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N the fourth century before the

common era (BCE), the Greek
philosopher and physician Hip-
pocrates expressed his wisdom on
the value of activity to the sick and
the healthy by stating that: “The
sick will of course profit to a great
extent from gymnastics with regard
to the restoration of their health and
the healthy will profit with regard
to its maintenance” (On Regimen
in Acute Diseases, 3, 400 BCE). In
contemporary critical care medicine,
driven by the goal of protecting our
patients from self-inflicted injury,
pain, and anxiety—and in contrast
to Hippocrates suggestions—we
have built a culture of immobiliz-
ing our patients: we prescribe high
doses of opioids, sedatives, anxiolyt-
ics, and antipsychotics, and with the
best intentions, we place bed-rest
and restraints orders. In patients
with severe respiratory failure, we
frequently use immobilizing ventila-
tor settings such as volume control
ventilation. Recent data have been
increasingly challenging this tenet in
relation to the fields of neuropsychi-
atry, rehabilitation, and respiratory
medicine.'”

In this issue of ANEsTHESIOLOGY,
two articles bring new informa-
tion on why the concept of muscle

“[These studies] support
the view that manage-
ment strategies allowing
for diaphragmatic exer-
cise through an increase
in spontaneous breathing
could result in improved ...
[global and regional lung]
function and help decrease
the incidence of respiratory
muscle dysfunction in the
intensive care unit.”

activity is also relevant to lung biochemistry and regional

function. Giildner et 4/.° and Bruells et al.” provide impor-
tant experimental data on the relationship between the dose
of diaphragmatic activity (spontaneous contribution to
breathing during mechanical ventilation) and the resulting
response in terms of lung mechanical stress, gas exchange,
and markers of muscle deconditioning.

As the main respiratory muscle,
the diaphragm contributes 72%
for tidal breathing® and its role
in respiratory mechanics and gas

exchange goes well beyond this
global number. One of the reasons
is its curvature during spontane-
ous breathing in the supine posi-
tion, which facilitates expansion
of dependent lung regions,” opti-
mizes the regional distribution of
lung ventilation, and prevents loss
of dependent lung aeration and
increase in shunt observed when
muscle paralysis is produced.!®
Accordingly, modes of venti-
lation proposed since the 1970s
tried to explore those advantages
in patients with acute respiratory
failure. The beneficial effects of
maintaining continuous sponta-
neous breathing during mechani-
cal ventilation in patients with
acute respiratory failure have
been described by Putensen ez
al? in two well-designed stud-
ies. However, in patients with
severe respiratory failure, barriers
to spontaneous breathing, includ-
ing patient—ventilator asynchrony,
high oxygen consumption of the
respiratory pump muscles, and the
risk of barotrauma, have hindered
a clear determination of the value
of spontaneous breathing during
mechanical ventilation.

Both Positive and Negative (Spontaneous)
Pressure Ventilation Can Create Harmful
Stress and Strain

To characterize ventilator-induced lung injury, it is important

to consider the consequences of the mechanical forces acting in
the lung parenchyma. The fundamental physical concepts are
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those of mechanical stress and strain. Stress can be understood
as the force per unit of area across a surface within the mate-
rial under study (e.g., lung tissue), and strain as the relative
deformation of that material. Methods to strictly assess lung
stress and strain acting on lung cells are currently not available.
Consequently, surrogate measurements are used to estimate
those quantities. The transpulmonary pressure is a currently
used surrogate of lung tissue stress. It is computed as the differ-
ence between the airway pressure and the pleural pressure, the
latter estimated from the esophageal pressure. For strain, mea-
surements of relative volume change are used, for example, the
ratio of the change in lung volume to the resting lung volume
during a breathing cycle quantified by imaging techniques.!>!4
Both positive-pressure mechanical ventilation and sponta-
neous breathing expose the lung to variable degrees of stress
and strain, which result in lung injury."> High levels of nega-
tive pressure created by respiratory muscles (typically observed
in patients with hypercarbic respiratory failure) may critically
increase transpulmonary pressure resulting in an increased
risk of barotrauma. Indeed, contrasting with reports on the
beneficial effects of spontaneous breathing,'"!* Papazian et
al. recently suggested that large doses of a neuromuscular-
blocking agent (NMBA) could benefit patients in the course
of acute respiratory distress syndrome by improving patient—
ventilator synchrony and allowing for the accurate adjust-
ment of tidal volume and pressure levels. These authors also
reported a lower incidence of new pneumothorax, pneumo-
mediastinum, subcutaneous emphysema, or pneumatocele
with administration of cisatracurium, demonstrating the risk
of high activity of respiratory pump muscles. It is highly likely
that lower transpulmonary pressures due to the use of cisatra-
curium were responsible for a portion of the reported benefit.
When spontaneous-breathing activity is allowed during
mechanical ventilation, the increase in transpulmonary pressure
in dependent lung zones may lead to recruitment of atelectatic
lung tissue and reduction in lung elastance. Giildner ez 2/. dem-
onstrate? that such improvement in dependent lung aeration is
associated with a reduction in transpulmonary pressure when
spontaneous breathing represents a larger percentage of total
ventilation with a biphasic positive airway pressure ventilation/
airway pressure-release ventilation mode. The resulting increase
in end-expiratory lung volumes resulted in a reduction in the
ratio of regional inspired lung volume to end-expired lung vol-
ume, their surrogate measure of strain. By using imaging meth-
ods, the authors additionally established that the consequent
oxygenation benefit was likely more associated with changes
in aeration than in perfusion distribution. Overall, the find-
ings imply that a larger contribution of spontaneous ventilation
resulted in an improvement in the mechanical conditions in
those injured lungs with reduction in lung stress and strain.

Ventilator-induced Diaphragmatic
Dysfunction

Another mechanism of spontaneous breathing on the ven-
tilator relates to protective effects on ventilator-induced
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diaphragmatic dysfunction, which is defined as the loss of
diaphragmatic force-generating capacity specifically related
to the use of passive mechanical ventilation. It is character-
ized by structural damage to muscle fibers from oxidative
stress, mitochondrial dysfunction, and lipid accumulation as
well as muscle atrophy.!® Atrophy from prolonged inactivity
heavily affects the most active skeletal muscles and respira-
tory muscles are susceptible to disuse atrophy given their
constant high activity levels.

Respiratory depressants decrease the drive to the phrenic
nerve and may lead to diaphragm atrophy. Recent data sug-
gest that the time course and the mechanisms of immobiliza-
tion-induced diaphragmatic weakness observed in preclinical
models, including early disruption of the myofilament pro-
tein structure, translate to intensive care unit patients.!*'® In
a clinical scenario, high-dose opioids and propofol infusions
do not allow for the appropriate diaphragmatic contractions
required to avoid ventilator-induced diaphragmatic weakness
that delays weaning from the ventilator. Bruells ez a/.” suggest
that high doses of anesthetic agents such as propofol are suffi-
cient to abolish the beneficial effects of spontaneous breathing.

Neuromuscular-blocking agents add significantly to the
effects of immobilizing ventilator modes to worsen ventila-
tor-induced diaphragmatic dysfunction,'” which is the rea-
son why the long-term use of NMBA to facilitate mechanical
ventilation should be avoided in critical care medicine. Of
note, the harmful effects of NMBA resulting in ventilator-
induced diaphragmatic dysfunction occur while the drive of
the phrenic nerve remains high (in contrast to the effects
of centrally acting respiratoy depressants such as propofol).
This clinical scenario increases vulnerability to posttrau-
matic stress disorder,?” particularly if NMBAs are given in
the absence of monitoring of cognitive function.

Limitations

Both studies were quite circumspect in acknowledging their
limitations. Ultimately, the results will need further clarifi-
cation of mechanisms in experimental models and confir-
mation in clinical investigations. Importantly, respiratory
mechanics, distribution of lung ventilation and perfusion,
and consequent gas exchange will vary in different presen-
tations of clinical respiratory failure. Those could lead to
different results in terms of lung mechanical forces, and opti-
mal range of spontaneous-breathing contribution. Indeed,
the relatively small differences in transpulmonary pressures,
oxygenation, aeration, and perfusion observed by Giildner
et al. at the different levels of spontaneous breathing dur-
ing biphasic positive airway pressure ventilation/airway
pressure-release ventilation suggest that different functional
conditions could shift the optimal setpoint for that sponta-
neous-breathing contribution in individual cases.

Clinical Implications

Rapid recovery of spontaneous breathing should be the goal
in patients requiring intubation and mechanical ventilation,
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and it is important to optimize the level of diaphragmatic
contractions during mechanical ventilation (fig. 1). Giild-
ner et al. and Bruells e al’s works are consistent with the
concept that NMBA or high doses of respiratory depressants
that minimize or even abolish diaphragmatic activity during
mechanical ventilation should be avoided due to the risk for
ventilator-induced diaphragmatic dysfunction, increased
lung stress, and suboptimal gas exchange. However, exces-
sive diaphragmatic contractions leading to increased work
of breathing and increased lung stress should also be pre-
vented. This concept has been recently emphasized by the
finding in injured lungs of increased transpulmonary pres-
sures in dependent lung regions, which resulted in air shift
from nondependent to dependent regions (Pendelluft) and
risk for local overstretch.?!

In summary, the works by Giildner ez 2/.° and Bruells ez al”
support the view that management strategies allowing for
diaphragmatic exercise through an increase in spontaneous
breathing could result in improved respiratory mechanics,
gas exchange, and diaphragmatic function and help decrease
the incidence of respiratory muscle dysfunction in the inten-
sive care unit. They point toward an approach of judicious

Excessive
oxygen
consumption

/

No ventilator

Atrophy

Controlled Pump muscle activation

ventilation support
/ Lung stress \
Low-volume Volutrauma
lung injury Barotrauma

Fig. 1. Effects of the different contribution of spontaneous
breathing on the ventilator on different factors influencing the
recovery from respiratory failure. Increasing levels of venti-
latory support achieved with neuromuscular blockade, an-
esthetics, and ventilator settings, suppress diaphragmatic
contractions, leading to ventilator-induced diaphragmatic
dysfunction and increased mechanical stress in the lungs.
Among the several mechanisms leading to ventilator-induced
lung injury present in this condition, those associated with
low-volume lung injury and increased lung stress are pre-
sented by Guldner et al.® In contrast, minimal or no ventilator
support in severe respiratory failure leads to excessive dia-
phragmatic contractions that require a high oxygen delivery
resulting from the increased work of breathing. In addition,
excessive spontaneous-breathing efforts with increased neg-
ative pleural pressures may lead to undesirably high levels
of transpulmonary pressures and expose the patient to in-
creased risk of barotrauma and volutrauma. The green region
represents the mid-path, that is, optimized diaphragmatic
contractions that provide the ideal environment for recovery
from respiratory failure.
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use of respiratory-depressant anesthetics, NMBAs, and ven-
tilation modes that allow for spontaneous breathing or non-
invasive ventilation whenever possible.

One of Hippocrates heuristics was that “things which can
be done well or properly should all be done properly” (On
Regimen in Acute Diseases, 400 BCE). As far as mechanical
ventilation in the intensive care unit is concerned, we agree
with his statement that “If we could give every individual
the right amount of nourishment and exercise, not too little
and not too much, we would have found the safest way to
health.” (Regimen Book 1, 2).
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Higher Levels of Spontaneous Breathing Induce Lung
Recruitment and Reduce Global Stress/Strain in
Experimental Lung Injury
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ABSTRACT

Background: Spontaneous breathing (SB) in the early phase of the acute respiratory distress syndrome is controversial. Bipha-
sic positive airway pressure/airway pressure release ventilation (BIPAP/APRV) is commonly used, but the level of SB necessary
to maximize potential beneficial effects is unknown.

Methods: Experimental acute respiratory distress syndrome was induced by saline lung lavage in anesthetized and mechani-
cally ventilated pigs (n = 12). By using a Latin square and crossover design, animals were ventilated with BIPAP/APRYV at
four different levels of SB in total minute ventilation (60 min each): (1) 0% (BIPAP/APRV ,); (2) greater than 0 to 30%
(BIPAP/APRV  ,.); (3) greater than 30 to 60% (BIPAP/APRV ,  .); and (4) greater than 60% (BIPAP/APRV (). Gas
exchange, hemodynamics, and respiratory variables were measured. Lung aeration was assessed by high-resolution computed
tomography. The distribution of perfusion was marked with ®*Ga-labeled microspheres and evaluated by positron emission
tomography.

Results: The authors found that higher levels of SB during BIPAP/APRYV (1) improved oxygenation; (2) decreased mean trans-
pulmonary pressure (stress) despite increased inspiratory effort; (3) reduced nonaerated lung tissue, with minimal changes
in the distribution of perfusion, resulting in decreased low aeration/perfusion zones; and (4) decreased global strain (mean
+ SD) (BIPAP/APRV,: 1.39+0.08; BIPAP/APRV .. 1.33+0.03; BIPAP/APRV, - 1.27+0.06; BIPAP/APRV_
1.25+0.04, P < 0.05 all vs. BIPAP/APRV,, , and BIPAP/APRV , vs. BIPAP/APRV , ).

Conclusions: In a saline lung lavage model of experimental acute respiratory distress syndrome in pigs, levels of SB during
BIPAP/APRYV higher than currently recommended for clinical practice, that is, 10 to 30%, improve oxygenation by increasing
aeration in dependent lung zones without relevant redistribution of perfusion. In presence of lung recruitment, higher levels

of SB reduce global stress and strain despite an increase in inspiratory effort. (ANESTHESIOLOGY 2014; 120:673-82)

0%

HE acute respiratory distress syndrome (ARDS) is

characterized by major loss of aerated lung tissue.! st sacvRoN e o il sllopic

e |t is not clear which level of spontaneous breathing is helpful

bl a b 1 i during mechanical ventilation in patients with acute respiratory
nary blood flow toward better-acrated lung zones, ventila- distress syndrome

Depending on the capability of lungs to redistribute pulmo-

tion/perfusion (V, / Q) mismatch may result, impairing gas
P 4/Q Y P 88 What This Article Tells Us That Is New

¢ In anesthetized pigs with moderate acute respiratory distress
. g . . . syndrome induced by saline lavage, higher levels of spon-
mechanical ventilation (MV) is often required. Typically, taneous breathing with controlled ventilation decreased the
MV in patients with ARDS is delivered with lower tidal vol- mechanical stress in lungs compared with ventilation without
spontaneous breathing

exchange. To improve oxygenation and carbon dioxide elim-

ination and alleviate the work of breathing in such patients,

umes (V) in controlled or assist-controlled modes, allowing
only minimal or no inspiratory effort. As a result, collapse
of dependent lung zones and a further deterioration of gas When spontaneous breathing (SB) activity is allowed
exchange may occur.? during MV, the transpulmonary pressure in dependent
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lung zones may increase and recruit atelectatic lung tissue,
contributing to increased aeration and perfusion in those
zones.> Such effects are more likely to be achieved if SB is
not supported by positive airway pressure, as for example
during biphasic positive airway pressure/airway pressure
release ventilation (BIPAP/APRV).® It has been recom-
mended that 10 to 30% of total minute ventilation should
originate from SB in patients during BIPAP/APRV to
improve lung function.” However, the level of SB and the
associated inspiratory effort needed to optimize lung tissue
recruitment during BIPAP/APRV have not yet been deter-
mined. Theoretically, an inspiratory effort too low to gener-
ate sufficient transpulmonary pressure may not efficiently
recruit and shift pulmonary perfusion to most dependent
lung zones. However, too high levels of SB require longer
times at lower airway pressures, possibly compromising the
stability of lung units.

In the current work, we investigated the effects of dif-
ferent levels of SB during BIPAP/APRV on the regional
distribution of lung perfusion and aeration using combined
tomography/computed tomography
(PET/CT) in a model of mild to moderate experimental
ARDS in pigs. We hypothesized that during BIPAP/APRY,

an increased contribution of SB to minute ventilation to lev-

positron  emission

els higher than currently recommended for clinical practice
(i.e., >30% of total minute ventilation) could be necessary
to improve oxygenation (primary endpoint), maximize lung
recruitment, and effectively redistribute perfusion toward
dependent lung zones.

Materials and Methods

Anesthesia and Initial Ventilator Settings

After obtaining approval from the local animal care com-
mittee (Landesdirektion Dresden, Dresden, Germany),
12 pigs weighing 26 to 40 kg were intramuscularly premedi-
cated with midazolam (1 mg/kg) and ketamine (10 mg/kg).
An ear vein was punctured and intravenous anesthesia was
induced in supine position and maintained with midazolam
(bolus = 0.5 to 1 mg/kg, followed by 1 to 2mg kg™ h™!) and
ketamine (bolus = 3 to 4 mg/kg, followed by 10 to 18 mg
kg™! h 1), whereas paralysis was achieved with atracurium
(bolus = 3 to 4 mg/kg, followed by 1 to 2mg kg™ h™!). The
animals were intubated orotracheally with a cuffed endotra-
cheal tube (8.0-mm internal diameter) and ventilated with
a mechanical ventilator EVITA XL (Driger Medical AG,
Litbeck, Germany) in volume-controlled mode with the
following settings: fraction of inspired oxygen of 1.0, tidal
volume (V) of 10 ml/kg, positive end-expiratory pressure
of 5cm H,0, inspiratory:expiratory (I:E) ratio of 1:1, and
inspiratory airway flow (F) of 35 /min. Respiratory rate was
titrated to achieve Paco, of 35 to 45 mmHg. Intravascular
volume was maintained with a crystalloid solution (E153;
Serumwerk Bernburg AG, Bernburg, Germany) at a rate of
10 to 15mg kg™ h™".

Anesthesiology 2014; 120:673-82
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Instrumentation and Measurement Devices
An indwelling catheter was inserted into the external carotid
artery and the mean arterial pressure was continuously mon-
itored with a CMS Monitor (IntelliVue Patient Monitor MP
50 Philips, Boblingen, Germany). In addition, a pulmonary
artery catheter (Opticath; Abbott, Abbott Park, IL) was
advanced through an introducer set placed in the external
jugular vein, and the mean pulmonary artery pressure was
measured with the CMS Monitor. Urine was collected with a
catheter inserted into the bladder during a mini-laparotomy.

Airflow was measured using the internal sensors of the
mechanical ventilator. Airway pressure (P, ) was moni-
tored using a pressure transducer (163PC01D48-PCB;
Sensortechnics GmbH, Puchberg, Germany) at the endo-
tracheal tube. An esophageal balloon catheter (Erich Jaeger,
Hochberg, Germany) was connected to a pressure trans-
ducer (163PC01D48-PCB; Sensortechnics GmbH) to mea-
sure the esophageal pressure (P_) and positioned as described
elsewhere.? In brief, positive swings in both P and P were
generated applying gentle pressure to the abdomen or rib
cage. The position was considered adequate if delta P_/delta
P, was within 10% of unity. The transpulmonary pressure
(P,) was calculated as P - P_. Peak and mean P_, as well
as P, were computed (Pmpeak, Paw’mcan, P ,and P
respectively).

A 16-clectrode belt for electrical impedance tomography
(Evaluation Kit 2; Driger Medical AG) was placed around
the chest below the upper limbs.

L,peak

L, mean’

Blood Gases and Hemodynamics

Arterial and mixed venous blood samples were analyzed
using the ABL 505 (Radiometer, Copenhagen, Denmark).
Oxygen saturation and hemoglobin concentration were
assessed using an OSM 3 Hemoximeter (Radiometer) cali-
brated for porcine blood, and venous admixture Q,, / Q, was
calculated using standard formulae. Thermodilution cardiac
output, mean arterial, mean pulmonary arterial, central
venous, and pulmonary artery occlusion pressures were mea-
sured using the CMS Monitor.

Inspiratory Esophageal Pressure Time Product

Respiratory signals were acquired at a sample frequency of
200 Hz, using an A/D-card (NI USB-6210; National Instru-
ments, Austin, TX) connected to a laptop. Extraction of
respiratory parameters was performed off-line from 10-min
recordings of airflow, P_, and P_. The product of esophageal
pressure versus time (pressure time product [PTP]) was cal-
culated during inspiration, using the first value at the begin-
ning of the respiratory cycle as offset. PTP was averaged
throughout acquisition periods.

Distribution of Aeration
The distribution of aeration was determined with helical
CT scans of the chest during end-expiratory occlusions

(Biograph16 Hirez PET/CT; Siemens, Knoxville, TN). The
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CT scanner was set as follows: collimation, 16x0.75 mm;
pitch, 1.35; bed speed, 38.6mm/s; voltage, 120kV; and
tube current—time product, 120 mAs. Images were recon-
structed with slices of 1.0-mm thickness, yielding matrices
with 512 x 512 pixels with a surface of 0.426 x 0.426 mm?.

The region of interest was manually defined, and the
trachea, main bronchi, and associated blood vessels were
excluded. Regions of interest were analyzed for hyperaer-
ated, normally aerated, poorly aerated, and nonaerated lung
compartments based on a scale for attenuation described
elsewhere.” The density of the resulting voxels, as well as
total lung volume, total lung tissue mass, and total lung gas
volume (TLGV), was also calculated.’

Distribution of Perfusion

The distribution of relative perfusion (Q,,) was determined
using a ®*Ga-labeled tracer and PET scanning'® (Biograph16
Hirez) and normalized to voxel tissue mass measured by CT

(see text, Supplemental Digital Content 1, hetp://links.Iww.
com/ALN/B30).

Distribution of Normalized Aeration/Perfusion

For each voxel of the PET scan, we also calculated the
ratio between aeration and Q (Ag/ch)a both normal-
ized by their respective mean values. Aeration-dominated,
perfusion-dominated, and A, / Q,,-balanced compartments
were arbitrarily defined as 4, /Q >5, A /Q., <1/5, and
1/5< A 1Q,, <5, respectively.

Mean Lung Strain

Because the end-inspiratory lung gas volumes may vary
cycle-by-cycle in presence of SB, the mean lung strain
(StrainL,mean) was estimated from the mean V., determined

from the flow signal, and TLGV, measured with CT at end-
=1+ mean V /TLGV.

expiration, as Strain;
Protocol for Measurements

After instrumentation, the lungs were recruited with an
inspiratory pressure of 30 cm H,O for 30 s to reset the lung
history and the animals allowed to stabilize for 15 min. Then,
baseline measurements were taken under volume-controlled
MYV (baseline 1).

Lung injury mimicking ARDS was induced by repetitive
lung lavage with warm (38°C) 0.9% saline solution.!! Lung
injury was considered stable if the ratio of partial pressure of
arterial oxygen to fraction of inspired oxygen remained less
than 200 mmHg for at least 30 min, whereupon measure-
ments were performed (injury).

After these measurements, the MV mode was switched
to BIPAP/APRV with the following settings: fraction of
inspired oxygen, 0.5; positive end-expiratory pressure, 10 cm
H,0;a driving pressure gradient amounting to V=6 ml/kg;
inspiratory and expiratory times to achieve L:E, 1:1; and an
respiratory rate resulting in a pH range of 7.30 to 7.45. After
30 min, further measurements were performed (baseline 2).
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After baseline 2, muscle paralysis was ended to resume
SB. Animals were then ventilated with BIPAP/APRV at four
different levels of contribution of SB to minute ventilation
(60 min each, crossover design): (1) 0% (BIPAP/APRV ,);
(2) greater than 0 to 30% (BIPAP/APRV_| , . ); (3) greater
than 30 to 60% (BIPAP/APRV , . ..); and (4) greater than
60% (BIPAP/APRV ). In each phase, the mandatory rate
of BIPAP/APRV was adjusted by changing the inspiratory
and the expiratory times in the same proportion, while keep-
ing the other mechanical ventilator settings, including I:E =
1:1, constant, to minimize changes inP

— To avoid pre-
dominance of any particular level of contribution of SB to
minute ventilation, the sequences of SB levels were defined
according to a specific 4x4 (therapies x animals) Latin
square, as follows: sequence 1—A B C Dj; sequence 2—B A
D G; sequence 3—C D B A; sequence 4—D C A B; A, B, C,
and D, letters representing the levels of SB. Each animal was
randomly assigned to one of these sequences using sealed
envelopes, allowing each sequence to be selected three times.

Measurements were taken at the end of each level of con-
tribution of SB to minute ventilation (times 1 to 4). To mini-
mize carryover effects, a derecruitment maneuver consisting
of 15 s of disconnection from the ventilator was performed
before each level of SB. An intravenous bolus of 0.3 mg/kg of
atracurium was given before this to suppress SB during the
disconnection. The derecruitment maneuver was considered
stable if the global impedance measured by electrical imped-
ance tomography varied less than 5% during the last 5 s. After
that, the electrical impedance tomography belt was removed
to avoid interference with CT measurements. If level B, C,
or D followed in the randomized sequence, SB was resumed
within 15 min after reconnection to the ventilator. During

BIPAP/APRV,,,
2mg kg! h! to suppress SB. Infusion rates of midazolam

and ketamine remained unchanged. In addition, a period of

(level A), atracurium was infused at 1 to

15 min of ventilation was allowed to match the time needed
for resuming SB in levels B, C, and D. At the end of the
experiments, the animals were killed with intravenous injec-

tions of thiopental (2g) and KCI 1M (50 ml).

Classification of Respiratory Cycles

During BIPAP/APRYV, two basic types of respiratory cycles
can occur, namely controlled and spontaneous cycles. A
third type of respiratory cycle, the so-called “mixed cycle,”
may also exist if the inspiratory effort, detected as negative
swings in P_, occurs simultaneously with ventilator cycling
from lower to higher P_ . The classification of respiratory
cycles was performed automatically, but checked visually by
one of the investigators (N.C.).

Statistical Analyses

The sample size calculation for testing the primary hypothesis
(SB during BIPAP/APRYV increases the arterial partial pressure
of oxygen) was based on effect estimates obtained from pilot
studies, as well as our own previous data.'? Accordingly, we
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expected a sample size of 12 animals to provide the appropriate
power (1-f3 = 0.8) to identify significant (o = 0.05) differences
in oxygenation with different levels of SB, taking a mean differ-
ence of 85+70 mmHg, two-tailed test and multiple compari-
sons (n = 6) into account (0" = 0.0083, & Bonferroni adjusted).

Data are presented as mean = SD, unless stated other-
wise. For statistical analysis, general linear model statistics
with Sidak adjustment (two-tailed; model: variable [group];
repeated measures: therapy). Correlation analysis was con-
ducted to assess associations between variables of interest
(Pearson correlation coeflicient). The statistical analysis was
performed with SPSS (version 15.0; SPSS Inc., Chicago, IL).

Statistical significance was accepted at P value less than 0.05.

Results

Figure 1 shows tracing records of airflow, P and P, for dif-
ferent levels of SB in a representative animal. There were no
missing data for any of the variables investigated.

As shown in table 1, minute ventilation, mean Vo and
respiratory rate did not differ among levels of SB. However,
V. from mixed as well as spontaneous cycles increased with
the level of SB. During BIPAP/APRV)O_”% , minute ventila-
tion resulted mainly from mixed cycles. BIPAP/APRV with
SB reduced PM o Pmmean, and PL)Peak compared with BIPAP/
APRV, . Furthermore, BIPAP/APRV, . and BIPAP/
APRV__, reduced P peak and P compared with BIPAP/

>60% aw,mean

APRV_ o, aswellasP compared with BIPAP/APRV,, .

In addition, PTP increased significantly with the level of SB.
As depicted in table 2, BIPAP/APRV . yielded higher
arterial partial pressure of oxygen to fraction of inspired oxy-
gen ratio than BIPAP/APRV , , whereas Q,, ! Q, and arterial
partial pressure of carbon dioxide did not differ significantly
among levels of SB. Mean pulmonary arterial pressure
decreased during BIPAP/APRV . . BIPAP/APRV.

30-60%"
and BIPAP/APRV_ . compared with BIPAP/APRYV,.. Other

hemodynamic variables were comparable among levels of SB.
Figure 2 shows maps of acration, aeration compartments,
Q.» and A,/ Q,, in a representative animal.
As shown in table 3, all levels of SB increased total lung
volume and TLGV compared with BIPAP/APRV,, but

0%’
total lung tissue mass did not differ significantly. During

BIPAP/APRV TLGYV was even higher than at other lev-

>60%’
els of SB. The analysis of aeration shown in figure 3 revealed

that BIPAP/APRV and BIPAP/APRV

30-60% 0%
the number of normally aerated and decreased nonaer-

ated compartments, as compared with BIPAP/APRV, .
Furthermore, the reduction in nonaerated compartments
during BIPAP/APRV_
ing BIPAP/APRV, Strain

0-30% Limean Progressively decreased
from BIPAP/APRV, (1.39+0.08) to BIPAP/APRV .

(1.25+0.04; BIPAP/APRV, 1.33+£0.03 and BIPAP/

0-30%"

APRV, (s 1.27£0.06, respectively).

As shown in figure 4, higher levels of SB were associated

increased

was more pronounced than dur-

with a significant shift of aeration toward the more depen-
dent zones, mainly in the dorsal parts of the lungs.
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Fig. 1. Respiratory tracings of airflow (Flow), airway pressure
(P,,), and esophageal pressure (P_) during biphasic positive
airway pressure/airway pressure release ventilation (BIPAP/
APRV) at four different levels of spontaneous breathing in
total minute ventilation (0%, >0 to 30%, >30 to 60%, and
>60%) in a representative animal.

Figure 5 depicts the patterns of 4, /Q,, compartments.

BIPAP/APRV .., BIPAP/APRV, ... and BIPAP/
APRV_, reduced the amount of low 4, /Q,, areas com-
pared with BIPAP/APRV , .

The association analysis revealed that PTP and P
were negatively correlated (#* = 0.216, P = 0.004). In turn,
P| .. increased proportionally to the amount of nonaerated
lung tissue (* = 0.205, P = 0.001).
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Table 1. Respiratory Variables

BIPAP/ BIPAP/ BIPAP/ BIPAP/
BL IN BL2 APRV,,,  APRV_ ., APRV_, .. APRV ..
MV (I/min) 562+0.80 5.42+0.82 6.43+1.57 573+1.35 544153 564122 559+1.12
MVgg (% of total MV) 21.8+16.3  43.3+9.5#  66.3+8.9#f
MV pont. eycles (70) 5.6+4.9 37.9+7.9#  59.7+6.9#t
MV ot eyetes (%) 25.0+23.4 155+14.3 12.4+10.2
MV, ixed cyctes (%0) 70.6+£25.5 47.9+16.6# 28.9x+14.2#
V; (mi‘kg) 10.5+£1.0 10.2+0.6 6.0+0.3 6.1+0.3 6.0+0.6 55+1.0 5.4+0.9
Voepont eyctes (MIZKQ) 3.6+1.3 4.3+1.5# 49+1.1#
roontr. cycles (MI/KQ) 5.1+0.7 6.5+0.4# 5.4+1.1
Timixed oycles (MIZKQ) 6.5+0.3 7.4+0.4# 8.1+1.1#
RR (breaths/min) 15.3+1.1 152+1.2  30.1x52 26.9+58  26.0+7.1 29.8+5.1 30.2+5.7
RRpont cyaes (Oreaths/min) 2.9+25 15.8+£3.1#  20.9+4.8#f
RR sontr. cycies (Oreaths/min) 57+4.5 3.4+3.0 3.2+2.7
RR ixed cycies (Oreaths/min) 17.4+8.9 10.7+4.6 6.1+3.4#F
P peak €M H,0) 19.4+1.3  34.3+32 27.0£2.9 23629  20.0+3.3* 16.6+1.9% 158x1.5%
awpeak: spont. cyces (CM H,0) 13.4+1.2 12.8+1.1 13.4+1.1
awpeak: contr. cycies (CM Hy0) 19.6+1.4 19.4+2.5 201+1.4
awpeak: mixed cycles (CM H50) 19.4+2.8 19.8+2.8 20.7+1.9
P umean (€M H,0) 10.9+0.7 16.8+1.6 17.3x1.3  16.2+1.3 145+1.4*  135x1.1% 12.6+0.7#t
awmean: spont cyctes (CM H,0) 10.9+0.9 10.9+1.1 10.5+£0.2
awmean; contr. cycles (CM H,0) 14.8+0.8 15.9+1.4 17.1+1.1#
P awmean; mixed cycles (€M H,0) 142+1.2 15.8+1.6#  16.5+1.3#t
P pear (€M H,0) 99+1.3 243+39 16.0+£4.0 13.5+3.1 11.1+3.8* 8.7+2.6% 8.9+2.5*
PL peak: spont eycles (€M H50) 53+1.3 5.8+2.5 6.8+2.4
L peak: contr. cycles (€M H,0) 9.2+2.1 9.2+2.1 10.3+1.7
L peak: mixed cycles (CM H50) 10.1x2.3 10.8+2.6 13.0+3.1
P mean (€M H,0) 3.1+0.8 9.1+2.7 7.4+2.4 6.7+1.5 5.8+2.1 4715 48+1.2*
PL,mean: spont cycles (Cm H2O) 3.1+0.8 29+1.4 3.4+0.9
Lmean: contr. cycles (€M H,0) 49+15 58+1.5 7.4+1.44t
PLmean: mixed cyctes (€M H,0) 52+1.3 6.1+1.7# 7.4£1.941
PTP (cm H,O x s/min) 28.6+24.4 45.5+31.0# 58.2+39.6#
PTP pont oycles (€M H,O x s/min) 2.7+2.7 25.0+15.8%# 42.8+24.9#t
mixed cycies (CM H,0O x s/min) 259+24.6 20.5+158 15.4x15.4
Relative change of PTP 1.0 21+1.2 3.4+25

Data are shown as mean + SD. Variables were measured during BIPAP/APRV with different levels of SB activity in total minute ventilation (0% [BIPAP/
APRV, ], >0 to 30% [BIPAP/APRV_, .., 1, >30 to 60% [BIPAP/APRV_, .. ], and >60% [BIPAP/APRV (. ]). Differences among levels of inspiratory effort
were tested with general linear model statistics and post hoc adjustment for multiple comparisons according to Sidak.

* P <0.05 vs. BIPAP/APRV,, ; # P < 0.05 vs. BIPAP/APRV.; ;... T P < 0.05 vs. BIPAP/APRV_,, ...

BIPAP/APRV = biphasic positive airway pressure/airway pressure release ventilation; BL = baseline; BL2 = baseline 2; IN = injury; MV = minute
ventilation; MV__ .. = fraction of MV from controlled cycles; MV, . . ... = fraction of MV from mixed cycles; MV, = measured fraction of MV from
spontaneous breathing activity; Mvspcnl cycles = fraction of MV from spontvaneous cycles; RR = respiratory rate; RR = rate of controlled cycles;
mixed cycles = rate of mixed cycles; RRSpom cycles = rate'of spontaneous cycles; P, Jeak = peak airway pressure; Paw.pqak; spont. cycles = peak airway pres-
sures of spontangous cycles; P, ocacoontr cycles = peak airway pressures of controlled cycles; Paw,peak; mixed cyoles = peak airway pressures of mixed cycles;
= mean airway pressure; P, .. oo ooes = MEAN airway pressures of spontaneous cycles; P, - o oyces = Me@N airway pressures of con-
= mean airway pressures of mixed cycles; PL.peak = peak transpulmonary pressure; P peak; spont cycles = peak transpulmo-
L, peak; contr. cycles = P€aK transpulmonary pressures of controlled cycles; P ... rixeq cyoies = PEaK transpulmonary
L mean = MeAN transpu’imonary pressure; P o coont. cycies = MEAN transpulmonary pressures of spontaneous cycles; P
mean; contr. cycles = ME&N transpulmonary pressures of controlled cycles; P .- mixedﬂgles = mean transpulmopary pressures of mixed cycles; PTP = pres-
sure time product; PTP . . ... = PTP of spontaneous cycles; PTP ., .. = PTP of mixed cycles; relative change of PTP = change of PTP related
0-30%" Sl% = spontaneous breathing; VT = mean tidal volume; VT, = VT of spontaneous cycles; VT = VT of controlled

= VT of mixed cycles.

contr. cycles

Pawlmean
trolled cycles, Paw. mean; mixed cycles

nary pressures of spontaneous cycles; P,
pressures of mixed cycles; P

to BIPAP/APRV
cycles; VT

spont cycles contr. cycles

mixed cycles

Discussion resulting in decreased low 4, /Q,,; and (4) reduced overall
The main findings of this study were that in a saline lung ~ lung stress and strain.

lavage model of experimental ARDS in pigs, higher levels To our knowledge, there were no previous stud-
of SB during BIPAP/APRV (1) improved oxygenation; (2) ies addressing the effects of different levels of SB dur-
decreased mean transpulmonary pressure despite increased ~ ing BIPAP/APRV on lung aeration and perfusion. The
inspiratory effort; (3) reduced nonaerated lung tissue, saline lung lavage model of experimental ARDS was cho-
with only minor changes in the distribution of perfusion,  sen because it reproduces many of functional features of
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Table 2. Gas Exchange and Hemodynamic Variables

BIPAP/ BIPAP/ BIPAP/ BIPAP/
BL IN BL2 APRV,, APRV__ 1000 APRV_, o000 APRV 4000
Pao,/Fio, 523.4+41.8 72.5+20.2 155.2+26.5 278.9+89.9 358.8+94.7 381.7+96.6 388.1+57.7*
Paco, (mmHg) 39.8+4.1 56.6+10.2 61.5+7.2 65.2+6.9 61.9+9.7 62.9+11.9 66.2+11.8
Qua/Q, (%) 11.6+5.2 44.9+11.9 41.8+9.2 15.3+7.8 11.4+6.1 10.4+7.4 10.2+6.1
CO (//min) 4.43+0.86 4.11+0.79 3.87+0.71 4.583+0.92 4.21+0.84 4.23+0.93 4.24+0.80
HR (beats/min) 96.8+10.5 95.0+8.1 93.6+13.0 92.4+11.6 87.1+13.3 87.3+8.6 89.6+12.3
MAP (mmHg) 79.0+13.0 91.7+11.4 94.3+11.2 88.0+10.1 86.6+11.5 86.1+10.5 89.0+11.9
MPAP (mmHg) 22.1+3.4 31.1+5.9 34.1+5.8 29.4+5.1 25.3+5.4* 25.2+5.1* 25.7+4.5*

Data are shown as mean + SD. Variables were measured during BIPAP/APRV with different levels of spontaneous breathing activity in total minute ventila-
tion (0% [BIPAP/APRV, ], >0 to 30% [BIPAP/APRV_ ,...], >30 to 60% [BIPAP/APRV_,, ....l, and >60% [BIPAP/APRV_ ). Differences among levels of
inspiratory effort were tested with general linear model statistics, post hoc adjustment for multiple comparisons according to Sidak.

*P < 0.05 vs. BIPAP/APRV,,,.

BIPAP/APRV = biphasic positive airway pressure/airway pressure release ventilation; BL = baseline; BL2 = baseline 2; CO = cardiac output; HR = heart rate;
IN = injury; MAP = mean arterial pressure; MPAP = mean pulmonary artery pressure; PaCO, = arterial partial pressure of carbon dioxide; Pa0,/FIO, = ratio

of arterial partial pressure of oxygen to the fraction of inspired oxygen; Q,, / O't = venous admixture.

A Aeration B Perfusion C Aeration/Perfusion
single scan whole lung single scan whole lung single scan whole lung

EE ‘ B & .

non normal hyper i AMQ<1/10 AJQ<15 AJQ~11 AJQ<51 AJQ<10/1

BIPAP/APRV%

BIPAP/APRV:>30-60% BIPAP/APRV>0-30%

BIPAP/APRVs60%

Fig. 2. Distributions of aeration (column A), perfusion (column B), and aeration/perfusion (Ae/O, column C) during biphasic posi-
tive airway pressure/airway pressure release ventilation (BIPAP/APRV) at four different levels of spontaneous breathing in total
minute ventilation (0%, >0 to 30%, >30 to 60%, and >60%, rows 1-4, respectively) in a representative animal. Single scans
represent the maximal cross-sectional areas of the respective whole lung images. Horizontal color bars denote the respective
scales. Hyper = hyperaerated compartment; non = nonaerated compartment; normal = normally aerated compartment; poor =
poorly aerated compartment.

ARDS." In our experience, this model is suitable for a opted for BIPAP/APRV because the desired level of SB

crossover study design because hemodynamics remains  is easily modulated by adjusting the time spent on lower
fairly stable, and the impairment of lung function can be and higher P, and unsupported breaths are possible. CT
maintained upon periodic derecruitment maneuvers. We  and PET were considered well suited due to their relatively
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Table 3. Computed Tomography Variables

BIPAP/

BL2 APRV,,,

Total lung volume (ml)
Total lung tissue mass (g)
Total lung gas volume (ml)

1,108.8+151.3
647.3+122.8
461.4+£58.4

1,141.7+£147.2
588.2+121.2
553.4+92.1

BIPAP/ BIPAP/ BIPAP/
APRV>O—30% APRV>30—60% APRV>60%
1,280.8+158.7*  1,321.7+191.3*  1,390.1:217.8"
626.1149.7 627.7+139.4 635.7+154.6
654.7£59.3" 693.9:+92.8" 754.3:118.9#1

Data are shown as mean + SD. Variables were measured during BIPAP/APRV with different levels of spontaneous breathing activity in total minute ventila-
tion (0% [BIPAP/APRV, ], >0 to 30% [BIPAP/APRV_, .1, >30 to 60% [BIPAP/APRV_,, ... 1, and >60% [BIPAP/APRV . ). Differences among levels of
inspiratory effort were tested with general linear model statistics and post hoc adjustment for multiple comparison according to Sidak.

*P < 0.05vs. BIPAP/ APRV,,; # P < 0.05 vs. BIPAP/ APRV. ; T P <0.05 vs. BIPAP/ APRV

>0-30%’

>30-60%"

BIPAP/APRYV = biphasic positive airway pressure/airway pressure release ventilation; BL = baseline; BL2 = baseline 2; IN = injury.

high resolutions for assessing aeration and perfusion,
respectively.

Although the total minute ventilation was comparable,
the types of respiratory cycle differed importantly among
the different levels of SB. It is worth noting that during
BIPAP/APRV_ . .., which corresponds to the level of SB
suggested for clinical practice, most respiratory cycles were
mixed, suggesting that the inspiratory efforts were synchro-
nized with and supported by the ventilator. According to
our data, nonsupported SB during BIPAP/APRV was first
achieved when the level of SB exceeded 30% of total minute
ventilation.

Our finding that SB during BIPAP/APRV improves
oxygenation is in agreement with previous studies in
the literature, both in experimental'*'® and clinical”!
scenarios. However, our data suggest that levels of SB
higher than those adopted in previous studies are neces-
sary to maximize such an effect. Although the improve-
ment of oxygenation at higher SB levels occurred at the
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Fig. 3. Distributions of nonaerated (red), poorly aerated (yel-
low), normally aerated (green), and hyperaerated compart-
ments (black). Values are given as mean (bar) and SD (error
bar) and were calculated as percentage of mass of whole
lungs during biphasic positive airway pressure/airway pres-
sure release ventilation (BIPAP/APRV) at four different levels
of spontaneous breathing in total minute ventilation (0%, >0
to 30%, >30 to 60%, and >60%). *P < 0.05 versus BIPAP/
APRV,,,, and #P < 0.05 versus BIPAP/APRV_g ...
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cost of increased inspiratory effort, absolute PTP levels
were within a physiological range,'® indicating that mus-
cle fatigue was unlikely to occur within the time frame of
measurements. The increased PTP at higher levels of SB
probably explains the reduction in nonaerated tissue and
improved aeration, especially in the most dependent lung
regions. However, the increased aeration was not accom-
panied by a redistribution of perfusion of similar magni-
tude, leading to a decrease of low A, /Q,, compartment
and improvement in oxygenation.

We previously reported that BIPAP/APRV with approxi-
mately 60% of minute ventilation due to SB was not associ-
ated with lung recruitment and redistribution of perfusion.'?
Because PTP is comparable in both studies, a possible expla-
nation is that, in the current study, positive end-expiratory
pressure and the I:E ratio were higher (10 »s. 5cm H,O,
and 1:1 vs. 1:2 to 1:4, respectively), which likely enhanced
the recruiting effects of SB. In fact, in severe lung injury, SB
may be associated with tidal reaeration, that is, cyclic col-
lapse and reopening, of dependent zones when the positive
end-expiratory pressure is not adequate.'”

The lack of redistribution of perfusion toward depen-
dent lung regions during BIPAP/APRV combined with SB
can be explained by different mechanisms: (1) compression
of lung capillaries in dependent zones due to superposed
pressure caused by surrounding edema; or (2) obstruction
of lung capillaries due to micro-thrombi. We cannot com-
pletely rule out that the hypoxic vasoconstriction effect
was affected, but such a mechanism is unlikely, because
increased inflammation is not a hallmark of the saline lung
lavage model."?

The decrease in Strain; -~ at higher levels of SB is
likely explained by lung recruitment and increased TLGYV,
at a comparable mean V., and total lung tissue mass. Taken
together with the finding that P, ~was decreased, our
data suggest that higher levels of SB during BIPAP/APRV
might reduce stress and strain and, therefore, reduce venti-
lator-associated lung injury. This hypothesis is in agreement
with the findings of a recent investigation showing that in
mild lung injury in rabbits, SB activity during assist-control
pressure ventilation decreased histologic damage compared
with controlled MV." It is worth noting that, in contrast to
BIPAP/APRY, pressure support ventilation does not increase
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Fig. 4. Distributions of aeration and perfusion, along the dor-
sal-ventral axis (A) and the cranial-caudal axis (B) during bi-
phasic positive airway pressure/airway pressure release ven-
tilation (BIPAP/APRYV) at four different levels of spontaneous
breathing in total minute ventilation (0%, >0 to 30%, >30 to
60%, and >60%). Values are given as mean (bar) and SD (er-
ror bar). Lower values denote a shift toward dependent lung
regions. *P < 0.05 versus BIPAP/APRV,,,

end-expiratory volume and recruitment in experimental'>2°
or clinical®! settings.

The finding that PTP was negatively correlated with
PL)mean is somewhat surprising. When interpreting these
results, it is important to keep in mind that this apparent
paradox was detected after a period of SB of 60 min, rep-
resenting rather a phenomenological than a cause—effect
relationship. It has been shown that in experimental acute
lung injury, the regional P, decreases from nondepen-
dent to dependent regions. Because the elastance of the
respiratory system is increased in lung injury, we would
during controlled MV. In

expect an increase in PL
,mean
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Fig. 5. Distributions of aeration/perfusion (Ae/Q) compart-
ments in whole lungs during biphasic positive airway pres-
sure/airway pressure release ventilation (BIPAP/APRV) at four
different levels of spontaneous breathing in total minute ven-
tilation (0%, >0 to 30%, >30 to 60%, and >60%). *P < 0.05
versus BIPAP/APRV

fact, when SB occurs simultaneously with ventilator
cycling, the PL,mean should increase even more. However,
when inspiratory efforts result in better aeration and lung
elastance, the same V.. can be achieved with lower driv-

ing pressures, resulting in less P . Thus, it is conceiv-

able that increased inspiratory eé":;:nreduces lung stress in
the presence of recruitment. Because we assessed respira-
tory variables at the end of each level of SB only, we can-
not rule out the possibility that P, first increased at the
beginning of each level of SB. In fact, although high P,
is necessary to recruit lung units, once this has occurred,
a much lower P, is likely sufficient to keep those units
open during the breathing cycle. This is similar to what
can be observed during lung recruitment maneuvers in
controlled ventilation, where P, is first increased and, if
recruitment occurs, a higher lung volume is reached at
lower P, due to decreased lung elastance (hysteresis phe-
nomenon).?? In addition, we cannot exclude the possibil-
ity that regional P, mainly in juxta-diaphragmatic areas,
may have been higher than the mean value.

Possible Clinical Implications of the Findings

Our findings may have implications for MV in ARDS and
the settings of BIPAP/APRV. First, our results suggest that
in mild to moderate ARDS, muscle paralysis should not be
used, and SB higher than currently recommended for clini-
cal practice, that is, yielding more than 30% of total minute
volume, maximizes lung recruitment, improves lung func-
tion, and minimizes global stress and strain. Such findings
cannot be extrapolated to severe ARDS, where muscle paral-
ysis in the first 48 h has been associated with an improved
outcome.?® Second, minute ventilation values from SB dur-
ing BIPAP/APRYV can be easily read from the display of most

commercially available ventilators. Third, even if P is

L,mean

a crude estimate of global lung stress and does not allow
regional assessment of P, it could prove useful to infer the
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potential of BIPAP/APRV settings to reduce/increase venti-
lator-associated lung injury.

Limitations

This study has several limitations. First, because the saline
lung lavage model is highly recruitable and causes only mild
to moderate lung injury, our findings cannot be extrapolated
to other models or clinical conditions where lung recruitabil-
ity is limited and/or lung injury severe. Second, we used a
crossover design, which does not assess the effects of different
levels of SB on lung injury and inflammation. Third, although
we used a Latin square design for sequences of SB levels, a
time effect cannot be completely ruled out. Fourth, the possi-
bility of carryover effects cannot be excluded, despite the use
of derecruitment maneuvers preceding each level of SB. Fifth,
we were not able to compute the relative contributions of SB
activity and ventilator cycling on total V.. in mixed cycles.
Sixth, CT data were obtained at end-expiration, whereas PET
data were acquired during a period of approximately 6 min,
thus corresponding more closely to the mean lung volume.
However, the minor differences in lung volume between both
situations are practically negligible when considering the total
lung volume, even with regard to scattering effects. In fact, we
could show that ®*Ga-labeled and fluorescent-labeled micro-
spheres deliver similar information in terms of redistribution
of pulmonary perfusion along the cranial-caudal and ventral-
dorsal axes although PET has higher spatial resolution.? Sev-
enth, it must be kept in mind that 4, / Q,, does not represent
V, 1Q. Accordingly, areas with apparently normal 4, /Q,
may still be proportionally low ventilated. Eighth, our results
were obtained with BIPAP/APRV and should not be directly
extrapolated to other forms of assisted MV.

Conclusions

In a saline lung lavage model of experimental ARDS in pigs,
levels of contribution of SB to minute ventilation during
BIPAP/APRYV higher than currently recommended for clini-
cal practice, that is, more than 30%, improve oxygenation
by increasing aeration in dependent lung zones without
relevant redistribution of perfusion. In presence of recruit-
ment, higher levels of SB reduce global lung stress and strain,
despite increased inspiratory effort.
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