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Abstract
Background: Ventilator-induced lung injury (VILI) is a recognized complication of mechanical ventilation. Although
the specific mechanism by which mechanical ventilation causes lung injury remains an active area of study, the
application of positive end expiratory pressure (PEEP) reduces its severity. We have previously reported that VILI is
spatially heterogeneous with the most severe injury in the dorsal-caudal lung. This regional injury heterogeneity was
abolished by the application of PEEP = 8 cm H2O. We hypothesized that the spatial distribution of lung injury correlates
with areas in which cyclical airway collapse and recruitment occurs.
Methods: To test this hypothesis, rabbits were mechanically ventilated in the supine posture, and regional ventilation
distribution was measured under four conditions: tidal volumes (VT) of 6 and 12 ml/kg with PEEP levels of 0 and 8 cm
H2O.
Results: We found that relative ventilation was sequentially redistributed towards dorsal-caudal lung with increasing
tidal volume. This sequential ventilation redistribution was abolished with the addition of PEEP.
Conclusions: These results suggest that cyclical airway collapse and recruitment is regionally heterogeneous and
spatially correlated with areas most susceptible to VILI.

Background
Lung injury and edema are well-documented consequences of mechanical ventilation with high distending
pressures in multiple experimental models [1-3]. It has
been observed that maintaining end-expiratory lung volume, at some level above functional residual capacity,
with positive end-expiratory pressure (PEEP) can prevent/reduce this ventilator-induced lung injury (VILI).
Multiple animal models employing high distending pressures and/or volumes have demonstrated marked reductions in lung injury when adequate PEEP is applied [1-5].
In a surfactant-depletion model, lung injury occurs in the
absence of large tidal volumes and distending pressures if
* Correspondence: ssincla1@uthsc.edu
1 Department of Medicine, University of Tennessee Health Sciences Center, 956

Court Ave E222, Memphis, TN, 38163 USA
Full list of author information is available at the end of the article

inadequate or absent PEEP is used [6]. However, applying
PEEP above the lower inflection point of the inspiratory
pressure-volume curve protected against injury [6]. The
protective effect of PEEP has been attributed primarily to
prevention of repeated airway collapse and expansion
(RACE) [6,7], and to a lesser extent limitation of tidal
excursion, and reduced cardiac output [8]. These observations, although not always directly translatable to the
clinical management of humans with lung injury, shed
light on how management of mechanical ventilatory support might potentially impact patient outcomes. It has
recently been observed that outcomes can be improved in
ARDS patients if distending pressures are limited by tidal
volume reduction [9,10]. Although improved outcomes
in ARDS patients ventilated with PEEP set above the
lower inflection point of the inspiratory pressure-volume
curve has been reported [10], a recent multi-center trial
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failed to show a survival advantage with a high-PEEP ventilation strategy [11]. Similar outcomes have been
observed in two subsequent trials employing either oxygenation-based [12] or plateau pressure-based [13] PEEP
protocols. However, another recent study documented
significant heterogeneity in how patients with ALI/ARDS
respond to higher PEEP levels [14]. They identified two
populations of patients: those with a significant
recruitable lung volume, and those with negligible
recruitable volume. These intra-patient differences may
suggest that some patients and not others may benefit
from higher PEEP. Additionally, a recent study by Talmor
and colleagues [15] examined the effect of higher PEEP
based on a trans-pulmonary pressure-based protocol and
found a strong trend toward improved survival in the
higher PEEP group.
The RACE hypothesis has been called into question
recently, favoring the tidal movement of fluid and/or
foam in the airways as an explanation for the mechanical
behavior of the injured lung during positive pressure ventilation [16]. Also, a recent model of saline lavage lung
injury found that high tidal volume/low PEEP ventilation
resulted in lung injury in the non-dependent lung regions
in supine rats, suggesting atelectasis in the dependent
lung zones shifts stretch-induced injury to the nondependent lung and argues against repetitive collapse and
expansion as a cause of VILI [17]. The current technological limitations of available imaging modalities preclude
accurate real-time imaging of all but the most peripheral
alveoli, therefore whether alveoli open and close during
mechanical ventilation remains a point of contention.
We have recently shown in a rabbit model of VILI that
lung injury is greater and more spatially variable with a
dorso-caudal gradient in the absence of PEEP[18]. One
potential mechanism for this finding is regional repeated
airway collapse and expansion in dependent lung areas
during tidal breathing promotes subsequent injury. We
hypothesize that 1) cyclical airway closure and expansion
or RACE occurs in the lungs of anesthetized rabbits
mechanically ventilated in the supine posture without
PEEP and 2) RACE would occur regionally in the dorsocaudal lung regions, spatially correlating with the previously reported regional distribution of VILI [18].
To test this hypothesis, we measured how relative ventilation regionally redistributes with increasing tidal volume in the lungs of mechanically ventilated rabbits by
measuring the distribution of aerosolized fluorescent
microspheres. This ventilation redistribution with
increasing tidal expansion of the lungs is referred to as
sequential ventilation and reflects dynamic regional
changes in lung mechanics during inspiration. By measuring regional ventilation redistribution with increasing
tidal volume under different PEEP conditions, we could
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infer whether dynamic regional changes in lung mechanics were related to changes in the lower part of the pressure-volume curve (i.e. cyclical airway closure at FRC
followed by expansion and increased ventilation during
inspiration) or to changes at the upper part of the pressure volume curve (i.e. alveolar overdistension and
regionally reduced compliance resulting in decreased
regional ventilation).

Methods
Animals Preparation

The University of Washington Animal Care Committee
in accordance with National Institutes of Health guidelines approved all methods. New Zealand white rabbits
(either sex, 2.4 to 2.8 kg) were sedated with intramuscular
ketamine (30 mg/kg) and xylazine (7.5 mg/kg) to allow
placement of a 20 ga catheter in each marginal ear vein. A
surgical plane of anesthesia was then maintained with a
continuous intravenous infusion of ketamine (0.05 mg/
kg/hr) and xylazine (0.003 mg/kg/hr) for the remainder of
the protocol. A 3.5 mm cuffless endotracheal tube was
inserted via tracheotomy to allow positive pressure
mechanical ventilation. Arterial catheters were placed in
the left carotid (blood gas sampling and arterial pressure
measurement) and right femoral (thermistor tipped catheter for thermodilution cardiac output) arteries. A catheter was inserted into the right internal jugular vein for
pressure monitoring and administration of thermodilution injectate. Pancuronium bromide (0.15 to 0.2 mg/kg)
was administered intravenously, after adequate anesthesia was established, to suppress spontaneous respiratory
efforts. A 30-min stabilization period followed the completion of surgical preparation, after which baseline data
were collected. During this period, animals were ventilated in pressure control mode (Servo 900 C; SemensElema, Stockholm, Sweden) with a 50% inspiratory time
and no inspiratory pause. Tidal volume was set at 10 - 12
ml/kg, PEEP = 5 cm H2O and a respiratory rate to achieve
PaCO2 = 35 - 45 mmHg.
Physiologic Measurements

Data were recorded using Powerlab data acquisition software (AD-Instruments Castle Hill, New South Wales,
Australia). Blood pressures (systemic arterial and right
ventricular), heart rate, duplicate thermodilution cardiac
output (Baxter Edwards SAT-2 Oximeter/Cardiac Output
Computer, Irvine, CA), arterial blood gases (Radiometer
ABL 5, Copenhagen, Denmark) and ventilatory parameters were measured for each experimental condition after
a 20-minute stabilization period.
An in-line spirometer (KORR RSS 100; Medical Technologies Research Spirometry System, Salt Lake City,
UT) was used to measure airway pressures and tidal vol-
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ume. Plateau pressure was measured as the pressure
achieved at the end of a 5-second end-inspiratory hold
maneuver.
Sequential Ventilation Measurement

On completion of surgery, stabilization, and collection of
baseline data, each animal (n = 5) was subjected to 4 different experimental conditions combining high (12 ml/
kg) or low (6 ml/kg) tidal volume with 8 cm H20 or 0 cm
H2O PEEP (Table 1). The rationale for choosing these
four conditions is as follows. In the absence of PEEP, if
dorso-caudal lung regions are closed at FRC and then
subsequently recruited at some point during a tidal inspiration, relative ventilation to these regions will be greater
with a larger tidal volume because the regions are open
for a greater percentage of inspiration as compared with a
smaller tidal volume. Thus, when measuring relative ventilation distribution at these two tidal volumes, there will
be greater ventilation to the dorso-caudal regions and
correspondingly less ventilation to ventro-cranial regions
with the larger tidal volume. In contrast, if PEEP is set
sufficiently high as to prevent cyclical airway collapse at
FRC, relative regional ventilation distribution should be
similar between a smaller tidal volume and a larger tidal
volume.
The order of the four conditions was varied across
experiments. Prior to each condition change, two static
inflations to 40 cmH20 were performed via the syringe
technique and held for 20 seconds each to ensure a standard volume history between conditions. All animals

were ventilated with room air throughout all experimental conditions and respiratory rate was adjusted at each
condition to achieve PaCO2 of 35 to 45 mmHg.
Twenty minutes after each condition was established,
physiologic data were recorded. Aerosolized 1-μm diameter fluorescent microspheres were administered over 5
min to measure regional ventilation for each condition as
previously described [19]. A total of 4 different fluorescent colors (yellow, orange, orange-red, and red) were
used. Each colored microsphere aerosol marked ventilation under one of the four conditions. By using four different aerosols, we can determine spatial ventilation
distribution post-mortem for each of the four different
ventilation conditions in each animal.
At the conclusion of each experiment, a sternotomy
was performed, the main pulmonary artery and left
atrium were cannulated, and the pulmonary vasculature
was flushed with a dextran solution by gravity feed. The
lungs were dissected from the chest cavity and dried
inflated at 25-cmH2O. The dried lungs were fixed in
rapid-setting foam, sliced, mapped, and diced into cubes
of 1.5-2.0-cm3. Each piece was weighed, visually scored
for airway and blood content, and soaked for 2 days in 1.5
ml of 2-ethoxyethyl acetate to extract the fluorescent
dyes. The fluorescent signals for the four colors were
measured in each piece with a fluorimeter (LS50B, Perkin-Elmer), corrected for background and spillover from
adjacent signals [20], and converted to weight-normalized, relative ventilation signals as previously described
[19].

Table 1: Physiological Response to Varying Mechanical Ventilation Strategies

Tidal Volume

6 ml/kg

12 ml/kg

PEEP

0 cmH2O

8 cmH2O

0 cmH2O

8 cmH2O

Heart rate (min-1)

214 ± 45

219 ± 26

211 ± 25

230 ± 31

MAP (mmHg)

63 ± 18

47 ± 7

65 ± 9

52 ± 7

Mean RVP (mmHg)

14 ± 2

14 ± 1

13 ± 2

15 ± 1

0.34 ± 0.02

0.23 ± 0.05†

0.31 ± 0.05

0.25 ± 0.06

8±1

16 ± 2†

13 ± 1*

30 ± 5*†

7±1

2†

12 ± 2*

27 ± 2*†

Cardiac output (L·min-1)
Peak PAW (cmH2O)
Plateau PAW (cmH2O)
Arterial pH

7.38 ± 0.10

15 ±

7.38 ± 0.07

7.42 ± 0.04

7.43 ± 0.02

6†

69 ± 12

94 ± 11†

Arterial PO2 (torr)

69 ± 11

95 ±

Arterial PCO2 (torr)

42 ± 2

40 ± 5

41 ± 2

41 ± 1

A-aDO2 (torr)

19 ± 21

8±9

25 ± 7

5 ± 8†

* p < 0.05 compared to other condition with same PEEP but different tidal volume; † p < 0.05 compared to other condition with different PEEP
but same tidal volume. Mixed model used for statistical analysis with post-hoc comparisons using Tukey's HSD. Values presented are mean ±
SD. MAP - mean arterial pressure, RVP - right ventricular pressure, PAW - airway pressure, A-aDO2 - alveolar-arterial oxygen difference.
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Data Analysis and Statistics

All values are presented as means ± SD and all statistical
analyses were done using JMP (SAS, Cary, NC). Comparisons of physiological parameters among the different
ventilator conditions were made using a mixed model in
which ventilator condition (the four combinations of tidal
volume and PEEP) was the fixed effect and animal number was the random effect to account for correlations
from repeated measures within each animal. For a given
physiologic parameter there was one value for each animal for each of the four conditions. Post-hoc comparisons were made with Tukey's HSD. To assess for
ventilation redistribution with change in tidal volume, the
base 10 logarithm of the ratio of the relative ventilation
with 12 ml/kg tidal volume to ventilation with 6 ml/kg
was calculated for each lung piece. For a given piece of
lung, if the log ratio was greater than 0, the relative ventilation to that lung piece increased as tidal volume
increased; conversely if the log ratio was less than 0, the
relative ventilation to that lung piece decreased as tidal
volume increased. To evaluate for regional changes in relative ventilation distribution, fluorescent measurements
were clustered into five regions based on dome of the diaphragm, major fissure, and a mid-sagittal division as illustrated in Figure 1. This clustering correlates with our
previously published data on regional lung injury [18].
Because measurements for all four ventilatory conditions
were made in each animal and because the log ratio of
ventilation with a tidal volume of 12 ml/kg to a tidal volume of 6 ml/kg is not independent among the five regions
within any given animal, we could not perform a standard
statistical analysis looking at differences between the five
regions at different PEEP levels. To quantify the effect of
PEEP on ventilation distribution, we calculated the
median of the log ratio of ventilation for each region (Figure 1) and then the standard deviation of these medians
across the five different regions at both PEEP levels. A
lower standard deviation represents little difference in
median ventilation distribution across the five regions
between tidal volumes; whereas, a higher standard deviation represents greater heterogeneity of relative ventilation distribution across the five regions between tidal
volumes. A paired t-test was used to compare the log10transformed standard deviation of median log ratios
between PEEP levels.

Results
Measurement of sequential ventilation distribution

Five animals were studied using the sequential ventilation
experimental protocol. Several of the hemodynamic
parameters were similar among the four ventilation conditions, although both mean arterial pressure (MAP) and
cardiac output were lower during ventilation with PEEP
for both tidal volumes (p = 0.08 and 0.01 for PEEP effect
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on MAP and cardiac output, respectively, at 6 ml/kg).
Airway pressures were higher both with larger tidal volumes and with the addition of PEEP (Table 1), including
statistically significant differences for three out of four
comparisons. Arterial oxygenation was statistically
higher during ventilation with PEEP (Table 1) for both
tidal volumes; there were no statistically significant differences in arterial pH or PCO2 among the four conditions.
An average of 73 ± 21 lung pieces were obtained from
each animal for measurement of regional ventilation
across the four conditions. In the absence of PEEP, four
out of five animals demonstrated a pattern in which relative ventilation increased to dorsal-caudal lung regions
(regions 1 and 2) and decreased to ventral-rostral regions
(regions 4 and 5) when tidal volumes were increased from
6 ml/kg to 12 ml/kg (Figure 1A). When ventilation distribution was measured in the presence of 8 cmH2O PEEP,
there was no clear difference in relative ventilation distribution between 6 ml/kg and 12 ml/kg tidal volume ventilation in any animals (Figure 1B). A composite graph of
all data points across the five animals demonstrates the
consistency of this finding (Figure 2). The addition of
PEEP resulted in a strong trend towards a reduced standard deviation of median log ratios of ventilation with a
tidal volume of 12 ml/kg to a tidal volume of 6 ml/kg
across the five regions (0.114 ± 0.105 vs. 0.238 ± 0.150, p
= 0.08).
In summary, animals ventilated in the supine posture
without PEEP demonstrated sequential redistribution of
ventilation towards dorsal-caudal lung regions as tidal
volume increased suggesting increasing regional compliance in dorsal-caudal lung regions relative to ventral-cranial regions. This sequential redistribution of ventilation
was attenuated with the application of PEEP. This finding
further suggests that the mechanism for the change in
relative regional compliance was recruitment and
increased compliance in dorsal-caudal lung, rather than
over-distension and decreased compliance in ventral-cranial lung.

Discussion
In this study, we hypothesized that, in anesthetized,
mechanically ventilated, supine rabbits, there are regional
areas of lung, which undergo cyclical airway collapse at
FRC and expansion during tidal inspiration (RACE) in
the absence of PEEP and that this results in spatial redistribution of relative ventilation with increasing tidal volume. We further hypothesized that RACE would spatially
correlate with the most regionally severe lung injury
observed in a prior study of VILI. We found that relative
ventilation increased to dorso-caudal lung regions as tidal
volume increased and that this regional ventilation redistribution with increasing tidal volume was ameliorated
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Figure 1 Regional variability of sequential ventilation without and with positive end-expiratory pressure (PEEP). A) 0 cmH2O PEEP; B) 8
cmH2O PEEP. Figures on the left are box plots of the logarithm of the ratio of relative ventilation at 12 ml/kg tidal volume to relative ventilation at 6
ml/kg tidal volume (log V12/V6) by lung region for one representative animal. The box defines the inter-quartile range with a line indicating the median
value. Whiskers indicate the plausible range of data with potential outliers identified as individual points. Figures on the right are 3-dimensional reconstructions of the lungs viewed from a lateral position. Red boxes indicate a 10% or greater increase and blue boxes represent a 10% or greater
decrease in relative ventilation at 12 ml/kg compared with 6 ml/kg tidal volumes. White boxes represent regions with < 10% change in relative ventilation with tidal volume change. Inset: Lung Divisions: Each lung was divided into five regions. The first region included all lung pieces in all ventraldorsal sections that were adjacent to the diaphragm at any point. The remaining lung was divided into four regions as indicated based on bisecting
transverse and coronal planes.

with the addition of positive end-expiratory pressure.
These data support regional cyclical airway closure at
FRC and recruitment with tidal inspiration in the absence
of PEEP, based on the following assumptions:

1. A regional increase in relative ventilation with an
increase in tidal volume implies that local compliance
is increasing relative to other lung regions.
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Figure 2 Composite log ratios of regional ventilation. Box plots of composite log ratio ventilation (log V12/V6) data for all pieces from all five animals, divided by lung region. A) 0 cmH2O PEEP; B) 8 cmH2O.

2. Local lung compliance is roughly constant between
volumes associated with either atelectasis (lower
inflection point on a pressure-volume curve) or full
inflation (upper inflection point on a pressure-volume curve - Figure 3).

3. Regional lung compliance can increase relative to
other lung regions either because of local recruitment
and improved compliance (Figure 3A) or because of
over distension and reduced compliance in remote
lung regions (Figure 3B).

Figure 3 Theoretical pressure-volume curves illustrating changing compliance with increasing tidal volume. Compliance may either increase
as collapsed alveoli are recruited (A) or decrease as alveoli become overdistended (B).
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4. If recruitment of dependent alveoli, which collapse
at FRC, is responsible for redistribution of ventilation
to dorso-caudal lung with increasing tidal volume,
then application of PEEP should reduce this redistribution. However, if over distension of non-dependent
alveoli is responsible for ventilation redistribution to
dorso-caudal lung, then application of PEEP should
augment this redistribution.
Although we have not directly visualized RACE, which
is not obviously feasible, our data support a spatial distribution of cyclical airway collapse and recruitment, which
correlates with our previously reported spatial distribution of lung injury [18]. Because RACE is implicated as
one cause of ventilator-induced lung injury [6,18,21-23],
these findings further support regional RACE in uninjured, supine rabbits undergoing mechanical ventilation.
All non-invasive measurements of volume change or
alveolar density are indirect estimates of regional ventilation subject to erroneous interpretation. Using dynamic
measurement of regional ventilation by the novel method
of labeled aerosol deposition, we have demonstrated for
the first time that regional ventilation redistributes with
increasing tidal volume, suggesting dynamic regional
changes in lung mechanics. Furthermore, by measuring
sequential ventilation at different PEEP levels, we have
shown that RACE is the most likely explanation for these
dynamic changes in regional lung mechanics.
We have previously reported a dramatic dorsal-ventral
and cranial-caudal gradient of lung injury severity in a
rabbit model of VILI with supine ventilation in the
absence of PEEP. The region with the most severe injury
was the dorsal-caudal lung. With the application of 8
cmH2O of PEEP however, no such gradient is observed,
rather a less severe, more homogeneously distributed
injury pattern occurs, despite identical end inspiratory
pressures [18]. The application of PEEP has been shown
to ameliorate VILI in a number of experimental models
[1,3,4,6,24-26]. One potential explanation for the protective effects of PEEP is the prevention of tidal collapse and
re-expansion of distal lung units. In the supine posture,
lower alveolar volumes at FRC may predispose dependent
lung regions to cyclical collapse. Muscedere et. al. [6]
demonstrated epithelial injury in distal airways and alveoli, even with low tidal volumes (6 ml/kg), when isolated,
unperfused rat lungs were allowed to deflate to volumes
below the lower inflection point of the pressure-volume
curve during exhalation. Although compelling, these
findings must be interpreted in the context of an ex vivo,
unperfused model which will favor tidal airway collapse
and minimize edema formation in comparison with an
intact animal model [16].
Distal airways and alveoli are not generally felt to be at
risk of tidal collapse and re-expansion in vivo in uninjured
lungs. In the current study, we examined this during
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mechanical ventilation in the supine posture by demonstrating sequential distribution of ventilation to the dorsal-caudal lung regions with increasing tidal volume,
which was abolished by the application of PEEP. In the
supine posture, a reduction was seen in relative ventilation to the dorsal-caudal region. One potential explanation for this is that the FRC is below the closing volume in
this region at end-exhalation, resulting in cyclical airway
closure. This would result in sequential ventilation with
no inspired gas going to this lung region during the initial
phase of tidal breathing, followed by recruitment and
ventilation in the latter phase of each breath. To test this,
we subjected uninjured animals to small (6 ml/kg) and
large (12 ml/kg) tidal volume ventilation and measured
relative regional ventilation distribution with inhaled fluorescent microspheres. We found a relative increase in
ventilation to the dorsal-caudal lung and decreased ventilation to the ventral-cranial lung with larger tidal volumes. Two likely explanations for this observation are 1)
alveoli in the dorsal-caudal lung were recruited with
increased tidal volume or 2) ventral-cranial regions were
over-distended with increased tidal volume, became less
compliant, and ventilation was re-distributed to the dorsal-caudal lung. The effect of PEEP on the distribution of
ventilation favors the former explanation. The application
of PEEP = 8 cm H2O eliminated the observed sequential
ventilation in the dorsal-caudal lung, consistent with
recruitment of alveoli in this region which allowed the
same relative ventilation to be delivered independent of
tidal volume.
There are several limitations to the current study. The
tidal volume used to induce VILI in our previous study
[18] as well as other studies of VILI were much greater
than the tidal volumes used in the measurement of ventilation distribution. The lower tidal volumes were chosen
to avoid inducing lung injury during the experiment
because aerosol deposition is unlikely to reflect ventilation distribution in the presence of spatially heterogeneous pulmonary edema secondary to differences in
particle deposition. We did not measure ventilation distributions in the prone posture to identify whether or not
sequential ventilation distribution was diminished. However, we have previously shown in a porcine model that
posture change from supine to prone increases dorsalcaudal ventilation consistent with reduced airway collapse in these regions [19]. Additionally, reduced sequential ventilation and airway closure in the prone posture
compared with supine posture has been previously
shown in dogs with normal lungs by single breath washout test [27]. We have also ventilated animals in the prone
posture in an identical fashion to that previously reported
in supine animals. With supine ventilation, the most
severe injury occurred in the dorsal-caudal lung while
less severe injury was seen in the cranial-ventral region.
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In contrast, prone ventilation produced a more modest
and homogeneously distributed injury pattern [4]. These
results are similar to that of previous observations in both
oleic acid injured [22] and normal dogs [21]. One potential explanation for the protective effects of prone posture
is the prevention of tidal collapse and re-expansion of distal lung units. In the supine posture, lower alveolar volumes at FRC may predispose dependent lung regions to
cyclical collapse. The more uniform pleural pressure gradient along the dorsal-ventral axis, in the prone posture,
results in higher regional FRC in dependent lung zones
[28] which may limit tidal collapse and recruitment of airways, and thus reduce VILI.

Conclusions
We previously reported in a rabbit model of VILI that
lung injury is greater and more spatially heterogeneous in
the supine posture as compared with the prone posture.
One potential mechanism for this finding is regional
repeated airway collapse and expansion during tidal
breathing. To evaluate whether or not this occurred in
the absence of lung injury with supine positioning, we
measured regional ventilation at different tidal volumes
in the presence and absence of PEEP. We found evidence
of sequential ventilation distribution towards dorsal-caudal lung and away from ventral-cranial lung with increasing tidal volume. This sequential ventilation pattern was
attenuated with the addition of PEEP compatible with
RACE. We speculate that RACE occurs in normal lung
with supine ventilation and in the absence of PEEP and
that this may contribute to the development of lung
injury.
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