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Background. Low tidal volume (Vy), PEEP, and low plateau pressure (Pp.ar) are lung
protective during acute respiratory distress syndrome (ARDS). This study tested the
hypothesis that the aspiration of dead space (ASPIDS) together with computer simulation
can help maintain gas exchange at these settings, thus promoting protection of the lungs.

Editor’s key points

o Protective strategies to
minimize
ventilator-induced lung
injury (VILI) in acute
respiratory distress
syndrome (ARDS) are
accepted.

Methods. ARDS was induced in pigs using surfactant perturbation plus an injurious
ventilation strategy. One group then underwent 24 h protective ventilation, while control
groups were ventilated using a conventional ventilation strategy at either high or low
pressure. Pressure-volume curves (P./V), blood gases, and haemodynamics were studied
at 0, 4, 8, 16, and 24 h after the induction of ARDS and lung histology was evaluated.

e Computer simulation was

used to define the GOAL
protective strategy.

e The GOAL strategy was
compared with the
conventional protective

ventilation at two plateau

pressures in a pig model
of ARDS with VILI.

¢ Ventilation improved in
the GOAL pigs and

deteriorated in the other

groups.

Results. The P./V curves showed improvements in the protective strategy group and
deterioration in both control groups. In the protective group, when respiratory rate (RR)
was ~60 bpm, better oxygenation and reduced shunt were found. Histological damage
was significantly more severe in the high-pressure group. There were no differences in
venous oxygen saturation and pulmonary vascular resistance between the groups.

Conclusions. The protective ventilation strategy of adequate pH or Pac,, with minimal Vr,
and high/safe Ppar resulting in high PEEP was based on the avoidance of known lung-
damaging phenomena. The approach is based upon the optimization of Vg, RR, PEEP, I/E,
and dead space. This study does not lend itself to conclusions about the independent
role of each of these features. However, dead space reduction is fundamental for
achieving minimal V; at high RR. Classical physiology is applicable at high RR. Computer
simulation optimizes ventilation and limiting of dead space using ASPIDS. Inspiratory
Po/V curves recorded from PEEP or, even better, expiratory Pe/V curves allow monitoring

e Computer simulation in ARDS.
may be useful to optimize
goal-orientated

ventilation.

ventilation
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In patients with acute respiratory distress syndrome (ARDS),
the risk of superimposed ventilator-induced lung injury (VILI)
merits lung-protective ventilation (LPV) strategies.'™® It has
been recommended that a tidal volume (V) <6 ml kg™ !
body weight and plateau pressure <30 cm H,O is used,
while PEEP is modified according to oxygenation. Respiratory
acidosis after V¢ reduction may require increased respiratory
rate (RR), the effect of which is limited by high dead space in
ARDS.' 12

Our concept for LPV, the so-called GOAL strategy, is to
reach two goals: maintaining a target pH or Pa.,, while pro-
viding optimal lung protection. The former goal is achieved

by adequate alveolar ventilation (Va), while for LPV, baro-
trauma is avoided by limiting the plateau pressure (Pppar)
and volutrauma by minimizing Vy. By combining a high but
safe Ppar With minimum V5, the total PEEP (PEEP;ot) will be
as high as is compatible with a proper Va, a safe Ppar, and
a minimal Vy. High PEEPror keeps the lungs open and
ensures oxygenation at low inspired oxygen factions (Fio,).
Dead space reduction lowers V¢ both directly and also indir-
ectly, by allowing a higher RR.

Airway dead space in the present study was minimized by
using aspiration of dead space (ASPIDS), such that the gas
expired later during expiration is aspirated through an extra
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catheter from the tip of the tracheal tube and simultaneously
replaced by fresh gas through the inspiratory line.*®~*# With
ASPIDS, dead space from the Y-piece to the trachea is com-
pletely removed without any other effect on ventilation.

In ARDS, even an experienced operator may not be able to
define the optimal combination of Vy, PEEP, RR, and the in-
spiratory/expiratory ratio for reaching all physiological
goals. The use of computer simulation once mathematical
characterization of lung mechanics and CO, exchange has
been achieved may identify beneficial combinations.*®~2*

In the present study, we modelled the common clinical
scenario of VILI aggravation of ARDS after the initial
lung insult using surfactant perturbation followed by high
V; ventilation.?? 23

The primary objective was to test the hypothesis that the
GOAL strategy is more lung protective than conventional ven-
tilation with either a low or a high plateau pressure. The end-
points were physiological parameters studied 16 h after
ARDS. Both inspiratory and expiratory elastic pressure
volumes were studied, plus lung histology at 24 h.

Methods

Subjects and preparation

The Local Ethics Board of Animal Research approved the
study. The animals were fasted overnight with free access
to water and premedicated with xylazine (2 mg kg™'). Anaes-
thesia was induced by ketamine (15 mg kg~') and main-
tained with iv. fentanyl (60 png kg~ h™?) and midazolam
(0.7 mg kg~ h™1). Vecuronium (0.3 mg kg™ ?) provided par-
alysis during measurements. Sudden modifications in the
heart rate and arterial pressure and increases in muscular
activity were considered as indicators of distress and inad-
equate anaesthesia, and in this case, a bolus dose of keta-
mine was administered, followed by an increase in
midazolam and fentanyl infusion dose.

Animals were hydrated with a priming of 1000 ml of iso-
tonic crystalloids followed by an infusion of 125 ml h™ 2, If
mean arterial pressure (MAP) decreased below 40 mm Hg,
dextran was given. Blood glucose was maintained at 3.6-
5.3 mmol ml~* by administration of i.v. glucose. Body tem-
perature was controlled at 38.5-39.5°C. Prophylactic i.m.
streptomycin and benzylpenicillin (0.50 g and 400 000 IU, re-
spectively) were given and the animals were prepared under
sterile conditions.

A balloon-tipped, multi-lumen catheter was sited, with its
tip in a pulmonary artery. Arterial and venous catheters were
inserted and pressure was monitored and recorded for the
right atrium and pulmonary and peripheral arteries. Arterial
and central venous blood gas samples were analysed
immediately for Po,, Pco,, pH, BE, Hb, and oxygen saturation
(Radiometer ABL725, Copenhagen, Denmark).

Ventilation and monitoring

A ServoVentilator 900C (Siemens-Elema, Solna, Sweden) with
a CO, Analyzer 930 for monitoring CO, elimination per
minute (VCOZ) was volume-controlled at baseline with

square inspiratory flow at 20 min~?, 15 cm H,O PEEP, and
an Fi,, of 1.0. Minute ventilation was set to maintain arterial
pH at 7.30-7.45. Ventilator signals (flow rate, airway pres-
sure, and Pco,) were sampled at 100 Hz.>* To minimize
dead space, an active inspiratory line humidifier was used
with minimal connectors to the tracheal tube.

Lung recruitment at 50 cm H,O preceded recordings of
multiple elastic pressure-volume (Pg/V) curves as
described.?® The loops started with inspiration from a PEEP
level of, in order: 15, 11, 7, 4, and 0 cm H,0 and ended at
50 cm H,0. Higher pressures were considered to be potential-
ly harmful. The Pg/V curves were modelled as a sigmoid
curve.” % The volume was set to zero at zero PEEP during
the last loop. The volume was expressed as a percentage
of the initial volume at 50 cm H,0 in each pig.

ARDS model

Lung surfactant was perturbed by inhalation of 200 breaths
of 5% dioctyl sulphosuccinate aerosol.”” ** During pressure-
controlled harmful ventilation, Pp ar was 50 cm H,0, RR
was 10 bpm, and end-expiratory pressure was —10 cm
H,O. Dead space was added to maintain normocapnia.
Harmful ventilation was continued until compliance, that is,
V1/(Pp_ar—PEEPro1) decreased by 25%, or until substantial
exudates appeared in the tracheal tube. ARDS was diagnosed
when the Pac,/F1o, was <27 kPa after 5 min at zero PEEP
with a ventilator setting otherwise as they were at baseline.
If this criterion was not met, harmful ventilation continued
for one or more periods of 30 min. After the diagnosis of
ARDS, the animals were randomized into three groups with
different ventilation strategies: a GOAL group and two
control groups with conventional ventilation at high
plateau pressure (HP) or conventional ventilation plus low
plateau pressure (LP) (Table 1).

Protocol

Initially, and 0, 4, 8, 16, and 24 h after ARDS diagnosis, mea-
surements of haemodynamics, blood gases, and P./V loops
were carried out after 20 min of baseline ventilator setting
at an Fi,, of 1.0. In the GOAL group, the goals were to
reach a pH of 7.35 and a Pp a1 of 30 cm H,0 at minimal V.
A decelerating inspiratory flow was applied with a post-
inspiratory pause time of 5%. RR should not, for technical
reasons, be higher than 60 bpm. To reduce V5, dead space
down to the tip of the tracheal tube was eliminated using
ASPIDS.'®~ '8

The principle behind the computer simulation for identify-
ing an optimal ventilator setting has been described
previously.’”~?! It is based upon a physiological profile com-
prising a description of the elastic pressure/volume diagram,
inspiratory and expiratory resistance as a function of volume,
and the tidal volume of CO, eliminated in relation to V1.2 The
simulation process is based upon the target immediate
physiological goals that should be achieved by ventilation.
These were pH=7.35 and Pp.ar=30 cm H,0 at minimal Vr.
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Table 1 Treatment goals and limitations after randomization
Group GOAL LP HP
Vr Minimal
RR (bpm) 40-60 6-35 6-35
Arterial pH 735 7.30-7.45 7.30-7.45
Ppiar (cm H,0) 30 25-30 40-45
PEEPTOT (Cm Hzo) and FIOz to achieve PGOZ 9-12 kPa. PEEPTOT FIO2 PEEPTOT FIOZ PEEPTOT FIOZ
For high- and low-pressure groups, allowable combinations are indicated Maximal Adjustable 5 0.3 As in group LP
5 0.4
8 0.4
8 0.5
10 0.5
10 0.6
10 0.7
12 0.7
14 0.7
14 0.8
14 0.9
16 0.9
18 0.9
18 1.0
20 1.0
22 1.0
24 1.0

Standard acid/base equations were used for the calculation
of relationships between pH and Pac,.

Ten consecutive breaths were simulated by dividing each
breath into 100 steps in time, the last breath representing
steady state. During each step, changes in volume and pres-
sure were calculated from the action of the simulated venti-
lator and the physiological profile. The volume of CO,
eliminated per minute was calculated from the single
breath test for CO, describing the tidal volume of CO,
related to tidal volume.’’ The stepwise simulation process
that incorporates the ASPIDS function was also previously
described in detail.?*

The ventilator setting defined by the simulation was then
implemented over 24 h, except for short periods of measure-
ments as described. Hourly minor adjustments were carried
out: PEEP to keep Pp ar at 30 cm H,0, minute ventilation
to maintain the pH at 7.35, and Fi,, to keep Pa,, within
9-12 kPa.

In the LP and HP groups, the inspiratory flow profile was
square, inspiration time was 33%, and pause time was 5%.
To keep Pa,, within 9-12 kPaq, F1,, and PEEPor were adjusted
as shown in Table 1, following the principles of ARDSnet.’
According to ARDSnet, pH should be within the range
7.30-7.45 in both these groups. Pp ar should be within the
range 25-30 cm H,0 for the LP group and 40-45 cm H,0
in the HP group. However, pilot experiments indicated that
the high metabolic rates in adolescent pigs with ARDS
required significantly higher Vi than recommended by
ARDSnet, such that in order to keep the pH at 7.30-7.45
and Ppar at the target value, the combination of RR and
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minute ventilation had to be titrated. RR up to 35 bpm was
allowed.

After 24 h, animals were killed using a bolus dose of 1.2
mg fentanyl and 100 mg ketamine, followed by fast desan-
guination. The lungs were removed for histological examin-
ation,”® and eight healthy pigs were used as controls with
respect to histology. Since the primary endpoint was at 16
h after ARDS, those pigs not surviving for 16 h were replaced
with others, so each group had eight animals which survived
to 16 h.

Histopathological processing

The left lung was removed, expanded, and fixed with intra-
bronchial formalin. A central sagittal slice was embedded
in paraffin and 5 um thick sections were cut with a whole
mount microtome, mounted on large glass slides, and
stained with haematoxylin/eosin. Thirty circular areas, of
5 mm diameter, were scored according to three factors
(Table 2): hyaline membranes, bronchiolar neutrophil gran-
ulocyte infiltration, and bronchiolar epithelial damage. For
each factor, the average areas were calculated.

Data analysis

Gas exchange

Vpawy and CO, elimination (VCO,) were calculated from the
single-breath test for CO,."* Qs/Qt was calculated from end-
capillary oxygen content (CcO,), arterial oxygen content
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Table 2 Lung injury score

Score Hyaline

Bronchiolar

Bronchiolar

membranes granulocyte epithelial
infiltration damage
0 No hyaline No granulocytes No epithelial
membranes damage
1 A few, just Luminar Single patch of
detectable granulocytes epithelial
membranes denudation in a
bronchiole
2 Evident Luminar >1 patch of
membranes in  granulocytes and epithelial
<50% of patches of denudation in a
alveoli transluminar bronchiole
granulocyte
infiltration
3 Evident Luminar Denudation of
membranes in  granulocytes and >50% of
>50% of circumferential circumference of
alveoli transluminar the bronchiole

granulocyte
infiltration

(Ca0,), and mixed venous oxygen content (CvO,):

% . CCOZ — CCIOZ
Qt - CCOZ — CVOZ

CcO, = 1.36 x Hb x 100 + 0.2625 x PA,,

PA,, = F1o, x (Barometric pressure — 6.3) —

x Paco, x (1/RQ — 1)

Paco,
RQ

+ Flo,

Ca0; = 1.36 x Hb x Sa,, + 0.2325 x Pa,,

CvO, = 1.36 x Hb x SV, + 0.2325 x Pv,,

Haemodynamics

Heart rate (HR), MAP, mean central venous pressure, mean
pulmonary artery pressure (MPAP), and pulmonary capillary
wedge pressure (PCWP) were measured.

Cardiac output (CO) was calculated according to Fick:

VO,
o= CCIOZ — CVOz
where VO, is 0, delivery calculated as VO, = VCO,/RQ, as-
suming that RQ=0.85.

Pulmonary vascular resistance (PVR) was calculated as
(MPAP-PCWP)/CO.

Table 3 Average of ventilation parameters measured each hour
during 24 h (16 h for two animals in HP)

GOAL LP HP

Mean sp Mean sp Mean sp
RR (bpm) 58 5 19 9 7.5 2
Vr (ml) 119 9 268 107 538 108
Vr (ml kg™ 58 0.4 13.2 5.1 27 4.8
Ppiat (cm H,0) 30 0.3 29 28 41 13
PEEP; (cm H,0) 09 1.0 0.5 0.4 0.7 0.6
PEEPror (cm 19 1.7 8 2.4 8 13
H,0)
Fo, 035 0.06 047 010 049 0.10
pH 7.36 0.02 738  0.02 738  0.03
Pac,, (kPa) 6.5 0.8 7.1 0.9 6.4 0.8
Pa,, (kPa) 16.4 3.7 12.6 1.6 13.4 1.7

Statistical analysis

Data are shown as mean and standard deviation (sp).
Two-way variance on ranked data was used to analyse
P./V curves at different PEEP levels and different times.
The Kruskal-Wallis test was used to detect differences
between the groups in Pao,, Svo,, Qs/Qt, Vpaw, PVR, and
lung damage score. The Mann-Whitney test was used to
further analyse the groups that differed. A P-value of <0.05
was considered significant. XLSTAT 7.5.2 (Addinsoft,
New York, NY, USA) was used for analysis.

Results

ARDS was diagnosed after 114 (41) min of harmful ventila-
tion. Paco,/Flo, was 11 (5 kPa) at zero PEEP and 47 (17 kPa)
at a PEEP level of 15 cm H,0, and was similar between the
groups. Two animals which died after 2.5 h in the LP group
and 10 h in the HP group were substituted. Also in the HP
group, two animals died (after 18 and 23 h) due to arrhyth-
mia and tension pneumothorax with hypoxia, respectively.
There was no death at any time in the GOAL group. In all
animals and at all times, Ppar and pH were within the
limits given by the protocol, while Pa,, was slightly higher
(Table 3).

In GOAL, the settings according to computer simulation
resulted in an RR of 60 bpm in most pigs, which was the
maximum allowed according to the protocol. V¢ in the
GOAL group was less than half that seen in the LP group,
while PEEPior more than twice that in the LP and HP
groups (Table 3). Also in GOAL animals, the I:E ratio was 1:1
in all but one of the animals. Intrinsic PEEP (PEEP;) was ~1
cm H,O (Table 3).

Mechanics of the respiratory system

At ARDS diagnosis (0 h), the inspiratory and expiratory Pe/V
curves were similar in all groups (Fig. 1). In all the groups
and at all times, inspiratory Pe/V curves starting at PEEP
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Fig 1 Inspiratory Pe/V curves recorded from PEEP 15 to 0 cm H,0 and expiratory P./V curves recorded from 50 cm H,0O; average in each group
at 0, 16, and 24 h. Inspiratory curves showed significant differences related to starting pressure over the full pressure range apart from LP at 0

h and in HP at 24 h (two-way analysis of variance).

levels from 15 to 0 cm H,0 showed a loss of volume, reflect-
ing progressive de-recruitment for each lower PEEP level.

Families of inspiratory P./V curves preceded by expirations
to different PEEP levels did not completely converge, indicat-
ing that lung units collapsing at low pressures did not fully
re-expand at 50 cm H,O (Fig. 1).

Inspiratory Pe/V curves starting at zero PEEP showed,
in GOAL animals, progressively higher volumes during the
24 h after the onset of ARDS. In the LP group, no significant
change was seen over time. In HP animals, volumes
decreased slightly, but only above 35 cm H,O (Fig. 2, upper
panels).
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In GOAL animals, inspiratory Pe/V curves starting at a PEEP
of 15 mm H,0 showed progressively higher volumes during
the 24 h after ARDS, while in the LP group, and particularly
in the HP group, progressively lower volumes were recorded
(Fig. 2, middle panels) such that the volumes in LP pigs
were higher than in HP animals (P<<0.001).

In GOAL-treated pigs expiratory Pg/V curves, increasing
volumes were seen in the 24 h after ARDS, while decreasing
volumes were seen in LP and HP animals (Fig. 2, lower
panels).

At 16 and 24 h, the volumes in inspiratory and expiratory
Po/V curves were much higher in GOAL than in LP and HP
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animals (P<0.0001) (Fig. 1) and in the LP group volumes
were slightly higher than in the HP group (P<0.02).

Gas exchange and haemodynamics

At 0 h, there were no differences between the groups in
terms of Pao,, Svo,, Qs/Qt, Vpaw, CO, PVR, or any other
haemodynamic and gas exchange parameter. In GOAL
animals at an Fi,, of 1.0, Pa,, was higher than in LP
animals from 4 h onwards, and in HP animals from
8 h. After 4 h, Pa,, was not different from the pre-ARDS

values in the GOAL animals (Fig. 3). Throughout the study
period, CO and Sv,, did not differ between the groups. Ac-
cordingly, Pa,, inversely reflected variations in Qs/Qt.

Histopathology

In untreated healthy pigs, the lung injury score was close to
0. At 24 h, scores were higher than in healthy pigs in all the
groups (P<0.001) and differed between the groups (anowa,
P=0.033) (Fig. &).
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Discussion

In an ARDS pig model, induced by VILI after surfactant per-
turbation, the GOAL strategy based upon proper pH, safe
P a1, and minimal Vi, together implying high PEEPtor,
resulted in improvement over 24 h after initiation of ARDS.
Accordingly, the GOAL strategy was shown to be lung pro-
tective relative to an alternative strategy with the same
Ppiat in Which deterioration was observed.

The tools used were goal-orientated ventilation facilitated
by computer simulation, dead space reduction by ASPIDS,
and for monitoring, advanced Pg/V recording. On the basis
of the characterization of the physiological status of the
animal with respect to mechanics and CO, exchange, the
setting of several ventilator parameters, which together
were expected to minimize lung injury, was defined. This ap-
proach is motivated by the judgement that there is no ‘best
PEEP’ without taking into account Vy and no ideal V; without
regarding Pp a1, etc. Trying to identify the role of specific
steps of ventilator setting may, in this respect, be futile.
The GOAL strategy obviates the need for titration of the
‘best PEEP".

In GOAL, a Pp a7 of 30 cm H,0 and an arterial pH of 7.35
were chosen according to ARDSnet.” We refrained from prac-
tising permissive hypercapnia to further reduce V5, as this
remains a controversial issue.’” A decelerating flow was
accomplished by computer control of ventilator function. % 2°
The reason for using the decelerating flow was to
improve CO, exchange by prolonging the mean distribution
time.?#73% In the light of recent findings, a constant flow, a
short inspiratory time, and a post-inspiratory pause time of
more 5% would have been chosen as this has been found

to further enhance CO, exchange at constant V.° ! It was
considered that minimal Vi is a central issue in LPV.
Recently, Bruhn and colleagues®? confirmed, by dynamic CT,
that cyclic collapse and opening is reduced by lower V7, provid-
ing direct evidence that low Vr ventilation may be lung pro-
tective by reducing this phenomenon. Very recently, it has
also been experimentally proven that an open lung strategy,
aimed at reducing dynamic strain, improves arterial oxygen-
ation, but fails to positively affect respiratory mechanics and
pulmonary inflammation compared with mechanical ventila-
tion with lower PEEP according to ARDSnet.*

A high dead space pre-empts isocapnic ventilation at a
very low V1. An active humidifier and minimal connectors
between the y-piece and the tracheal tube were used in all
the groups in our study. In GOAL, ASPIDS was applied for
optimal dead space reduction.’®~*® The ventilator setting
defined with computer simulation resulted in Vy~5.8 ml
kg™, RR~58 min~?, and I:E ratio~1:1. That V; could not be
further reduced reflects the high CO, production in these
adolescent pigs and very high physiological dead space in
the ARDS model. The high LE ratio reflects that computer
simulation recognized that a short mean distribution time
would not otherwise allow efficient CO, exchange.’’ As
stated, recent findings would have encouraged the use of a
longer pause time.

In GOAL, an open lung strategy comprised an initial re-
cruitment manoeuvre followed by a high-PEEP and low-V;
ventilation. The recruitment manoeuvre to 45-50 cm H,0
may have left some units collapsed which might be recruited
at a higher, potentially injurious pressure. A recruitment
manoeuvre has a transient effect, while a high PEEP
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combined with a low V; maintains recruitment and enhances
arterial oxygenation.>* > Hence, the strategy was based on
moderate recruitment, low V1, and high PEEP.

In an open lung, oxygenation can be achieved at reduced
ventilation just by increasing Fio,.>® However, CO, exchange
depends strictly upon alveolar ventilation. At high V5, shear
forces in lung zones undergoing repeated collapse and
re-expansion (RECOREX) lead to VILL’~*° Closing pressures
are much lower than opening pressures, but their distribu-
tions overlap.'” “° ! At a safe Ppar, it appears impossible
to maintain complete aeration. Even at a PEEP of 20 cm
H,0, some units will close. Reasonably, these units also
have particularly high opening pressures. If Vr is so low
that the difference between PEEP and Pp a7 is less than the
difference between closing and opening pressures, these
units remain closed during breaths. Accordingly, both volu-
trauma related to RECOREX and barotrauma due to high
PpLar may be abolished at very low Vy and high PEEP. This
contention is underpinned in Figure 5, in which distributions
of opening and closing pressures refer to the study by Crotti
and colleagues®® and which are in line with patterns of in-
spiratory and expiratory P./V curves in the present study.
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\ —_——

Opening pressures
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Fig 5 Realistic distributions of opening and closing pressures of
lung units in ARDS. Arrows illustrate the range PEEProt to Ppiar
under different ventilation regimes. Arrow 1 refers to obsolete
high Vz/low PEEP ventilation at which most lung units undergo
RECOREX, while high Ppar causes barotrauma. Arrow 2 represents
moderate Vi/high PEEP ventilation. Only units with high closing
pressure undergo RECOREX, but barotrauma remains important.
Arrow 3 illustrates moderate Vi/low PEEPror. Low Ppiat prevents
barotrauma, but many lung units collapsing during expiration
undergo RECOREX. Arrow 4 illustrates very low V1/high PEEP ven-
tilation. Low Ppar prevents barotrauma. Only those units with
particularly high closing pressures represented by the pink area
will close. If these units also have high opening pressures (pink
area), they will remain collapsed throughout the breath so as
to fully prevent RECOREX.
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The conclusion is that it is rational to reduce V; to the
lowest possible level.

For each lower level of PEEP, families of inspiratory Pe/V
curves showed, consistently in each animal, a loss of
volume, confirming wide distributions of closing pressure in
ARDS below a PEEP of 15 cm H,0. During insufflations, the
Po/V curves started in each animal to approach one
another at pressures above ~20 cm H,0, but the volume
losses were incompletely regained during insufflation up to
PEEP of 40-50 cm H,0. The findings indicate a wide range
of opening pressures that are higher than closing pressures.
The estimated opening and closing pressures agreed with
previous observations.’” “° “* In this respect, the ARDS pig
model is similar to that seen in ARDS in patients.

An RR as high as 60 bpm overlaps with high-frequency
ventilation. Simulation was based upon classical models of
mechanics and CO, exchange plus the concept of mean dis-
tribution time.?8~3! The settings defined by computer simu-
lation led to predefined goals, implying that classical
physiology is valid in ARDS up to at least 60 bpm.?* In spite
of short expirations at high RR and high I:E ratio, PEEPor
was close to the set PEEP.

In GOAL, Pa,, became normal as early as 4 h. The Pe/V
curves showed a continuous improvement until 24 h
(Fig. 2). In the LP and HP groups, inspiratory P./V curves
recorded at a PEEP of 15 cm H,0, and expiratory Pe/V
curves showed a clear continuous deterioration. These
types of curves starting when the lungs are reasonably well
aerated reveal mainly elastic properties. In contrast, the in-
spiratory P./V curves recorded from zero PEEP are influenced
by continuous inspiratory re-opening.”® “* “* In ARDS, they
are not useful in monitoring elastic properties.

In the LP group, Pp At Was similar to that in GOAL, while V¢
was twice as high. The non-favourable evolution in LP is
therefore explained by volutrauma rather than barotrauma.
Much lower PEEP in LP than in GOAL favours RECOREX,
leading to lung injury. Results in HP and LP were, in
general, similar. The histology suggested more pronounced
changes in HP in spite of much higher V; and Pp ar. Similar
findings in LP and HP suggest that in both the groups, injuri-
ous effects of ventilation were high enough to maintain a
vicious circle in which shear forces caused by RECOREX led
to lung damage, leakage of plasma proteins, and increasing
surfactant inactivation, thereby accentuating lung collapse
and VILL??

Like in ARDSnet, Pp a1 in LP should not exceed 30 cm H,0
and the pH should be about 7.35.° In LP, V; was much higher
compared with the 6 ml kg~! body weight recommended by
ARDSnet. A limitation of our study is that we did not achieve
titration to a low enough V; to mitigate lung injury. The
GOAL strategy is to find a truly minimal Vi. When, from
the end-inspiratory situation, a minimal V; is expired, the
end-expiratory elastic recoil pressure, that is, PEEPor, will
be the highest one compatible with the selected Pp ar and
minimal V5. This will keep the lung open, so as to minimize
the required F1,, and reduce oxytrauma. In this study, even
in the GOAL group, PEEP; was quite low in spite of the short
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expirations at a high I:E ratio and a high RR. If PEEP; would be
important under other circumstances, the set PEEP should be
reduced to balance this effect.

In this study, an optimal technique for airway dead space
reduction was applied, that is, ASPIDS. An advanced tech-
nique was used for the characterization of respiratory
mechanics and of dead space in order to allow identification
of a ventilator setting adapted to the prevalent physiology
and the goals, namely minimal V7, isocapnia, and optimal
lung protection.

Although some techniques used for the GOAL strategy are
not generally available, the basic principle to use the lowest
feasible Vr at high but safe Pp ar to keep the lung open may
be applied in clinical studies. Dead space should be mini-
mized by not using humidifying filters or connectors with un-
necessarily high volumes. Reduced dead space paves the
way for higher than conventional RR. At a higher RR, Vr
may be lowered much more than the primary dead space re-
duction itself. At high RR, an I:E ratio of up to 1:1 should be
applied in order to improve alveolar equilibration of CO, by
diffusion. Lessons learned may be applied in different clinical
settings. It is possible that improved mechanical ventilation
may lessen the need for extreme rescue therapies such as
extra extracorporeal gas exchange in viral pneumonia.
More commonly, improved mechanical ventilation during an-
aesthesia may mitigate perioperative lung injury.**

Conclusions

A valid strategy for LPV in ARDS is to define the immediate
physiological goals, which may be adequate pH or Pac,,
safe Ppiat, and minimal V. With these, high PEEP will keep
the lung open and reduce the required F1,,. Dead space re-
duction is fundamental for higher than ordinary RR and for
enhanced V5 reduction. Classical physiology is applicable at
rates overlapping high-frequency ventilation. Computer
simulation may guide ventilator settings so as to optimize
goal-orientated ventilation. Inspiratory elastic pressure-
volume curves recorded from high PEEP or even better, ex-
piratory curves, allow the monitoring of improvements and
deteriorations in ARDS.
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