together
with local stretch and distortions, are
reduced in NPV compared with PPV.
Findings from this investigation provide a
rationale for additional inquiry into in vivo
ventilation differences between PPV and
NPV.�
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