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IMPORTANCE Ventilator-induced lung injury may arise from heterogeneous lung
microanatomy, whereby some alveoli remain collapsed throughout the breath cycle while
their more compliant or surfactant-replete neighbors become overdistended, and this is
called dynamic alveolar heterogeneity.

OBJECTIVE To determine how dynamic alveolar heterogeneity is influenced by 2 modes of
mechanical ventilation: low tidal-volume ventilation (LTVV) and airway pressure release
ventilation (APRV), using in vivo microscopy to directly measure alveolar size distributions.

DESIGN, SETTING, AND PARTICIPANTS In a randomized, nonblinded laboratory animal study
conducted between January 2013 and December 2014, 14 rats (450-500 g in size) were
randomized to a control group with uninjured lungs (n = 4) and 2 experimental groups with
surfactant deactivation induced by polysorbate lavage: the LTVV group (n = 5) and the APRV
group (n = 5). For all groups, a thoracotomy and in vivo microscopy were performed.
Following lung injury induced by polysorbate lavage, the LTVV group was ventilated with a
tidal volume of 6 mL/kg and progressively higher positive end-expiratory pressure (PEEP) (5,
10, 16, 20, and 24 cm H2O). Following lung injury induced by polysorbate lavage, the APRV
group was ventilated with a progressively shorter time at low pressure, which increased the
ratio of the end-expiratory flow rate (EEFR) to the peak expiratory flow rate (PEFR; from 10%
to 25% to 50% to 75%).

MAIN OUTCOMES AND MEASURES Alveolar areas were quantified (using PEEP and EEFR to
PEFR ratio) to determine dynamic heterogeneity.

RESULTS Following lung injury induced by polysorbate lavage, a higher PEEP (20-24 cm H2O)
with LTVV resulted in alveolar occupancy (reported as percentage of total frame area) at
inspiration (39.9%-42.2%) and expiration (35.9%-38.7%) similar to that in the control group
(inspiration 53.3%; expiration 50.3%; P > .01). Likewise, APRV with an increased EEFR to
PEFR ratio (50%-75%) resulted in alveolar occupancy at inspiration (46.7%-47.9%) and
expiration (40.2%-46.6%) similar to that in the control group (P > .01). At inspiration, the
distribution of the alveolar area of the control group was similar to that of the APRV group
(P > .01) (but not to that of the LTVV group [P < .01]). A lower PEEP (5-10 cm H2O) and a
decreased EEFR to PEFR ratio (!50%) demonstrated dynamic heterogeneity between
inspiration and expiration (P < .01 for both) with a greater percentage of large alveoli at
expiration. Dynamic alveolar homogeneity between inspiration and expiration occurred with
higher PEEP (16-24 cm H2O) (P > .01) and an increased EEFR to PEFR ratio (75%) (P > .01).

CONCLUSIONS AND RELEVANCE Increasing PEEP during LTVV increased alveolar recruitment
and dynamic homogeneity but had a significantly different alveolar size distribution
compared with the control group. By comparison, reducing the time at low pressure (EEFR to
PEFR ratio of 75%) in the APRV group provided dynamic homogeneity and a closer
approximation of the dynamics observed in the control group.
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D espite the development of improved ventilator strat-
egies, the morbidity and mortality associated with
acute respiratory distress syndrome (ARDS) remain un-

acceptably high.1,2 To prevent ARDS and its associated com-
plications, it is important, first and foremost, to prevent ven-
tilator-induced lung injury by using mechanical ventilation
strategies that both maintain alveolar recruitment and avoid
tissue overdistension. Protective mechanical ventilation, as it
is currently used clinically, aims to avoid overdistension by re-
ducing tidal volume (Vt). Nevertheless, regional overdisten-
sion of alveolar tissue can still occur when lung mechanical
properties become heterogeneous because the Vt delivered is
then forced into tissue regions that have higher compliance.
The less compliant regions either remain completely col-
lapsed (atelectatic) or experience damaging cycles of recruit-
ment and derecruitment with each breath.3 Furthermore, the
parenchyma at the boundary between atelectatic and venti-
lated parenchyma may be subject to increased strain owing to
geometric effects.4 Thus, ventilator-induced lung injury can
arise from heterogeneous mechanical behavior at the level of
the microanatomy when some alveoli remain collapsed
throughout the breath cycle while their more compliant or sur-
factant-replete neighbors become overdistended.5 We call this
phenomenon dynamic alveolar heterogeneity.

Ventilation heterogeneity can be assessed clinically dur-
ing mechanical ventilation using imaging methods such as com-
puted tomography6 and electrical impedance tomography.7

These methods, however, do not have the spatial resolution to
reveal dynamic alveolar heterogeneity, so direct visualization
of dynamic alveolar heterogeneity in patients is not currently
possible. On the other hand, our previous computational mod-
eling work suggests that dynamic alveolar heterogeneity can be
predicted from breath-by-breath measurements of lung me-
chanics following the application of recruitment maneuvers.8,9

We recently used this approach in a rat model of ARDS10 to pre-
dict how the relative degrees of alveolar overdistension and in-
tratidal derecruitment depend on ventilator settings during both
conventional low tidal-volume ventilation (LTVV) and airway
pressure release ventilation (APRV). Confirming these predic-
tions experimentally would lend significant support to the va-
lidity of assessing dynamic alveolar heterogeneity via compu-
tational modeling and would allow for the design of mechanical
ventilation strategies that minimize dynamic alveolar
heterogeneity.

Accordingly, the purpose of the present study was to quan-
tify dynamic alveolar heterogeneity in a rat model of acute lung
injury. We used in vivo microscopy to directly measure in-
tratidal alveolar recruitment during LTVV and APRV and to de-
termine how dynamic alveolar heterogeneity is influenced by
these 2 modes of mechanical ventilation and by the settings
used with each mode.

Methods
Procedure
All experiments were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory

Animals and approved by State University of New York Upstate
Medical University Institutional Animal Care and Use Commit-
tee. Male Sprague-Dawley rats (450-500 g in size) were accli-
matized to laboratory conditions for 1 week. Each rat was anes-
thetized with ketamine hydrochloride (90 mg/mL) and xylazine
hydrochloride (10 mg/mL) dosed at 0.1 mg/kg of ketamine. Ani-
mals were intubated via tracheostomy with a 2.5-mm tracheal
cannula (Harvard Apparatus) and then placed on mechanical
ventilation (Dräger Evita Infinity V500) with a positive end-
expiratory pressure (PEEP) of 5 cm H2O, Vt = 6 mL/kg, a respi-
ratory rate of 55 breaths/min, and a fraction of inspired oxygen
of 21%. The carotid artery was cannulated with silastic tubing
for hemodynamic monitoring, and the external jugular vein was
cannulated for fluid and medication administration. The right
lung was exposed via thoracotomy for in vivo assessment. A
microscope coverslip was lowered onto the pleural surface,
and the lung was held in place by gentle suction (5 cm H2O) for
in vivo videomicroscopy (epi-objective microscope with epi-
illumination; Olympus America Inc) as previously described.11

After instrumentation, the rats were randomized into a control
group (n = 4) or 1 of 2 treatment groups (LTVV [n = 5] and APRV
[n = 5]) using a random number generator (Microsoft Excel),
with each group previously assigned an integer value.

Experimental Groups
Control Group
The rats in the control group were maintained on ventilation
with PEEP of 5 cm H2O, a Vt of 6 mL/kg, a respiratory rate of
55 breaths/min, and a fraction of inspired oxygen of 21%. The
in vivo microscope was placed as already described, and
videos were recorded with a high-definition video camera
(Allied Visions Stingray, F-145C).

Injury
Surfactant deactivation was induced by intratracheal instilla-
tion of 0.2% of polysorbate 20 in normal saline (5 mL/kg), half
this volume into each lung. The rats were rotated into the right
and left lateral decubitus position, respectively, for bilateral poly-
sorbate distribution. The rats were then subjected to injurious
mechanical ventilation with high tidal volume (Vt = 16 mL/kg)
and a PEEP of 0 cm H2O for 10 minutes. This model of surfac-
tant deactivation would most closely approximate a patient with
a direct pulmonary insult, such as pneumonia,12 aspiration,13

or inhalation injury.14 Patients who develop extrapulmonary
lung injury are susceptible to surfactant deactivation by way of
an indirect injury, and this model may still be applicable; how-
ever, it does not encompass the full spectrum of pathophysi-
ologic changes associated with indirect lung injury.15

LTVV Group
Following injury induced by polysorbate lavage, the rats in this
group were switched to LTVV with Vt = 6 mL/kg, a respira-
tory rate of 55 breaths/min, and a PEEP of 5 cm H2O that is in-
crementally increased (to 10, 16, 20, and 24 cm H2O). The rats
were ventilated at each setting for 5 minutes to allow acclima-
tization. The in vivo microscope was placed as already de-
scribed, and videos were recorded for 5 ventilator cycles at each
ventilation setting.
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APRV Group
Following injury induced by polysorbate lavage, rats in this
group were maintained at a plateau pressure (Phigh = 35-40 cm
H2O) for a time (Thigh = 1.9-2.0 seconds) that was set to oc-
cupy approximately 90% of the ventilatory cycle. The release
pressure (Plow = 0 cm H2O) was applied for a time (Tlow = 0.13-
0.40 seconds). The Tlow was adjusted so that the ratio of the
end-expiratory flow rate (EEFR) to the peak expiratory flow
rate (PEFR) was 10%, 25%, 50%, or 75%; larger values of the
EEFR to PEFR ratio correspond to shorter Tlow. This led to a
mean (SEM) respiratory rate of 26.9 (0.2) breaths/min (EEFR
to PEFR ratio of 10%) to 29.2 (0.3) breaths/min (EEFR to PEFR
ratio of 75%). The rats were acclimated to each ventilator set-
ting for 5 minutes prior to having in vivo microscopic fields re-
corded for 5 ventilator cycles.

Analysis of Alveoli
Microscopic images of alveoli were recorded for analysis using
StreamPix 5 (Norpix Inc). The dynamic changes in alveolar size
during ventilation were determined by outlining individual al-
veoli at both peak inspiration and end expiration using Photo-
Shop CS6 (Adobe Inc). Individual alveolar areas were quanti-
fied using Image-Pro Plus (MediaCybernetics). The total alveolar
air space area was calculated as a percentage of total frame area,
with individual alveolar areas calculated in units of microm-
eters squared and individual alveolar radii calculated in units
of micrometers. Alveoli that were visually lost between inspi-
ration and expiration were assumed to have totally collapsed
and were assigned areas of 0 µm2 and radii of 0 µm.

Statistics
Results are reported as mean (standard error of the mean) values.
Total alveolar air space occupancy was analyzed using analysis
of variance, and the Dunnett multiple-comparison test was used
for a post hoc comparison of each experimental group with the
control group. We used the χ2 test to compare the distribution of
alveolarareaswiththeexpectednormaldistributiontodetermine
normality. The Kolmogorov-Smirnov test was performed to test
for differences in distribution between the control group and the
experimental groups, as well as between inspiration and expira-
tion at each setting. All tests were 2-tailed, and P < .01 was con-
sidered statistically significant. We used Prism version 5.0 statis-
tical software for analysis (GraphPad Software Inc).

Results
Plateau Pressure
Increasing PEEP from 5 to 24 cm H2O led to a concomitant in-
crease in mean (SEM) plateau pressure from 21.9 (1.4) to 40.6
(1.3) cm H2O (Figure 1). The mean (SEM) plateau pressures of
the higher PEEPs of 16 to 24 cm H2O (31.7 [0.9] to 40.6 [1.3]
cm H2O) were statistically similar to those of APRV (37.1 [1.0]
cm H2O; P > .01).

Alveolar Recruitment
There were significantly fewer alveoli at inspiration for low
PEEP (5 and 10 cm H2O) in the 2 experimental groups com-

pared with the control group (P < .01), whereas the number of
alveoli per photomicrograph for all settings in the APRV group
and a high PEEP (16-24 cm H2O) was not significantly differ-
ent from the number of alveoli per photomicrograph in the con-
trol group (P > .01; Table). At all settings of APRV, the number
of alveoli at inspiration varied minimally with a range of mean
(SEM) values of 46.0 (2.7) to 51.4 (5.4) alveoli per photomicro-
graph. By comparison, the mean (SEM) number of alveoli at
inspiration in the LTVV group increased substantially with
PEEP from 27.9 (6.5) (with a PEEP of 5 cm H2O) to 49.9 (4.1)
(with a PEEP of 24 cm H2O) alveoli per photomicrograph. At
expiration, there was a steady increase in the number of al-
veoli with increasing PEEP in the LTVV group, as well as with
increasing EEFR to PEFR ratio in the APRV group, although it
was not significantly different from the increase observed in
the control group (P > .01). The APRV group, with a longer ex-
piratory duration (lower EEFR to PEFR ratio), demonstrated
a reduction in the number of open alveoli at inspiration and
expiration, whereas shorter expiratory durations (higher EEFR
to PEFR ratio) increased the number of open alveoli at expi-
ration and inspiration.

Alveolar Diameter
The alveolar diameters at inspiration and expiration were simi-
lar between each of the experimental groups and the control
group (P > .01). Of the experimental settings tested, APRV with
an EEFR to PEFR ratio of 75% trended toward the greatest al-
veolar radius at both inspiration and expiration. With an in-
creasing PEEP and an increasing EEFR to PEFR ratio, the al-
veolar radius at expiration increased. With an EEFR to PEFR
ratio of 50% or lower, there was a significant difference in al-
veolar radius between inspiration and expiration (P < .01;
Table).

Alveolar Surface Area
The lower PEEP settings (5-16 cm H2O) in the 2 experimental
groups had significantly less alveolar occupancy at both in-
spiration and expiration compared with those in the control

Figure 1. Mean Plateau Pressures in Low Tidal-Volume Ventilation (LTVV)
Group With Increasing Positive End-Expiratory Pressure (PEEP)
and in Airway Pressure Release Ventilation (APRV) Group

0
5 10 16 20 24 APRV

45

40

M
ea

n 
Pl

at
ea

u 
Pr

es
su

re
, c

m
 H

2O

PEEP, cm H2O

35

30

25

20

15

10

5

a
a

LTVV

APRV

Error bars indicate standard error of the mean.
a P < .01 vs APRV.

Airway Pressure Release Ventilation and Dynamic Alveolar Heterogeneity Original Investigation Research

jamasurgery.com (Reprinted) JAMA Surgery Published online October 7, 2015 E3

Copyright 2015 American Medical Association. All rights reserved.

Downloaded From: http://archsurg.jamanetwork.com/ by a Imperial College London User  on 10/08/2015

http://www.jamasurgery.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2015.2683


Copyright 2015 American Medical Association. All rights reserved.

group (P < .01). Increasing PEEP to 20 and 24 cm H2O in-
creased alveolar occupancy so that there was no significant dif-
ference in alveolar surface between the rats in the 2 experi-
mental groups and the noninjured rats in the control group.
At inspiration, the alveolar occupancy at all settings in the APRV
group was statistically similar to the alveolar occupancy in the
control group. At lower EEFR to PEFR ratios (10% and 25%),
the alveolar occupancy at expiration in the 2 experimental
groups was significantly less than that in the control group
(P < .01) and significantly less than the alveolar occupancy at
inspiration (P < .01; Table). Comparing all lung-injured rats at
all ventilator settings, we found that APRV with an EEFR to
PEFR ratio of 75% provided the greatest alveolar occupancy
at both inspiration and expiration.

Alveolar Heterogeneity
Qualitatively, there appeared to be greater dynamic heteroge-
neity with a PEEP of 5 cm H2O and an EEFR to PEFR ratio of
10%, whereas there was more dynamic homogeneity with a
PEEP of 20 cm H2O and an EEFR to PEFR ratio of 75%, as shown
for representative rats in Figure 2. At inspiration, the distri-
bution of alveolar area also appeared to be similar between an
EEFR to PEFR ratio of 10% and an EEFR to PEFR ratio of 75%.
Using the χ2 test, we compared the expected distribution of
alveolar areas with the actual distribution. All groups failed the
normality test. Using the Kolmogorov-Smirnov test, we com-
pared the distributions of alveolar areas in the 2 experimen-
tal groups with the distribution of alveolar areas in the con-
trol group to determine whether the distributions were similar
at both inspiration and expiration. At inspiration, all of the set-
tings in the APRV group demonstrated an alveolar distribu-
tion similar to that observed in the control group (P > .01;

Figure 3A), whereas none of the settings in the LTVV group
demonstrated distributions that were similar to the distribu-
tion observed in the control group (P < .01; Figure 3B). At ex-
piration, neither of the experimental groups had an alveolar
distribution similar to that of the control group (P < .01;
Figure 3C and D).

The Kolmogorov-Smirnov test was performed to deter-
mine dynamic heterogeneity, which reflects whether the al-
veolar size distributions significantly changed between inspi-
ration and expiration in each group. In the control group, there
was dynamic homogeneity (P > .01), which indicates that there
was not a significant change in the alveolar size distribution
between inspiration and expiration as depicted in Figure 4A.
In addition, there was minimal skew, with the median alveo-
lar sizes at inspiration and expiration closely approximating
the corresponding mean values. Likewise, the alveolar size dis-
tribution for all APRV settings at inspiration was character-
ized by low skew, with the median values closely approximat-
ing the alveolar mean values (Figure 4B-E). At expiration, there
was positive skewness in the APRV group with EEFR to PEFR
ratios of 10% (Figure 4B), which lessened with increasing EEFR
to PEFR ratios. In the APRV group with low EEFR to PEFR ra-
tios (≤50%), there was dynamic heterogeneity between inspi-
ration and expiration (P < .01), but there was dynamic homo-
geneity with an EEFR to PEFR ratio of 75% (P > .01). In the LTVV
group, the low PEEP settings (5 and 10 cm H2O; Figure 4F-G)
also demonstrated positive skewness at expiration, which less-
ened with increasing PEEP (16-24 cm H2O; Figure 4H-J). The
low PEEP settings (5 and 10 cm H2O) demonstrated dynamic
heterogeneity between inspiration and expiration (P < .01), but
with increasing PEEP (16-24 cm H2O), there was a closer ap-
proximation of both the alveolar mean and median values be-

Table. Comparison of Alveolar Occupancy and Recruitment Between Control and Experimental Groups

Group

Mean (SEM)

Alveolar Occupancy,a % No. of Alveoli Alveolar Diameter, μm

Inspiration Expiration Inspiration Expiration Inspiration Expiration
Control 53.3 (4.0) 50.3 (5.4) 60 (5.9) 55 (3.8) 39.0 (1.0) 36.4 (2.2)

APRV

EEFR to PEFR ratio, %

10 46.2 (2.8) 35.8 (2.4)b,c 51.4 (5.4) 32.8 (5.0) 38.4 (1.9) 26.2 (2.6)c

25 43.5 (2.3) 30.0 (2.7)b,c 46.0 (2.7) 31.9 (4.8) 40.2 (1.6) 27.0 (2.5)c

50 46.7 (2.8) 40.2 (3.2) 49.3 (3.2) 37.9 (4.8) 41.4 (1.2) 31.8 (1.8)c

75 47.9 (2.9) 46.6 (2.7 50.6 (4.9) 45.4 (5.7) 40.1 (1.9) 38.8 (1.1)

LTVV

PEEP, cm H2O

5 24.8 (3.7)b 16.1 (4.1)b 27.9 (6.5)b 26.8 (7.7) 39.0 (5.1) 28.2 (5.2)

10 30.9 (3.1)b 24.0 (3.8)b 31.0 (4.6)b 33.6 (9.3) 39.1 (4.1) 30.7 (3.1)

16 32.7 (3.9)b 29.3 (3.6)b 33.5 (3.9) 35.4 (6.4) 34.1 (3.0) 31.2 (1.5)

20 39.9 (3.1) 35.9 (3.6) 40.1 (3.1) 38.1 (3.8) 37.3 (2.1) 34.4 (2.1)

24 42.2 (2.7) 38.7 (4.0) 49.9 (4.1) 45.1 (4.4) 38.9 (3.2) 32.7 (2.7)

Abbreviations: APRV, airway pressure release ventilation; EEFR, end-expiratory
flow rate; LTVV, low tidal-volume ventilation; PEEP, positive end-expiratory
pressure; PEFR, peak expiratory flow rate.
a Alveolar Occupancy represents the percentage of the photomicrograph

occupied by alveolar area at inspiration and expiration. The experimental

groups include the LTVV group varying PEEP and the APRV group with
increasing EEFR to PEFR ratios.

b P < .01 (experimental group vs control group).
c P < .01 (inspiration vs expiration).
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tween inspiration and expiration, which indicates dynamic
homogeneity (P > .01).

Discussion
In most investigations into the pathogenesis of ventilator-
induced lung injury, the assessment of heterogeneity is made
at the level of the whole lung.6,7 This represents a length scale
several orders of magnitude larger than that of the alveoli,
which are directly affected by the stresses and strains of me-
chanical ventilation16 and, therefore, might not accurately re-
flect the alveolar heterogeneity that occurs in the injured lung.17

Applying a mechanical breath to a heterogeneous population
of alveoli might result in localized regions of high stress with-
out a significant increase in the overall stress of the whole lung.6

Likewise, the changes in alveolar size distribution at inspira-
tion vs expiration that occur when dynamic heterogeneity is
present are indicative of abnormal alveolar microstrain5 and

intratidal derecruitment, which are known to accelerate the
progression of lung injury. Thus, to truly identify the protec-
tive benefits of a ventilation strategy, the spatiotemporal al-
veolar heterogeneity that it causes must be assessed. Using
computational modeling,10 we have recently shown evi-
dence that both alveolar microstrain and intratidal derecruit-
ment depend markedly on ventilator settings for both LTVV
and APRV. The results of the present study directly corrobo-
rate these previous modeling results and confirm the impor-
tance of ventilating the injured lung in a manner that mini-
mizes the heterogeneous mechanical behavior of the lung at
the level of individual alveoli.

The normal lung is homogenously expanded near total lung
capacity.18 Accordingly, the inspiratory pressure used in APRV
is conventionally set to produce lung volumes at a point on the
steep portion of the pressure-volume curve that is well above
functional residual capacity but still less than total lung capac-
ity. This avoids alveolar overdistension and encourages spon-
taneous breathing by patients while, at the same time, promot-

Figure 2. Qualitative Comparison of Dynamic Alveolar Heterogeneity Between Inspiration and Expiration
at Low Tidal-Volume Ventilation (LTVV) and at Airway Pressure Release Ventilation (APRV)

LTVV with PEEP of 5 cm H2O

LTVV with PEEP of 20 cm H2O

APRV with EEFR to PEFR
ratio of 10%

APRV with EEFR to PEFR
ratio of 75%

Inspiration Expiration

Alveoli from in vivo photomicrograph
are ordered from largest to smallest
area. EEFR indicates end-expiratory
flow rate; PEEP, positive
end-expiratory pressure; and
PEFR, peak expiratory flow rate.
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ing alveolar recruitment.19 The ability of APRV to maintain
alveolar homogeneity thus arises because the majority (approxi-
mately 90%) of the ventilation cycle is spent at the upper pres-
sure (Phigh).18 The sustained greater lung volume that this pro-
duces results in alveolar size distributions for APRV at inspiration
that are independent of the value of Tlow, as shown in Figures 2
and 3. These size distributions are also similar to those ob-
served in control animals randomly assigned to LTVV, which
shows that APRV did not cause additional alveolar overdisten-
sion. In contrast, the alveolar size distribution for APRV at ex-
piration is highly dependent on Tlow. In particular, an EEFR to
PEFR ratio of 50% or lower caused a marked decrease in the me-
dian alveolar size, increased derecruitment, and resulted in a
positive skew of the size distribution similar to that of decreas-
ing PEEP with LTVV (Figure 4). In other words, longer dura-
tions at Plow = 0 cm H2O allowed sufficient time for significant
derecruitment to occur with each expiration. The benefits of
APRV in terms of increased homogeneity and decreased in-
tratidal derecruitment that have been reported in human
studies20 and in animal models of ARDS5,21-23 thus require that
Tlow be set appropriately such that the EEFR to PEFR ratio is 75%.

These findings are supported by an experimental study24 dem-
onstrating that a prolonged inspiratory time at the plateau pres-
sure requires either an expiratory phase of a brief duration to a
low pressure or an expiratory phase of a longer duration to a high
pressure in order to stabilize oleic-acid–injured lungs.

Manipulating the parameters of conventional LTVV in the
injured rats also had a substantial effect on dynamic alveolar
heterogeneity. For example, a low PEEP decreased the me-
dian alveolar size in a manner similar to prolonged Tlow in APRV
(Figure 4). The positive skew in the alveolar distributions at
low PEEPs indicates that the rats that underwent ventilator-
induced lung injury by polysorbate-induced surfactant deac-
tivation required increased airway pressures in order to main-
tain the presumably normal alveolar architecture exhibited by
the uninjured rats in the control group. Furthermore, the sig-
nificantly lower number of patent alveoli (Table) observed in
the rats ventilated with low PEEP indicate that the resulting
low ventilation pressures were not sufficient to maintain re-
cruitment following lung injury. Increasing PEEP, which re-
sulted in increased inspiratory pressures due to the fixed Vt,
reduced the skewness of the alveolar distributions at inspira-

Figure 3. Comparison of Alveolar Distributions at Inspiration vs Expiration in Experimental Groups vs Control Group
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A, All of the settings (ie, ratios of end-expiratory flow rate [EEFR] to peak
expiratory flow rate [PEFR]) in the airway pressure release ventilation (APRV)
group demonstrated an alveolar distribution similar to that observed in the
control group at inspiration (P > .01). B, None of the settings (ie, progressively
higher positive end-expiratory pressures [PEEPs]) in the low tidal-volume

ventilation (LTVV) group at inspiration demonstrated distributions that were
similar to the distribution observed in the control group (P < .01). C and D, None
of the settings at inspiration (ie, progressively higher PEEPs or EEFR to PEFR
ratios) in either experimental group demonstrated distributions that were
similar to the distributions observed in the control group (P < .01).

Research Original Investigation Airway Pressure Release Ventilation and Dynamic Alveolar Heterogeneity

E6 JAMA Surgery Published online October 7, 2015 (Reprinted) jamasurgery.com

Copyright 2015 American Medical Association. All rights reserved.

Downloaded From: http://archsurg.jamanetwork.com/ by a Imperial College London User  on 10/08/2015

http://www.jamasurgery.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2015.2683
John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel




Copyright 2015 American Medical Association. All rights reserved.

Figure 4. Alveolar Distributions at Inspiration and Expiration
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Comparison of alveolar distributions between inspiration and expiration in the
control group (A), the airway pressure release ventilation group with increasing
ratio of end-expiratory flow rate (EEFR) to peak expiratory flow rate (PEFR)
(B-E), and the low tidal-volume ventilation group with increasing positive
end-expiratory pressure (PEEP) (F-J). Alveolar distribution at inspiration (solid
curve) is compared with alveolar distribution at expiration (dotted curve).

Median values are represented by the 2 vertical lines (solid line = median at
inspiration; dotted line = median at expiration). P < .01 indicates statistical
significance for dynamic heterogeneity (dissimilar alveolar distributions
between inspiration and expiration), and P > .01 indicates dynamic
homogeneity.
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tion and promoted dynamic alveolar homogeneity (Figure 4).
Therefore, the improvements in homogeneity with PEEP might
have been due to a combination of increased plateau and end-
expiratory pressures (Figure 1) that would have induced al-
veolar recruitment and prevented derecruitment.

Another interesting possible effect of PEEP, suggested by
Namati et al,25 is that it might facilitate recruitment via the
pores of Kohn. Opening the pores of Kohn, therefore, might
enable collateral ventilation and allow for the redistribution
of alveolar volume from more compliant to adjacent, less-
compliant alveoli, thereby promoting alveolar homogeneity.25

Corroborating this hypothesis, Wellman et al,26 using posi-
tron emission tomography, established that increasing PEEP
in a sheep nitrogen washout model improved specific venti-
lation homogeneity. In the present study, increasing the end-
expiratory lung volume by either increasing PEEP or increas-
ing the EEFR to PEFR ratio increased alveolar occupancy at
expiration and decreased alveolar derecruitment (Table). In-
creasing PEEP also led to an increase in alveolar occupancy,
although not to the same degree as APRV at inspiration, likely
because the prolonged Thigh in APRV allowed time for nearly
complete recruitment of alveoli.

The distributions of alveolar areas observed in the con-
trol and experimental groups were non-Gaussian. Mazzuca et
al17 hypothesized that such non-Gaussian distributions are ar-
tifacts because in vivo microscopy does not evaluate each al-
veolus in the plane of the alveolar centroid. Alternatively, Na-
mati et al25 suggested that non-Gaussian distributions observed
using a laser-scanning confocal technique were the result of
evaluating 3 types of alveoli: those that change with tidal in-
flation, those that do not, and those that collapse at expira-
tion. These effects are exaggerated in lung injuries associated
with the loss of surfactant function27 due to elevated rates and
magnitudes of derecruitment.9 In any case, the alveolar size
distributions in the present study were significantly posi-
tively skewed at low pressures (Figure 4), similar to the skewed
size distributions observed using in vivo microscopy in open-
chest rabbits at 3 cm H2O.17 Likewise, our distributions at high
PEEP (20 and 24 cm H2O; Figure 4) demonstrate the same de-
crease in kurtosis (or flattening of the curve) as observed by
Mazzuca et al17 at a pressure of 16.5 cm H2O.

The experimental findings of the present study thus pro-
vide direct evidence that alveolar heterogeneity is reduced by
increases in lung inflation pressure. Nevertheless, these find-
ings must still be viewed in the context of the limitations of the
in vivo microscopy technique and the region of the lung stud-
ied. Ventilation heterogeneity exists across the lung, and our as-
sessment was limited to zone I, or the anterior surface, of the
lung and therefore may not necessarily be generalized to the
whole lung. One other potential issue is that suction is re-

quired to stabilize the lung tissue on the microscope coverslip
during imaging, and this is known to increase both alveolar sta-
bility and size. These effects appear, however, to be subtle.28

Another potentially significant limitation is that in vivo micros-
copy can only evaluate subpleural alveoli to a depth of approxi-
mately 70 µm. This restricts investigation essentially to 2 di-
mensions and does not allow for the characterization of the gas
distribution to the conducting air spaces. However, the normal-
ization of the alveolar size distribution with increasing airway
pressure, as we found in the present study (Figure 4), has also
been found using a laser-scanning confocal technique capable
of looking deeper into excised mouse lungs.25 Furthermore,
similar improvements in lung homogeneity with increasing
PEEP and plateau pressure have been observed using com-
puted tomography in patients with ARDS,6 so it seems reason-
able to propose that the behavior of subpleural alveoli, as ob-
served by in vivo microscopy, provides a suitable approximation
of whole-lung alveolar dynamics. Finally, it must be remem-
bered that the mechanics of lungs in a patient with ARDS is in-
fluenced by the presence of an intact chest wall, diaphragm, and
abdomen.18,29 In the present study, the chest wall was re-
moved, as necessitated by the use of in vivo microscopy, so con-
ditions were not identical to those encountered clinically.

Conclusions
The alveolar size distributions observed using in vivo
microscopy in lung-injured rats demonstrate the importance
of both the magnitude and the duration of the applied pres-
sures during mechanical ventilation. The extended dura-
tions of APRV at the inspiratory pressure (Thigh) provide
alveolar size distributions at inspiration that closely approxi-
mate noninjured rats ventilated at low tidal volumes
(P > .01). For long durations of Tlow (EEFR to PEFR ratio of
≤50%), significant changes in the alveolar size distribution
occur from inspiration to expiration, which reflect dynamic
alveolar heterogeneity. Reducing the APRV Tlow duration
(EEFR to PEFR ratio of 75%) eliminates this dynamic hetero-
geneity and reduces intratidal derecruitment, providing a
close approximation of the dynamics observed in the control
group. Likewise, increasing PEEP during LTVV increases
recruitment, alveolar occupancy, and dynamic homogeneity.
However, even at a PEEP of 24 cm H2O, the alveolar size dis-
tributions at inspiration are significantly different from the
alveolar size distribution observed in the control group. Our
findings indicate that the alveolar dynamics during APRV
with an EEFR to PEFR ratio of 75% more closely resembles
the dynamics of a healthy lung than does the alveolar
dynamics during LTVV with a PEEP of up to 24 cm H2O.
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