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• 1543 Vesalius, concept of mechanical 

ventilation
• 1774 Joseph Priestly and Willhelm

Scheele independently discovered 
oxygen 

à mouth to mouth resuscitation by Tossach
Mechanical ventilation is a life-sustaining
therapy for the treatment of patients with
acute respiratory failure. It is a very common
modality in intensive care units, and indeed
the advent of its use heralded the dawn of
modern intensive care units. Interest in
mechanical ventilation has increased
markedly from both a research and a clinical
perspective over the past 15 years since the
publication of a milestone article in the
New England Journal of Medicine by the
ARDSNet investigators that highlighted the
importance of a lung-protective ventilation
strategy (1).

Although recognition of the
importance of lung protection appears to be
relatively new, there are fascinating accounts
dating back hundreds of years that link
ventilation to the development of lung
injury. In this article, I provide a very brief,
relatively personal perspective of the history
of mechanical ventilation, with an emphasis
on ventilator-induced lung injury (VILI).
I focus on historical aspects of both
ventilation and resuscitation, because
their histories are intimately intertwined.
Due to space limitations, this will not be an
in-depth review; the interested reader is
referred to other reviews for greater detail
(2–7).

Galen, the noted Greek physician and
scientist who lived in the second century
A.D., played a major role in introducing the
importance of structure (anatomy) to the
understanding of disease (8). Although he
made great advances, his dissections were
limited to animals, and he assumed that
the organs of humans and animals were
identical. He also studied respiration and
taught that breathing was required to
maintain the circulation (i.e., the physical
act of breathing caused the heart to beat).
For almost the next 1,500 years, there were
essentially no advances made in our
understanding of ventilation, nor for that
matter in any of the sciences; there is
a good reason that a major part of this
era was called the Dark Ages. However,
Andreas Vesalius changed all of this in the
mid-16th century.

Vesalius was born in Brussels and
became Professor of Anatomy in Padua at
the age of 23 (Figure 1). He incurred the
wrath of the church because of his
dissection of human cadavers, and many of
his findings contradicted Galen’s teachings.
In 1543, he published a brilliant treatise on
anatomy entitled De Humani Corporis
Fabrica, which likely had the first definitive

reference to positive pressure ventilation as
we know it today (9). To quote: “But that
life may be restored to the animal, an
opening must be attempted in the trunk of
the trachea, into which a tube of reed or
cane should be put; you will then blow into
this, so that the lung may rise again and
take air” (9). This essentially describes what
we currently do in the intensive care unit
(ICU) when we perform a tracheotomy,
insert an endotracheal tube, and apply
positive pressure ventilation. This was
a dramatic demonstration of the power
of mechanical ventilation, but it was
essentially forgotten for a century and not
incorporated into widespread medical
practice for several centuries.

Robert Hook was a natural philosopher
and brilliant scientist. He was an active
astronomer, architect, and biologist who
coined the term “cell” to describe biological
organisms. He was also the curator of the
Royal Society of London and regularly
performed experiments for the Fellows
of the Society. In 1667 he performed an
ingenious experiment to examine Galen’s
hypothesis that the movement of the lungs
was required for the circulation. In his
words “and because some eminent
physician had affirm’d, that the Motion of
the Lungs was necessary to Life upon the
account of promoting the Circulation of the
Blood, and it was conceiv’d the Animal

would immediately be suffocated as soon
as the Lungs should cease to be moved
I did . . . make the following additional
experiment” (10). His model was
ingenious. He used a dog in which he
made cuts in the chest wall and pleura. He
then used bellows to generate a constant
flow of gas at the airway opening into the
lungs; this constant flow then exited
through the holes in the chest. He gave the
following graphic description of the
results: “This being continued for a pretty
while, the dog . . . lay still, as before, his
eyes being all the time very quick, and the
heart beating very regularly: But, upon
ceasing this blast, then suffering the Lungs
to fall and lye still, the Dog would
immediately fall into Dying convulsive fits;
but be as soon reviv’d again by renewing
the fullness of his lungs with the constant
blast of fresh air . . .” (10). He ends this
brilliant paper with what sounds like the
objectives of his next grant application
“I shall shortly . . . make some other
experiments, which, I hope, will
thoroughly discover the Genuine use of
Respiration; and afterwards consider of
what benefit this may be to Mankind” (10).

In the 17th and 18th centuries, there
were a number of approaches that were used
to resuscitate patients—many not always as
enlightened as those described above. It is
important to understand that, as Hook

Figure 1. (Left) Woodcut of the only known firsthand likeness of Andreas Vesalius (reprinted
from Reference 48). (Right) Frontispiece of De Humani Corporis Fabrica (reprinted from
Reference 49).
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understanding of ventilator-induced
diaphragmatic dysfunction (19).

Many of these improvements have
clearly led to much better ventilators and
much better care of ventilated patients,
but the major recent advances in mechanical
ventilation are not related to these
improvements but to our better
understanding of the pathophysiology of
ventilation, both the good and the bad.

Evolution of Mechanical
Ventilation and Recognition
of Potential for Harm

Arguably the greatest advance over the past
few decades in delivering mechanical
ventilation has been in minimizing its side
effects. The concept that ventilation may
be harmful is certainly not new. In 1744,
John Fothergill published an essay in the
Philosophical Transactions of the Royal
Society of Medicine (11) in which he

discussed a previous publication by William
Tossach. Tossach had helped resuscitate
a coalminer who was apneic and pulseless.
“Tossach had applied his mouth close to

the patient’s and by blowing strongly,
holding the nostrils at the same time, raised
his chest fully by his breath. The surgeon
felt 6–7 quick beats of the heart . . . . In one
hour the patient began to come to himself,
within four hours, he walked home, and
in as many days returned to his work” (11).

Later on in the Discussion Fothergill
writes “It has been suggested to me by some
that a pair of bellows might possibly be
applied with more advantage in these cases,
than the blast of a man’s mouth; but if any
person can be got to try the charitable
experiment by blowing, it would seem
preferable to the other [because] the lungs
of one man may bear, without injury, as
great a force as those of another man can
exert; which by the bellows cannot always
be determined” (11). Fothergill clearly
understood the possibility of injury caused
by ventilation and in many ways can be
viewed as the father of VILI, with his
incredibly insightful conclusions 270 years ago.

In 1829, d’Etioles demonstrated that
using bellows for ventilation could cause
pneumothoraces, leading to death. This
study was widely interpreted as suggesting
that the lungs of a patient who was
pulseless could not tolerate positive
pressure ventilation. This likely set the field
back many years. Indeed, in 1837 the Royal
Humane Society removed the use of
bellows as well as mouth-to-mouth
resuscitation from its list of recommended
treatments (20).

Mechanical ventilation was originally
introduced in patients with normal lung
function, essentially to replace the
neuromuscular pump (e.g., comatose

Figure 4. Pneumatic chamber: Patented by Wilhelm Schwake in Germany in 1926 (51). Schwake
was concerned with precise matching of the ventilator and the patient’s breathing pattern. Reprinted
from Reference 13.
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Figure 5. Mortality rate from bulbar polio. The mortality rate in July and August 1952 (up to August
27) for bulbar polio in the Blegdams Hospital was 87%. On August 27, 1952, tracheotomy and
positive pressure ventilation were introduced (arrow). Mortality immediately dropped dramatically and
was about 40% in the ensuing months. Adapted by permission from Reference 16.
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1900s-1950: Negative ventilation
• 1864: Alfred Jones first body enclosing 

device
• 1929: Drinker and Shaw The first iron lung
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1950 to the present
• Bjorn Ibsen & Lassen : positive airway 
pressure ”hand bagged” à mortality of polio 
patients 87 % to 40 %
• Revolution of ventilator: flow delivery 
exhalation valves, microprocessors, triggering, 
flow delivery, and the development of new 
modes of ventilation 
• Barach & Ashbaugh: positive end-expiratory 
pressure (PEEP) 
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patients with ARDS (33). A defining
moment with respect to lung-protective
strategies in ARDS was the 2000
publication of the ARDSNet randomized

clinical trial, which demonstrated
a decreased mortality from 40 to 31%
(1). This study was followed by other
randomized clinical trials addressing

various approaches for minimizing
VILI, including use of higher PEEP
levels, prone position (34), and early,
short-term neuromuscular blockade
(35). There is also increasing evidence
that lung-protective strategies are
useful in ICU patients without ARDS
to help prevent the development of
ARDS (36), in anesthetized patients
undergoing operative procedures to
prevent respiratory complications
(37), and in patients with brain death to
help preserve lungs for transplantation
(38).

The Future

As Yogi Berra famously stated, “It’s hard
to make predictions . . . especially about
the future,” but I will give it a try,
nonetheless. I will not address a number
of ancillary approaches that are very
important but can equally apply to ICU
patients not requiring ventilatory support;
these include early and increased
ambulation, decreased sedation, and
end-of-life care.
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Figure 7. Timeline highlighting a number of basic science (top) and clinical (bottom) observations that have had an impact on our current understanding
of ventilator-induced lung injury and on ventilatory support of the critically ill over the past 5 decades. ARDS = acute respiratory distress syndrome;
ICU = intensive care unit; PIP = peak inspiratory pressure; PMNs = polymorphonuclear leukocytes. Reprinted by permission from Reference 52.
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Figure 8. Plot of maximum expiratory pressure–volume for musicians playing musical instruments.
Curve B (starting at zero lung volume) represents the highest expiratory pressures at any given lung
volume. Lines 1, 2, and 3 are the pressure–volume trajectories when musicians play single tones on
the oboe, flute, and trumpet, respectively. The purpose of these experiments was not to study
ventilator-induced lung injury, but they clearly demonstrated that high pressures at the airway opening
do not necessarily lead to barotrauma. Reprinted by permission from Reference 24.
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• Thông khí cơ học cứu mạng (?) à
Gây tổn hại

• ARDS
– Thông khí giảm Vt tăng PEEP/ ARDS
– High Driving Pressure à VILI

• Non – ARDS ?
– Low Vt
– High PEEP
– Low Driving Pressure



LOW TIDAL VOLUME

Tác giả Thiết kế So sánh Kết cục
Lee
1990

RCT 
103 BN

12 vs 6 
ml/kg

Vt thấp ít biến chứng hô
hấp, thời gian thở máy ngắn

Gajic O
2005

RCT 
3261 BN

10 vs 6 
ml/kg

Nguy cơ ARDS tăng gấp 5 
lần

Determann
2010

RCT 
150 BN

10 vs 6 
ml/kg

Vt thấp ít bị ARDS hơn

Serpa Neto
2015

Cohort 
2184 BN

>10 vs <7 
ml/kg

7 – 10 ml/kg

Nguy cơ biến chứng hô hấp
OR 0,72 (0,52 ; 0,98)

Không khác biệt
Sjoding MW
2019

Cohort 1905 > 8ml/kg Tăng tỷ lệ tử vong
OR12 1,66 (1,15 - 2,38)
OR24 1,51 ( 1,08 - 2,11)

PROS



CARING FOR THE
CRITICALLY ILL PATIENT

Association Between Use of Lung-Protective
Ventilation With Lower Tidal Volumes
and Clinical Outcomes Among Patients
Without Acute Respiratory Distress Syndrome
A Meta-analysis
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MECHANICAL VENTILATION
is a life-saving strategy
in patients with acute
respiratory failure. How-

ever, unequivocal evidence suggests
that mechanical ventilation has the
potential to aggravate and precipitate
lung injury.1 In acute respiratory dis-
tress syndrome (ARDS), and in a
milder form of ARDS formerly known
as acute lung injury (ALI),2 mechani-
cal ventilation can cause ventilator-
associated lung injury. Ventilator-
associated lung injury is a frequent
complication in critically ill patients
receiving mechanical ventilation, and
its development increases morbidity
and mortality.1

Higher tidal volume (VT) ventila-
tion causes the alveoli to overstretch
in a process called volutrauma, and
this overstretching is the main cause
of ventilator-associated lung injury.3

The use of a lower VT was shown to
reduce morbidity and mortality in
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Context Lung-protective mechanical ventilation with the use of lower tidal volumes
has been found to improve outcomes of patients with acute respiratory distress syn-
drome (ARDS). It has been suggested that use of lower tidal volumes also benefits
patients who do not have ARDS.

Objective To determine whether use of lower tidal volumes is associated with im-
proved outcomes of patients receiving ventilation who do not have ARDS.

Data Sources MEDLINE, CINAHL, Web of Science, and Cochrane Central Register
of Controlled Trials up to August 2012.

Study Selection Eligible studies evaluated use of lower vs higher tidal volumes in pa-
tients without ARDS at onset of mechanical ventilation and reported lung injury devel-
opment, overall mortality, pulmonary infection, atelectasis, and biochemical alterations.

Data Extraction Three reviewers extracted data on study characteristics, methods,
and outcomes. Disagreement was resolved by consensus.

Data Synthesis Twenty articles (2822 participants) were included. Meta-analysis using
a fixed-effects model showed a decrease in lung injury development (risk ratio [RR], 0.33;
95% CI, 0.23 to 0.47; I2, 0%; number needed to treat [NNT], 11), and mortality (RR,
0.64; 95% CI, 0.46 to 0.89; I2, 0%; NNT, 23) in patients receiving ventilation with lower
tidal volumes. The results of lung injury development were similar when stratified by
the type of study (randomized vs nonrandomized) and were significant only in random-
ized trials for pulmonary infection and only in nonrandomized trials for mortality. Meta-
analysis using a random-effects model showed, in protective ventilation groups, a lower
incidence of pulmonary infection (RR, 0.45; 95% CI, 0.22 to 0.92; I2, 32%; NNT, 26),
lower mean (SD) hospital length of stay (6.91 [2.36] vs 8.87 [2.93] days, respectively;
standardized mean difference [SMD], 0.51; 95% CI, 0.20 to 0.82; I2, 75%), higher mean
(SD) PaCO2 levels (41.05 [3.79] vs 37.90 [4.19] mm Hg, respectively; SMD, −0.51; 95%
CI, −0.70 to −0.32; I2, 54%), and lower mean (SD) pH values (7.37 [0.03] vs 7.40 [0.04],
respectively; SMD, 1.16; 95% CI, 0.31 to 2.02; I2, 96%) but similar mean (SD) ratios of
PaO2 to fraction of inspired oxygen (304.40 [65.7] vs 312.97 [68.13], respectively; SMD,
0.11; 95% CI, −0.06 to 0.27; I2, 60%). Tidal volume gradients between the 2 groups
did not influence significantly the final results.

Conclusions Among patients without ARDS, protective ventilation with lower tidal
volumes was associated with better clinical outcomes. Some of the limitations of the
meta-analysis were the mixed setting of mechanical ventilation (intensive care unit or
operating room) and the duration of mechanical ventilation.
JAMA. 2012;308(16):1651-1659 www.jama.com
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mL/kg IBW to 0.26 (95% CI, 0.10-
0.66) in the group with 4 to 5 mL/kg
IBW (eFigure 1). The RR for the de-
velopment of lung injury with conven-
tional ventilation, analyzing only ran-
domized controlled trials, was 0.26
(95% CI, 0.10-0.66; NNT, 10).

Secondary Outcomes
Overall mortality was lower in pa-
tients receiving protective ventilation
(RR, 0.64; 95% CI, 0.46 to 0.89; NNT,
23). The incidence of pulmonary in-
fection (using the authors’ definition)
and atelectasis were lower in the group
receiving ventilation with a lower VT

(RR [random-effect], 0.45; 95% CI, 0.22
to 0.92; NNT, 26; and RR, 0.62; 95%
CI, 0.41 to 0.95, respect ively)
(Figure 2). The I2 test indicated mod-
erate heterogeneity only in the analy-
sis of pulmonary infection (32%). Pro-
tective ventilation was associated with
a shorter mean (SD) hospital stay (6.91
[2.36] vs 8.87 [2.93] days, respec-
tively; SMD, 0.51; 95% CI, 0.20 to 0.82),
and showed no difference in ICU stay
(3.63 [2.43] vs 4.64 [3.29] days, re-
spectively; SMD, 0.37; 95% CI, −0.53
to 1.27) and time of mechanical ven-
tilation (51.07 [58.08] vs 47.12 [45.00]
hours, respectively; SMD, 0.48; 95% CI,
−0.27 to 1.23).

Mean (SD) levels of PaCO2 were
higher in the protective ventilation
group (41.05 [3.79] vs 37.90 [4.19]
mm Hg, respectively; SMD, −0.51; 95%
CI, −0.70 to −0.32), and mean (SD) pH
levels were lower (7.37 [0.03] vs 7.40
[0.03], respectively; SMD, 1.16; 95% CI,
0.31 to 2.02). The mean (SD) PaO2/
FIO2 ratio was similar between the
groups (304.40 [65.70] vs 312.97
[68.13], respectively; SMD, 0.11; 95%
CI, −0.06 to 0.27). All these analyses
yield significant heterogeneity and were
analyzed by random-effects model (I2

for hospital stay, ICU stay, time of me-
chanical ventilation, PaCO2, pH, and
PaO2/FIO2 of 75%, 95%, 92%, 54%, 96%,
and 60%, respectively) (eFigures 2, 3,
4, 5, 6, and 7 and eTable 4).

In eTable 5, the GRADE evidence
profile is provided. This profile evalu-
ates the effect of protective ventilation

in patients without ARDS or ALI, only
from a systematic review and a meta-
analysis of randomized controlled trials.
The findings for lung injury, mortal-
ity, and pulmonary infection were con-
sidered moderate, high, and low qual-
ity, respectively, by the GRADE profile.
Sensitivity analyses according to qual-
ity components of each study are shown
in eTable 6.

In addition, we excluded each trial
one at a time and assessed the results.
In lung injury and pulmonary infec-
tion analyses, the results were always
significant despite the exclusion of any
trial. After we excluded the trial by
Yilmaz et al,23 the analysis of mortality
was no longer significant.

Sensitivity Analysis
To explore these results, we per-
formed a stratified analysis across a
number of key study characteristics and
clinical factors, and this analysis is
shown in TABLE 3. Protection from lung
injury, in the protective group, was
more pronounced in studies that were
not randomized controlled trials per-
formed in the ICU. These trials did not
incorporate recruitment maneuvers,
had a higher plateau pressure gradi-
ent, and a smaller tidal volume gradi-
ent. In the survival analysis, we found
significant changes in studies without
recruitment maneuvers, in studies that

were not randomized trials, and in stud-
ies performed in the ICU with a lower
tidal volume gradient.

For pulmonary infections, we
found no statistically significant asso-
ciation in studies that were not ran-
domized trials, a tidal volume gradi-
ent less than 4 mL/kg IBW, and the
use of recruitment maneuvers. A tidal
volume gradient from 4 to 5 mL/kg
IBW and a randomized controlled
trial performed in surgical patients
were each associated with a signifi-
cant reduction in pulmonary infec-
tions in the protective group.

Publication Bias
Funnel-plot graphical analysis (eFig-
ure 8), Begg and Mazumdar rank cor-
relation, and Egger regression did not
suggest a significant publication bias for
the analyses conducted in Figure 2
(Kendall !=0.17, P=.63; Egger regres-
sion intercept=0.24, P=.68).

COMMENT
We found evidence that a ventilation
strategy using lower tidal volumes is as-
sociated with a lower risk for develop-
ing ARDS. Furthermore, the strategy
was associated with lower mortality,
fewer pulmonary infections, and less at-
electasis when compared with higher
tidal volume ventilation in patients
without lung injury at the onset of me-

Table 2. Demographic, Ventilation, and Laboratory Characteristics of the Patients at the Final
Follow-up Visit

Mean (SD)

P
Value

Protective
Ventilation
(n = 1416)

Conventional
Ventilation
(n = 1406)

Age, y 59.97 (7.92) 60.22 (7.36) .93
Weight, kg 72.71 (12.34) 72.13 (12.16) .93
Tidal volume, mL/kg IBWa 6.45 (1.09) 10.60 (1.14) ".001
PEEP, cm H2Oa 6.40 (2.39) 3.41 (2.79) .01
Plateau pressure, cm H2Oa 16.63 (2.58) 21.35 (3.61) .006
Respiratory rate,
breaths/mina

18.02 (4.14) 13.20 (4.43) .01

Minute-volume, L/mina,b 8.46 (2.90) 9.13 (2.70) .72
PaO2/FIO2

a 304.41 (65.74) 312.97 (68.13) .51
PaCO2, mm Hga 41.05 (3.79) 37.90 (4.19) .003
pHa 7.37 (0.03) 7.40 (0.03) .11
Abbreviations: FIO2, fraction of inspired oxygen; IBW, ideal body weight; PEEP, positive end-expiratory pressure.
aAt the final follow-up visit.
bMinute-volume is the product of respiratory rate and tidal volume.
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MECHANICAL VENTILATION
is a life-saving strategy
in patients with acute
respiratory failure. How-

ever, unequivocal evidence suggests
that mechanical ventilation has the
potential to aggravate and precipitate
lung injury.1 In acute respiratory dis-
tress syndrome (ARDS), and in a
milder form of ARDS formerly known
as acute lung injury (ALI),2 mechani-
cal ventilation can cause ventilator-
associated lung injury. Ventilator-
associated lung injury is a frequent
complication in critically ill patients
receiving mechanical ventilation, and
its development increases morbidity
and mortality.1

Higher tidal volume (VT) ventila-
tion causes the alveoli to overstretch
in a process called volutrauma, and
this overstretching is the main cause
of ventilator-associated lung injury.3

The use of a lower VT was shown to
reduce morbidity and mortality in
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Context Lung-protective mechanical ventilation with the use of lower tidal volumes
has been found to improve outcomes of patients with acute respiratory distress syn-
drome (ARDS). It has been suggested that use of lower tidal volumes also benefits
patients who do not have ARDS.

Objective To determine whether use of lower tidal volumes is associated with im-
proved outcomes of patients receiving ventilation who do not have ARDS.

Data Sources MEDLINE, CINAHL, Web of Science, and Cochrane Central Register
of Controlled Trials up to August 2012.

Study Selection Eligible studies evaluated use of lower vs higher tidal volumes in pa-
tients without ARDS at onset of mechanical ventilation and reported lung injury devel-
opment, overall mortality, pulmonary infection, atelectasis, and biochemical alterations.

Data Extraction Three reviewers extracted data on study characteristics, methods,
and outcomes. Disagreement was resolved by consensus.

Data Synthesis Twenty articles (2822 participants) were included. Meta-analysis using
a fixed-effects model showed a decrease in lung injury development (risk ratio [RR], 0.33;
95% CI, 0.23 to 0.47; I2, 0%; number needed to treat [NNT], 11), and mortality (RR,
0.64; 95% CI, 0.46 to 0.89; I2, 0%; NNT, 23) in patients receiving ventilation with lower
tidal volumes. The results of lung injury development were similar when stratified by
the type of study (randomized vs nonrandomized) and were significant only in random-
ized trials for pulmonary infection and only in nonrandomized trials for mortality. Meta-
analysis using a random-effects model showed, in protective ventilation groups, a lower
incidence of pulmonary infection (RR, 0.45; 95% CI, 0.22 to 0.92; I2, 32%; NNT, 26),
lower mean (SD) hospital length of stay (6.91 [2.36] vs 8.87 [2.93] days, respectively;
standardized mean difference [SMD], 0.51; 95% CI, 0.20 to 0.82; I2, 75%), higher mean
(SD) PaCO2 levels (41.05 [3.79] vs 37.90 [4.19] mm Hg, respectively; SMD, −0.51; 95%
CI, −0.70 to −0.32; I2, 54%), and lower mean (SD) pH values (7.37 [0.03] vs 7.40 [0.04],
respectively; SMD, 1.16; 95% CI, 0.31 to 2.02; I2, 96%) but similar mean (SD) ratios of
PaO2 to fraction of inspired oxygen (304.40 [65.7] vs 312.97 [68.13], respectively; SMD,
0.11; 95% CI, −0.06 to 0.27; I2, 60%). Tidal volume gradients between the 2 groups
did not influence significantly the final results.

Conclusions Among patients without ARDS, protective ventilation with lower tidal
volumes was associated with better clinical outcomes. Some of the limitations of the
meta-analysis were the mixed setting of mechanical ventilation (intensive care unit or
operating room) and the duration of mechanical ventilation.
JAMA. 2012;308(16):1651-1659 www.jama.com
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Context Lung-protective mechanical ventilation with the use of lower tidal volumes
has been found to improve outcomes of patients with acute respiratory distress syn-
drome (ARDS). It has been suggested that use of lower tidal volumes also benefits
patients who do not have ARDS.

Objective To determine whether use of lower tidal volumes is associated with im-
proved outcomes of patients receiving ventilation who do not have ARDS.

Data Sources MEDLINE, CINAHL, Web of Science, and Cochrane Central Register
of Controlled Trials up to August 2012.

Study Selection Eligible studies evaluated use of lower vs higher tidal volumes in pa-
tients without ARDS at onset of mechanical ventilation and reported lung injury devel-
opment, overall mortality, pulmonary infection, atelectasis, and biochemical alterations.

Data Extraction Three reviewers extracted data on study characteristics, methods,
and outcomes. Disagreement was resolved by consensus.

Data Synthesis Twenty articles (2822 participants) were included. Meta-analysis using
a fixed-effects model showed a decrease in lung injury development (risk ratio [RR], 0.33;
95% CI, 0.23 to 0.47; I2, 0%; number needed to treat [NNT], 11), and mortality (RR,
0.64; 95% CI, 0.46 to 0.89; I2, 0%; NNT, 23) in patients receiving ventilation with lower
tidal volumes. The results of lung injury development were similar when stratified by
the type of study (randomized vs nonrandomized) and were significant only in random-
ized trials for pulmonary infection and only in nonrandomized trials for mortality. Meta-
analysis using a random-effects model showed, in protective ventilation groups, a lower
incidence of pulmonary infection (RR, 0.45; 95% CI, 0.22 to 0.92; I2, 32%; NNT, 26),
lower mean (SD) hospital length of stay (6.91 [2.36] vs 8.87 [2.93] days, respectively;
standardized mean difference [SMD], 0.51; 95% CI, 0.20 to 0.82; I2, 75%), higher mean
(SD) PaCO2 levels (41.05 [3.79] vs 37.90 [4.19] mm Hg, respectively; SMD, −0.51; 95%
CI, −0.70 to −0.32; I2, 54%), and lower mean (SD) pH values (7.37 [0.03] vs 7.40 [0.04],
respectively; SMD, 1.16; 95% CI, 0.31 to 2.02; I2, 96%) but similar mean (SD) ratios of
PaO2 to fraction of inspired oxygen (304.40 [65.7] vs 312.97 [68.13], respectively; SMD,
0.11; 95% CI, −0.06 to 0.27; I2, 60%). Tidal volume gradients between the 2 groups
did not influence significantly the final results.

Conclusions Among patients without ARDS, protective ventilation with lower tidal
volumes was associated with better clinical outcomes. Some of the limitations of the
meta-analysis were the mixed setting of mechanical ventilation (intensive care unit or
operating room) and the duration of mechanical ventilation.
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• 47/1113 Low Vt vs 38/1090 High Vt tổn thương phổi. 
RR = 0,33 (0,23 – 0,41).  NNT  = 11

• Tỷ lệ tử vong ở nhóm bệnh nhân Low Vt giảm RR = 
0,64 (0,46 – 0,89). NNT = 23

• Tần suất viêm phổi và xẹp phổi ở nhóm Low Vt giảm
RR = 0,45 (0,22 – 0,92 ). NNT = 26
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Fernandez
2014

RCT
28 BN

10 vs 6 ml/kg Không thay đổi biomarker  
(Neutrophil elastase, 
Clara cell) tổn thương
phổi/60’ thông khí

Wrigge
2004

RCT 12 – 15 + 
PEEP  = 0
vs 6 ml/kg+
PEEP = 10

Không khác biệt oxy máu
động mạch,TNF alpha, 
IL1, IL6, IL8a, IL 12 / 3 
giờ thông khí
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• Kallet 2001,2006: Bất đồng bộ bệnh nhân – máy thở, 
nguy cơ xẹp phổi

• Lipshutz AK and Gropper (2013): Yếu cơ do thuốc dãn cơ
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Pharmacist-Led Education to Discontinue
Inappropriate Prescribing
To the Editor IntheD-PRESCRIBEclusterrandomizedclinicaltrial
conducted in Canada, Dr Martin and colleagues showed that

pharmacist-led education directed at older patients who were
prescribed Beers Criteria medications led to discontinuation of
inappropriate prescriptions.1 The study demonstrated validity
because there were few differences between treatment and con-
trol groups, randomization was concealed, participants were
blinded, and few participants were lost to follow-up. However,
there are 2 aspects of the trial that raise concerns.

First, a significant portion of the eligible pharmacies and
patients were not included in the study. Half of all eligible phar-
macies declined to participate either because of competing pri-
orities or lack of interest in research. Of the participating phar-
macies, more than half of the eligible patients (1805 of 2815)
did not provide consent to be contacted by the research team.
Analysis of the pharmacies and patients excluded from the
study should be done to assess for selection bias. We would
be especially interested to see if there were any defining char-
acteristics or geographic locations of the pharmacies that re-
fused to participate, which consequently excluded their pa-
tients as well.

Second, reproducibility in the United States may be lim-
ited by differences in pharmacist reimbursement for cognitive
services and the predominance of large for-profit chain

Figure. Estimates of the Effect of Low vs Intermediate Tidal Volume Ventilation Strategies in Subgroups Defined Post Hoc in the PReVENT Trial

–6 –3 3 60–4 4–2 2–1 1
Mean Difference (95% CI)

–5 5

P ValueFavors Intermediate
Tidal Volume

Favors Low
Tidal Volume

Low Tidal Volume
Ventilator-Free
Days,a Mean
(SD) No.

Intermediate Tidal Volume
Ventilator-Free
Days,a Mean
(SD) No.Subgroups

Cardiac arrest 

Mean Difference
(95% CI)

.8015.2 (12.4) 110 15.1 (12.4) 120Yes –0.00 (–3.17 to 3.29)
15.2 (11.3) 367 15.6 (11.1) 364No –0.38 (–2.02 to 1.25)

Sepsis 
.1712.0 (11.7) 50 14.2 (10.8) 46Yes –2.20 (–5.46 to 1.06)

16.0 (11.4) 427 15.7 (11.6) 438No –0.25 (–1.38 to 1.89)
Postoperative ventilation 

.8717.7 (11.1) 82 17.8 (10.8) 79Yes –0.08 (–3.26 to 3.09)
14.6 (11.6) 395 15.0 (11.5) 405No –0.38 (–2.01 to 1.25)

Risk of ARDSb 

.9614.0 (11.4) 292 14.2 (11.4) 290Higher –0.19 (–2.06 to 1.66)
17.0 (11.6) 185 17.3 (11.3) 194Lower –0.27 (–2.61 to 2.07)

Pneumonia 
.2913.3 (11.2) 77 11.7 (10.6) 77Yes 1.56 (–1.94 to 5.08)

15.6 (11.6) 400 16.2 (11.5) 407No –0.58 (–2.18 to 1.01)
Airway protection 

.5317.4 (11.2) 39 16.1 (12.2) 39Yes 1.30 (–4.02 to 6.64)
15.0 (11.6) 438 15.4 (11.4) 445No –0.41 (–1.93 to 1.11)

Cardiac failure 
.4515.4 (11.2) 28 18.4 (12.3) 17Yes –2.93 (–10.39 to 4.53)

15.2 (11.6) 449 15.4 (11.4) 467No –0.18 (–1.68 to 1.31)
Head trauma or brain surgery 

.9714.3 (12.0) 25 14.5 (10.5) 31Yes –0.18 (–6.32 to 5.95)
15.3 (11.6) 452 15.6 (11.5) 453No –0.29 (–1.80 to 1.21)

Aspiration 
.8114.1 (11.6) 20 14.9 (11.7) 24Yes –0.80 (–5.41 to 3.79)

15.3 (11.6) 457 15.5 (11.4) 460No –0.23 (–1.78 to 1.32)
All patients –0.27 (–1.74 to 1.19)

a Ventilator-free days and alive at day 28.
b Higher risk of acute respiratory distress syndrome (ARDS) is defined as a Lung Injury Prediction Score of at least 4.
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• Phân nhóm trong 3 ngày đầu
– Ngày 0: 5,9 vs 9,1 ml/Kg
– Ngày 1: 6,6 vs 9,3 ml/Kg
– Ngày 2: 7,4 vs 9,1 ml/Kg

(p <0,001)
• Sau ngày đầu phần lớn chuyển sang PSV, 

khó kiểm soát Vt
• Miss 26 %, Không đồng ý 11 %
à Thông khí 6 – 8 ml/kg.



HIGH PEEP
Tác giả Thiết kế So sánh Kết cục

Manzano
2008

RCT
131 BN

5-8 cmH2O vs 
0 cmH2O

Tử vong giống nhau
VAP thấp hơn ở PEEP cao
RR = 0,37 (0,15 – 0,84)

PROVE 
Ary Serpa
Neto 2016 

Meta-
analysis

0 – 10 lower 
PEEP vs 5 – 30 
higher PEEP

Không thay đổi
Tử vong, thời gian thở máy, 
ARDS hoặc viêm phổi

Futier E
2013

RCT
400 BN

10 – 12ml/kg + 
No PEEP vs 6 
– 8 ml/kg + 
PEEP 6 - 8

Tổn thương phổi và ngoài
phổi RR = 0,4 (0,24 – 0,68)

Servegnini
2013

RCT
58 BN 
T > 2h

9 ml/kg + 
PEEP 0 vs 7 
PEEP 10

CN hô hấp, oxy hoá máu
động mạch, X quang tốt
hơn ở bệnh nhân PEEP cao



10 to 6 ml/kg PBW at a same PEEP level was associated 
with a lower incidence of ARDS [5]. Two recent indi-
vidual patient data meta-analyses confirmed the benefit 
of lower VT ventilation in ICU patients without ARDS [9, 
10]. Notably, the use of lower VT did not increase seda-
tion needs, which is cited as one of the main arguments 
against the use of lower VT [10]..

The use of lower VT could promote atelectasis even 
more with longer duration of ventilation, which could 
be a reason to use higher levels of PEEP with the aim 
of maintaining closely similar end inspiratory pressure. 
Only two RCTs have tested the impact of PEEP in criti-
cally ill patients without ARDS. In one RCT in patients at 
risk for ARDS, mechanical ventilation with 8 cmH2O of 
PEEP did not prevent the development of this syndrome 
compared to no PEEP [11]. The other RCT showed that 
the incidence of ventilator-associated pneumonia was 
lower in patients ventilated with higher levels of PEEP 
[12].

Surgical patients
Postoperative complications, especially postoperative 
pulmonary complications (PPC), are an important cause 
of morbidity in surgical patients [13]. Among several 
intra-operative factors that can influence the develop-
ment of PPC, VT size and level of PEEP are stronger pre-
dictors [13]. A RCT of intra-operative ventilation showed 
that the use of lower VT prevents PPC, and all these RCT 
were summarized in a recent meta-analysis confirming 
that the use of lower VT was consistently associated with 
reduced incidence of PPC [8–14].

The above-mentioned RCTs actually studied the effects 
of a bundle of “protective ventilation” settings which 
included low or limited VT and moderate to high levels of 
PEEP with recruitment maneuvers. The rationale behind 
using a bundle of lower VT and higher levels of PEEP with 
recruitment maneuvers was that VT reduction would 
induce atelectasis and consequently could increase harm 
by tidal recruitment of those lung parts that collapse at 
the end of expiration. Moderate to high levels of PEEP 
with recruitment maneuvers could stabilize these parts 
during the respiratory cycle [7].

The Intraoperative PROtective VEntilation 
(IMPROVE) trial was the first RCT[8] in which a multi-
faceted strategy comprised of low VT (6–8 ml/kg PBW) 
ventilation, moderate levels of PEEP (6-8 cmH2O), and 
repeated recruitment maneuvers aimed at keeping the 
lung open was compared with non-protective ventila-
tion in 400 intermediate to high-risk patients undergo-
ing major abdominal surgery. Consistent with previous 
findings in similar abdominal procedures, an overall 
postoperative respiratory failure rate of 12 % was found. 
Compared with non-protective ventilation, prophylactic 

lung-protective ventilation was associated with improved 
postoperative clinical outcomes, as suggested by a 69  % 
reduction in the patients requiring intubation or non-
invasive ventilation for postoperative respiratory failure 
(relative risk 0.29; 95  % CI 0.14–0.61; P  =  0.001). The 
European PROVHILO trial included 900 intermediate to 
high-risk patients undergoing major abdominal surgery. 
Contrary to the IMPROVE study which evaluated the 
effects of a multifaceted strategy (bundle of “lung protec-
tive ventilation”), the PROVHILO study focused mainly 
on the effect of low (≤2  cmH2O) versus high (10–12 
cmH2O) PEEP level at a same low VT (8  ml/kg PBW). 
In the PROVHILO study, the incidence of PPC was not 
different in the patients receiving higher levels of PEEP 
[15]. However, the respective impact of moderate levels 
of PEEP and low VT with or without recruitment maneu-
vers in abdominal surgical patients is still under debate. 
Finally, further studies on the role of recruitment maneu-
vers on the prevention of the occurrence on ARDS in 
patients with healthy lungs are needed.

Conclusion
There is increasing and convincing evidence that the 
use of lower VT (<8  ml/kg PBW) during intraoperative 
ventilation prevents PPC. Whether lower VT should be 
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Introduction
The incidence of acute respiratory distress syndrome 
(ARDS) varies greatly across the world [1], and its impact 
on the outcome of critically ill patients remains signifi-
cant [1]. The publication of the ARMA trial [2] demon-
strated that a lung protective strategy of ventilation, using 
a tidal volume (VT) of 6  ml/kg predicted body weight 
(PBW), decreased mortality in patients with ARDS, and 
led to the widespread, albeit not universal, use of lung 
protective strategies in this group of patients.

Recent studies suggest that the incidence of ARDS is 
decreasing [3, 4] and that this reduction is believed to 
be a result of advances in hospital practice and numer-
ous quality improvement initiatives [4]. These advances 
included general quality improvement initiatives (i.e. 
infection control, timely antibiotics and resuscitation) 
and also specific critical care protocols such as the use 
of protective ventilation in critically ill patients without 
ARDS [5, 6].

Since the majority of the patients undergoing mechani-
cal ventilation do not have ARDS, the number of stud-
ies focusing on strategies of ventilation in this group of 
patients has been increasing in recent years, both in sur-
gical and non-surgical areas. The purpose of this paper is 
to review the recent evidence in mechanical ventilation 
in patients without ARDS.

Ventilator-induced lung injury
Several investigators have raised concerns that infla-
tion of the lung with positive pressure ventilation could 

potentially damage the lungs and produce air leaks, and 
these lesions, termed ‘barotrauma’, were believed to 
be the most relevant in the pathogenesis of ventilator-
induced lung injury (VILI) for several years [7]. More 
recently, some studies showed, in animals ventilated 
with various VT but at similar airway pressures, that 
it was high VT and not high airway pressures, that pro-
duced VILI. This was called ‘volutrauma’ and from then 
on researchers considered this more important than 
barotrauma [7]. Meanwhile, investigators started to take 
interest in the beneficial effects of positive end expira-
tory pressure (PEEP) in the prevention of VILI. Use of 
too low levels of PEEP, or no PEEP, was associated with 
lung injury, and this was thought to result from repetitive 
opening and closing of lung tissue that collapses at the 
end of expiration, a phenomenon called ‘atelectrauma’ 0 
[7].

The results of the Landmark ARMA trial confirmed 
that VILI was not just an interesting experimental entity 
but was also an important clinical problem [2]. Indeed, 
VILI is not just a problem in patients with ARDS but 
also in critically ill patients receiving mechanical ventila-
tion but without ARDS [4–7], and there has been a para-
digm shift from treating ARDS to prevention of ARDS in 
response to this scenario [5, 6, 8].

Protective ventilation in patients without ARDS
Critically ill non-surgical patients without ARDS
The number of randomized controlled trials (RCT) 
that have focused on the effects of protective ventila-
tion in critically ill patients without ARDS is limited. So 
far, only one RCT has tested the hypothesis whether VT 
reduction would improve the outcome of ventilated criti-
cally ill patients [5]. A multi-center RCT in mixed ICU 
patients without ARDS showed that VT reduction from 
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- Quan sát tiến cứu
- 720 bệnh nhân
- 2 khoa ICU tại Hà Lan
- 4 nhóm
I (P/F ≥ 300 mm Hg; ΔP < 15 cm H2O)
II (P/F < 300 mm Hg; ΔP < 15 cm H2O)
III (P/F ≥ 300 mm Hg; ΔP ≥ 15 cm H2O)
IV (P/F < 300 mm Hg; ΔP ≥ 15 cm H2O)
- Outcome: Tử vong trong 90 ngày.



LOW DRIVING PRESSURE
RESEARCH Open Access

Association between hospital mortality and
inspiratory airway pressures in mechanically
ventilated patients without acute
respiratory distress syndrome: a
prospective cohort study
Sarina K. Sahetya1, Christopher Mallow1, Jonathan E. Sevransky2, Greg S. Martin2,3, Timothy D. Girard4,
Roy G. Brower1, William Checkley1* and Society of Critical Care Medicine Discovery Network Critical Illness
Outcomes Study Investigators

Abstract

Background: Higher inspiratory airway pressures are associated with worse outcomes in mechanically ventilated
patients with the acute respiratory distress syndrome (ARDS). This relationship, however, has not been well
investigated in patients without ARDS. We hypothesized that higher driving pressures (ΔP) and plateau pressures
(Pplat) are associated with worse patient-centered outcomes in mechanically ventilated patients without ARDS as
well as those with ARDS.

Methods: Using data collected during a prospective, observational cohort study of 6179 critically ill participants
enrolled in 59 ICUs across the USA, we used multivariable logistic regression to determine whether ΔP and Pplat at
enrollment were associated with hospital mortality among 1132 mechanically ventilated participants. We stratified
analyses by ARDS status.

Results: Participants without ARDS (n = 822) had lower average severity of illness scores and lower hospital
mortality (27.3% vs. 38.7%; p < 0.001) than those with ARDS (n = 310). Average Pplat (20.6 vs. 23.9 cm H2O;
p < 0.001), ΔP (14.3 vs. 16.0 cm H2O; p < 0.001), and positive end-expiratory pressure (6.3 vs. 7.9 cm H2O; p < 0.001)
were lower in participants without ARDS, whereas average tidal volumes (7.2 vs. 6.8 mL/kg PBW; p < 0.001) were
higher. Among those without ARDS, higher ΔP (adjusted OR = 1.36 per 7 cm H2O, 95% CI 1.14–1.62) and Pplat
(adjusted OR = 1.42 per 8 cm H2O, 95% CI 1.17–1.73) were associated with higher mortality. We found similar
relationships with mortality among those participants with ARDS.

Conclusions: Higher ΔP and Pplat are associated with increased mortality for participants without ARDS. ΔP may
be a viable target for lung-protective ventilation in all mechanically ventilated patients.
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for all mechanically ventilated patients, not just patients
with ARDS. In our multicenter prospective observational
cohort, we demonstrate that inspiratory airway pressures
were independently associated with hospital mortality in a
cohort of non-ARDS participants requiring mechanical
ventilation. We also confirm the previously reported asso-
ciation between inspiratory airway pressures and mortality
in ARDS participants [5–8, 16, 17]. Our results are con-
sistent with prior meta-analyses and epidemiologic studies
demonstrating improved outcomes from low versus
higher tidal volume ventilation and lower ΔP and Pplat in
patients without ARDS [9, 18–20]. In our study, tidal vol-
umes on average at time of study enrollment were within
the target range of 6–8mL/kg PBW [4]. Even within this
range of tidal volumes, however, lower ΔP was associated
with increased survival.

Our results suggest that higher ΔP and Pplat reflect po-
tentially injurious stresses on the lungs of non-ARDS pa-
tients that are associated with higher odds of mortality.
ΔP is determined by the distribution of a tidal volume
across the available aerated lung (represented by respira-
tory system compliance). Patients without ARDS may
benefit from reductions in ΔP to prevent or mitigate
ventilator-induced lung injury. For example, patients with
unilateral pneumonia will have a heterogeneous distribu-
tion of tidal volume based on the reduced volume of aer-
ated lung. Increased ΔP in this type of patient may
indicate the need for further reductions in tidal volume to
prevent overdistention of the unilaterally aerated lung.
Similarly, patients with obstructive airways disease may
have a heterogeneous distribution of tidal volume and dif-
ferences in regional transpulmonary pressures due to

Table 1 Baseline characteristics of non-ARDS and ARDS participants
Non-ARDS (n = 822) ARDS (n = 310) p value

Age (years) 60.3 (16.6) 59.1 (15.9) 0.23

Male 440 (53.5) 170 (54.8) 0.69

African-American 209 (25.4) 61 (19.7) 0.04

Medical ICU 375 (45.6) 164 (52.9) < 0.001

Initial admitting diagnosisa

Respiratory 416 (50.6) 230 (74.2) < 0.001

Neurological 251 (30.5) 48 (15.5) < 0.001

Cardiovascular 226 (27.5) 84 (27.1) 0.89

Infectious 221 (26.9) 138 (44.5) < 0.001

Gastrointestinal 122 (14.8) 44 (14.2) 0.78

Trauma 61 (7.4) 9 (2.9) 0.005

Endocrine 38 (4.6) 12 (3.9) 0.58

Other 134 (16.3) 37 (11.9) 0.067

Sepsis 261 (31.8) 190 (61.7) < 0.001

Pneumonia 250 (30.4) 148 (47.7) < 0.001

APACHE II 20.2 (7.4) 22.1 (7.7) < 0.001

SOFA 6 (4–9) 8 (5–11) < 0.001

PaO2/FiO2 255.6 (150.7) 174.8 (102.3) < 0.001

Compliance respiratory system 39.6 (28.2) 35.1 (35.6) 0.04

Plateau pressure 20.6 (6.5) 23.9 (7.1) < 0.001

Driving pressure 14.3 (6.0) 16.0 (6.4) < 0.001

PEEP 5 (5–8) 7 (5–10) < 0.001

Tidal volume (mL/kg PBW) 7.2 (1.21) 6.78 (1.19) < 0.001

Hospital LOS 18 (10–30) 19 (10–33) 0.43

ICU LOS 10 (5–17) 11 (6–18) 0.04

Ventilator days 7 (3–14) 9 (5–15) 0.01

Mortality 224 (27.3) 120 (38.7) < 0.001

Abbreviations: ARDS acute respiratory distress syndrome, APACHE Acute Physiologic and Chronic Health Evaluation, SOFA Sequential Organ Failure Assessment, ICU
intensive care unit, PEEP positive end-expiratory pressure, PBW predicted body weight, LOS length of stay
Data presented as mean (SD), median (IQR), or n (%)
aMay have more than one admitting diagnosis. Does not sum to 100%
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Fig. 3 Cumulative distribution of tidal volume and PEEP by ARDS status. *p value for a difference in means of tidal volume for ARDS vs. non-
ARDS is < 0.001. **p value for a difference in means of PEEP for ARDS vs. non-ARDS is < 0.001

Table 2 Odds of hospital mortality from multivariable logistic regression
Non-ARDS ARDS

ORa 95% CI p value ORa 95% CI p value

Driving pressure (per 7 cm H2O)
b 1.36 1.14–1.62 < 0.001 1.63 1.22–2.16 < 0.001

Plateau pressure (per 8 cm H2O)
b 1.42 1.17–1.73 < 0.001 1.74 1.26–2.41 < 0.001

Age (per 5 years) 1.05 0.98–1.11 0.125 1.09 0.99–1.20 0.07

PEEP (per 1 cm H2O) 1.05 0.98–1.11 0.16 1.12 1.07–1.17 < 0.001

APACHE II (per 1 point) 1.08 1.04–1.11 < 0.001 1.08 1.04–1.12 < 0.001

Vasopressor use 1.52 1.06–2.16 0.02 1.02 0.56–1.85 0.94

Sepsis 1.12 0.77–1.62 0.56 1.03 0.62–1.69 0.90

Abbreviations: ARDS acute respiratory distress syndrome, APACHE Acute Physiologic and Chronic Health Evaluation, PEEP positive end-expiratory pressure, OR
odds ratio
Estimates for covariates are derived from the driving pressure model. The plateau pressure model included the same covariates as the driving pressure model
aOdds ratio adjusted for age, sex, PEEP, APACHE II, vasopressor use, sepsis, hospital volume, and ICU category
bOdds ratios for driving pressure and plateau pressure are scaled to IQRs
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Figure 3. Distribution of emergency department tidal volume
There was an increase in lung-protective ventilation in the ED associated with the 
intervention (47.8% to 96.2%).
ED: emergency department; PBW: predicted body weight
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Table 2

Ventilator variables in the emergency department

Pre-intervention Group 
(n= 1,192)

Intervention Group (n= 
513)

* Odds Ratio or Between-Group 
Difference (95% CI)

Tidal volume, mL

 Median (IQR) 500 (500–550) 420 (370–470)

 Mean (SD) 515.7 (71.6) 422.0 (71.5) −93.7 (−99.5 to −87.8)

Tidal volume, mL/kg PBW

 Median (IQR) 8.1 (7.3–9.1) 6.3 (6.0–6.7)

 Mean (SD) 8.3 (1.5) 6.4 (0.8) −1.8 (−1.9 to −1.7)

PEEP

 Median (IQR) 5 (5–5) 5 (5–8)

 Mean (SD) 5.4 (1.5) 6.5 (2.5) 1.1 (0.9 to 1.3)

Respiratory rate

 Median (IQR) 14 (12–16) 20 (20–24)

 Mean (SD) 15.3 (3.5) 20.9 (3.8) 5.6 (5.3 to 5.9)

FiO2

 Median (IQR) 80 (50–100) 40 (40–60)

 Mean (SD) 75.0 (25.9) 53.4 (21.7) −21.6 (−23.5 to −19.8)

Head-of-bed elevation, n (%) 989 (39.4) 704 (92.6) 19.4 (14.6–25.7)

Lung protective ventilation, n (%) 1202 (47.8) 731 (96.2) 37.6 (21.8–64.7)

Ventilator Mode, n (%)

 VC-AC 2274 (90.5) 687 (90.4) 0.9 (0.8–1.3)

 PC-AC 92 (3.7) 12 (1.6) 0.4 (0.2–0.8)

 VC-SIMV 32 (1.3) 2 (0.3) 0.2 (0.05–0.9)

 PRVC-AC 92 (3.7) 57 (7.5) 2.1 (1.5–3.0)

 Other 23 (0.9) 2 (0.3) 0.3 (0.07–1.2)

Peak pressure, cm H2O

 Median (IQR) 29 (24–36) 26 (21–31)

 Mean (SD) 30.2 (8.8) 26.7 (7.3) −3.4 (−4.1 to −2.8)

Plateau pressure, cmH2O

 Median (IQR) 19 (15–23) 18 (15–23)

 Mean (SD) 19.5 (6.2) 19.5 (5.7) −0.04 (−0.7 to 0.7)

Mean airway pressure, cmH2O

 Median (IQR) 10 (8–12) 11 (9–14)

 Mean (SD) 10.4 (3.0) 11.8 (3.5) 1.5 (1.2 to 1.7)
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Table 4

Results of outcome analyses

Before Matching After Matching

Pre-intervention 
Group (n= 1,192)

Intervention Group 
(n= 513)

OR or Between-Group 
Difference (95% CI)

Pre-intervention 
Group (n= 490)

Intervention Group 
(n= 490)

* aOR or Between-Group 
Difference (95% CI)

Primary composite 
outcome, n (%)
 •ARDS
 •VACs

171 (14.3)
130 (10.9)
86 (7.2)

38 (7.4)
22 (4.3)
23 (4.5)

0.48 (0.33–0.69)
0.37 (0.23–0.58)
0.60 (0.38–0.97)

71 (14.5)
53 (10.8)
37 (7.6)

36 (7.4)
20 (4.1)
23 (4.7)

0.47 (0.31–0.71)
0.35 (0.21–0.60)
0.60 (0.35–1.03)

Ventilator-free days 16.0 (11.4) 18.2 (10.5) 2.17 (1.06 to 3.29) 14.7 (11.7) 18.4 (10.4) 3.69 (2.30 to 5.07)

Hospital-free days 10.8 (9.6) 11.6 (9.2) 0.87 (−0.09 to 1.84) 9.4 (9.5) 11.7 (9.2) 2.38 (1.21 to 3.55)

ICU-free days 15.0 (10.8) 15.8 (10.0) 0.77 (−0.30 to 1.83) 13.6 (11.1) 16.0 (9.9) 2.36 (1.04 to 3.68)

Mortality, n (%) 338 (28.4) 105 (20.5) 0.65 (0.51–0.83) 167 (34.1) 96 (19.6) 0.47 (0.35–0.63)

The primary outcome was a composite pulmonary outcome that combines the event rate for ARDS and VACs.

OR: odds ratio; CI: confidence interval; aOR: adjusted odds ratio; ARDS: acute respiratory distress syndrome; VAC: ventilator-associated condition; ICU: intensive care unit

*From logistic regression modeling (categorical data) and generalized estimating equations negative binomial regression (continuous data).
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Return of spontaneous circulation after cardiac arrest results in a systemic inflammatory state

called the post-cardiac arrest syndrome, which is characterized by oxidative stress, coagul-

opathy, neuronal injury, and organ dysfunction. Perturbations in oxygenation and ventilation

may exacerbate secondary injury after cardiac arrest and have been shown to be associated

with poor outcome. Further, patients who experience cardiac arrest are at risk for a number of

other pulmonary complications. Up to 70% of patients experience early infection after cardiac

arrest, and the respiratory tract is the most common source. Vigilance for early-onset pneu-

monia, as well as aggressive diagnosis and early antimicrobial agent administration are

important components of critical care in this population. Patients who experience cardiac arrest

are at risk for the development of ARDS. Risk factors include aspiration, pulmonary contusions

(from chest compressions), systemic inflammation, and reperfusion injury. Early evidence

suggests that they may benefit from ventilation with low tidal volumes. Meticulous attention

to mechanical ventilation, early assessment and optimization of respiratory gas exchange,

and therapies targeted at potential pulmonary complications may improve outcomes after

cardiac arrest. CHEST 2017; -(-):---

KEY WORDS: cardiac arrest; cardiopulmonary resuscitation; critical care; mechanical ventilation Q6

More than 500,000 patients experience
cardiac arrest in the United States each year.1

Survival with a favorable neurologic outcome
varies highly both by region and cause.1,2

Among patients who achieve return of
spontaneous circulation after cardiac arrest,
a number of critical care interventions have
been demonstrated to impact eventual
outcome, including temperature
management, hemodynamic optimization,

appropriate neuroprognostication, and
meticulous respiratory care.3-9

Abnormal arterial tensions of oxygen and
CO2 have been associated with poor
neurologic outcome after cardiac arrest and
may contribute to secondary neurologic
injury.9-19 Early pulmonary infection can be
seen in one-half of all patients.20-24

Additionally, many patients who experience
cardiac arrest are at risk for ARDS and may
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Tác giả Thiết kế Primary Outcome Secondary Outcome

Kilgannon
2010

Cohort
6326 BN

PaO2 ≥ 300 mmHg, ≤ 
60 mmHg tăng tử vong

Kilgannon
2011

Cohort
4459

PaO2 tương quan
thuận tử vong, nghịch
kết cục thần kinh

PaO2 tăng 100mmHg 
tăng 24 % nguy cơ tử
vong

Bellomo
2011

Cohort
12108

PaO2 ≥ 300 mmHg 
tăng tử vong

Johnson
2016

Cohort
544

Tăng oxy không ảnh
hưởng kết cục thần
kinh

PaO2 ≥ 300 mmHg 
thời điểm 12 giờ tăng
tỷ lệ tử vong
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Tác giả Thiết kế Primary Outcome Secondary Outcome

Robert
2013

Cohort
193 BN

PaCO2 ≥ 50 mmHg, ≤ 
30 mmHg kết cục xấu
về thần kinh

Schneider
2013

Cohort
16452

PaCO2 ≤ 30 mmHg 
tăng tử vong

PaCO2 ≥ 45 mmHg tỷ
lệ xuất viện cao hơn

Bennett
2013

Cohort
195

PaCO2 không liên
quan kết cục thần kinh

PaO2 không liên quan
kết cục thần kinh

Vaahersalo
2014

Cohort
409

PaCO2 ≥ 45 mmHg đi
kèm với kết cục thần
kinh tốt 12 tháng

PaO2 không liên quan
kết cục thần kinh

Helmershorst
2015

Cohort
5258

PaCO2 ≤ 35 mmHg 
tăng tử vong

Tolins
2017

Cohort PaCO2 31 – 49 mmHg 
kết hợp với kết cục
thần kinh có lợi



It is also possible that CO2 modulates ischemia-
reperfusion injury at the cellular level. In a laboratory
study that altered ambient CO2 concentrations during
reperfusion of ischemic cardiomyocytes, reperfusion
under hypocarbic conditions increased cell death from
55% to 80% and doubled the concentrations of reactive
oxygen species, suggesting that hypocarbia increases cell
death through mitochondrial oxidant injury.53 In this
same study, reperfusion under hypercarbic conditions
appeared to be protective. Interestingly, acidemia has
been demonstrated to increase neuronal cell death after
cardiac arrest and has been previously associated with
worse outcomes.54,55 If permissive hypercarbia proves to
be a useful strategy after cardiac arrest, avoiding
acidemia while allowing hypercarbia may be
challenging.

In summary, an important interaction exists between
PaCO2 and outcomes after cardiac arrest, with a variety
of possible mechanisms. Arterial hypocarbia appears to
be associated with poor neurologic outcome and should
be avoided. Because of this, early blood gas analysis is
crucial in this population. Mild permissive hypercarbia
after cardiac arrest is an emerging concept that requires
further investigation.

Lung Injury and ARDS
Patients who experience cardiac arrest are at risk for
lung injury due to a variety of mechanisms
(Table 3).56-59 More than 30% of patients have emesis
around the time of out-of-hospital cardiac arrest,
implying a high risk for aspiration.60 Other risk factors,
such as shock, pulmonary contusion due to chest
compressions, infection, and reperfusion injury are
common in this population. There is substantial overlap
between the pathophysiology of ARDS and PCAS,
including inflammation, leukocyte activation, activation
of coagulation pathways, and altered permeability of
alveolar endothelial and epithelial barriers.61

Additionally, patients may have significant gas exchange
impairment due to cardiogenic pulmonary edema, as
nearly one-third of patients have significant myocardial
dysfunction immediately after cardiac arrest.62

The epidemiology of lung injury and ARDS after cardiac
arrest has not yet been well characterized. A study of 170
patients who experienced either in-hospital or out-of-
hospital cardiac arrest described a mean initial
PaO2:FIO2 ratio of 241, with 65% of patients having a
value# 300.25 Another longitudinal study of mechanical
ventilation practices among patients who experienced
cardiac arrest demonstrated that the mean initial
PaO2:FIO2 ratio increased slightly over the 12-year study
period, from 238 to 252.26 The incidence of ARDS in the
post-arrest population has not been described.

The optimal mechanical ventilation strategy after
cardiac arrest has not been well defined, but existing
data suggest a role for low tidal volumes. Low tidal
volume ventilation applied to patients with ARDS led to
a 9% absolute decrease in mortality.63 Several studies
have demonstrated an association between low tidal
volume ventilation and improved outcomes in patients
without ARDS.64-68 A recent study also demonstrated
that a comprehensive mechanical ventilation strategy,
which included ventilation with low tidal volumes,
applied to all patients and begun in the ED, was
associated with lower mortality and fewer ventilator
days.69 In a study of 812 patients who experienced
cardiac arrest over a 12-year period, the mean tidal
volume was observed to decrease from 8.9 to 8 mL/kg
and mean PEEP increased from 3.5 to 6.5 cm H2O.

26 In
this study, high tidal volume, high plateau pressure, and
low PEEP were associated with pulmonary
complications. A propensity-matched cohort study by
Beitler et al8 demonstrated an association between lower
tidal volumes (defined as # 8 mL/kg) and favorable
neurologic status in 256 patients who experienced
out-of-hospital cardiac arrest. The authors also found an

TABLE 3 ] Potential Contributors to Lung Injury and ARDS After Cardiac Arrest

Contributing Factor Details

Aspiration 30% have witnessed periarrest emesis60

Pulmonary contusion 40% experience pulmonary contusion after CPR56

Ischemia-reperfusion injury Known to affect lungs in other disease states57

Ventilator-induced lung injury 90% of patients are mechanically ventilated after arrest58,59

Infection Early-onset pneumonia is common80,81

Systemic inflammation/post-cardiac
arrest syndrome

Sepsis-like syndrome with significant pathophysiological
overlap with ARDS27,61

CPR ¼ cardiopulmonary resuscitation.
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55% to 80% and doubled the concentrations of reactive
oxygen species, suggesting that hypocarbia increases cell
death through mitochondrial oxidant injury.53 In this
same study, reperfusion under hypercarbic conditions
appeared to be protective. Interestingly, acidemia has
been demonstrated to increase neuronal cell death after
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be a useful strategy after cardiac arrest, avoiding
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compressions, infection, and reperfusion injury are
common in this population. There is substantial overlap
between the pathophysiology of ARDS and PCAS,
including inflammation, leukocyte activation, activation
of coagulation pathways, and altered permeability of
alveolar endothelial and epithelial barriers.61

Additionally, patients may have significant gas exchange
impairment due to cardiogenic pulmonary edema, as
nearly one-third of patients have significant myocardial
dysfunction immediately after cardiac arrest.62

The epidemiology of lung injury and ARDS after cardiac
arrest has not yet been well characterized. A study of 170
patients who experienced either in-hospital or out-of-
hospital cardiac arrest described a mean initial
PaO2:FIO2 ratio of 241, with 65% of patients having a
value# 300.25 Another longitudinal study of mechanical
ventilation practices among patients who experienced
cardiac arrest demonstrated that the mean initial
PaO2:FIO2 ratio increased slightly over the 12-year study
period, from 238 to 252.26 The incidence of ARDS in the
post-arrest population has not been described.

The optimal mechanical ventilation strategy after
cardiac arrest has not been well defined, but existing
data suggest a role for low tidal volumes. Low tidal
volume ventilation applied to patients with ARDS led to
a 9% absolute decrease in mortality.63 Several studies
have demonstrated an association between low tidal
volume ventilation and improved outcomes in patients
without ARDS.64-68 A recent study also demonstrated
that a comprehensive mechanical ventilation strategy,
which included ventilation with low tidal volumes,
applied to all patients and begun in the ED, was
associated with lower mortality and fewer ventilator
days.69 In a study of 812 patients who experienced
cardiac arrest over a 12-year period, the mean tidal
volume was observed to decrease from 8.9 to 8 mL/kg
and mean PEEP increased from 3.5 to 6.5 cm H2O.

26 In
this study, high tidal volume, high plateau pressure, and
low PEEP were associated with pulmonary
complications. A propensity-matched cohort study by
Beitler et al8 demonstrated an association between lower
tidal volumes (defined as # 8 mL/kg) and favorable
neurologic status in 256 patients who experienced
out-of-hospital cardiac arrest. The authors also found an

TABLE 3 ] Potential Contributors to Lung Injury and ARDS After Cardiac Arrest

Contributing Factor Details

Aspiration 30% have witnessed periarrest emesis60

Pulmonary contusion 40% experience pulmonary contusion after CPR56

Ischemia-reperfusion injury Known to affect lungs in other disease states57

Ventilator-induced lung injury 90% of patients are mechanically ventilated after arrest58,59

Infection Early-onset pneumonia is common80,81

Systemic inflammation/post-cardiac
arrest syndrome

Sepsis-like syndrome with significant pathophysiological
overlap with ARDS27,61
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Ventilator Management and Respiratory
Care After CardiacQ1 Arrest
Oxygenation, Ventilation, Infection, and Injury

Q15 Nicholas J. Johnson, MD; David J. Carlbom, MD; and David F. Gaieski, MDQ2

Return of spontaneous circulation after cardiac arrest results in a systemic inflammatory state

called the post-cardiac arrest syndrome, which is characterized by oxidative stress, coagul-

opathy, neuronal injury, and organ dysfunction. Perturbations in oxygenation and ventilation

may exacerbate secondary injury after cardiac arrest and have been shown to be associated

with poor outcome. Further, patients who experience cardiac arrest are at risk for a number of

other pulmonary complications. Up to 70% of patients experience early infection after cardiac

arrest, and the respiratory tract is the most common source. Vigilance for early-onset pneu-

monia, as well as aggressive diagnosis and early antimicrobial agent administration are

important components of critical care in this population. Patients who experience cardiac arrest

are at risk for the development of ARDS. Risk factors include aspiration, pulmonary contusions

(from chest compressions), systemic inflammation, and reperfusion injury. Early evidence

suggests that they may benefit from ventilation with low tidal volumes. Meticulous attention

to mechanical ventilation, early assessment and optimization of respiratory gas exchange,

and therapies targeted at potential pulmonary complications may improve outcomes after

cardiac arrest. CHEST 2017; -(-):---

KEY WORDS: cardiac arrest; cardiopulmonary resuscitation; critical care; mechanical ventilation Q6

More than 500,000 patients experience
cardiac arrest in the United States each year.1

Survival with a favorable neurologic outcome
varies highly both by region and cause.1,2

Among patients who achieve return of
spontaneous circulation after cardiac arrest,
a number of critical care interventions have
been demonstrated to impact eventual
outcome, including temperature
management, hemodynamic optimization,

appropriate neuroprognostication, and
meticulous respiratory care.3-9

Abnormal arterial tensions of oxygen and
CO2 have been associated with poor
neurologic outcome after cardiac arrest and
may contribute to secondary neurologic
injury.9-19 Early pulmonary infection can be
seen in one-half of all patients.20-24

Additionally, many patients who experience
cardiac arrest are at risk for ARDS and may
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cardiac arrest syndrome; PEEP = positive end-expiratory pressure;
ROSC = return of spontaneous circulation
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• Một vài nghiên cứu: Low Vt cải thiện tiên lượng Non-
ARDS

• Sutherasan (2015) 812 bệnh nhân ngưng tim / 12 
năm. 
ü Xu hướng Vt 8,9 à 8 ml/Kg
ü PEEP tăng 3,5 à 6,5 cm H2O

• Beitler (2017): 256 bệnh nhân ngưng tim ngoại viện
ü Vt ≤ 8ml/kg à cải thiện kết cục thần kinh
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opathy, neuronal injury, and organ dysfunction. Perturbations in oxygenation and ventilation

may exacerbate secondary injury after cardiac arrest and have been shown to be associated

with poor outcome. Further, patients who experience cardiac arrest are at risk for a number of

other pulmonary complications. Up to 70% of patients experience early infection after cardiac
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important components of critical care in this population. Patients who experience cardiac arrest

are at risk for the development of ARDS. Risk factors include aspiration, pulmonary contusions

(from chest compressions), systemic inflammation, and reperfusion injury. Early evidence

suggests that they may benefit from ventilation with low tidal volumes. Meticulous attention
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and therapies targeted at potential pulmonary complications may improve outcomes after
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More than 500,000 patients experience
cardiac arrest in the United States each year.1

Survival with a favorable neurologic outcome
varies highly both by region and cause.1,2

Among patients who achieve return of
spontaneous circulation after cardiac arrest,
a number of critical care interventions have
been demonstrated to impact eventual
outcome, including temperature
management, hemodynamic optimization,

appropriate neuroprognostication, and
meticulous respiratory care.3-9

Abnormal arterial tensions of oxygen and
CO2 have been associated with poor
neurologic outcome after cardiac arrest and
may contribute to secondary neurologic
injury.9-19 Early pulmonary infection can be
seen in one-half of all patients.20-24

Additionally, many patients who experience
cardiac arrest are at risk for ARDS and may
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Among patients who achieve return of
spontaneous circulation after cardiac arrest,
a number of critical care interventions have
been demonstrated to impact eventual
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patients by sampling of the lower respiratory tract and
beginning empirical antibiotics in patients with evidence
of aspiration (Fig 1). Culture data can subsequently be
used to narrow or stop antimicrobial agents.

Emerging Concepts
There is growing interest in the use of extracorporeal life
support (ECLS) for hemodynamic support in post-
cardiac arrest patients.93-96 Added advantages of ECLS
may include the ability to closely titrate arterial oxygen
and CO2 tensions by modulating the blood and sweep
gas flow rates, respectively, through the ECLS pump.
Additionally, ECLS may offer additional lung protection
by facilitating ventilation with very low tidal volumes,
whereas respiratory gases are exchanged primarily
through the membrane oxygenator.97,98

In addition to avoiding hyperoxemia, another area of
active investigation is pharmacologic therapy to limit
injury due to reactive oxygen species after cardiac arrest.
“Reperfusion cocktails” have long been studied in the
field of cardiac surgery to limit organ injury after
cardiopulmonary bypass.34,99,100 Reactive oxygen species
such as methylene blue and sodium nitrite have been
studied in animal models of cardiac arrest with variable
results; human trials are under way101,102

(ClinicalTrials.gov: NCT02987088).

There are several studies that have evaluated prehospital
respiratory interventions after cardiac arrest. As a
prelude to the HOT or NOT trial discussed earlier,
Young et al103 demonstrated that predictable FIO2 can be
delivered through standard manual resuscitators by
simply decreasing the oxygen flow rate. Another study

involving a university-based air medical transport
service that included post-arrest patients demonstrated
that low tidal volume ventilation was rare during air
medical transport, and transport ventilator settings
influenced subsequent hospital-based ventilator settings,
highlighting the potential impact of prehospital care on
subsequent in-hospital events.104

Conclusions
Meticulous attention to mechanical ventilation and
respiratory parameters may be associated with improved
outcomes after cardiac arrest. Normal arterial oxygen
and CO2 tensions have been associated with improved
neurologic status, and preliminary data indicate that
mild hypercarbia might also be useful. Patients who
experience cardiac arrest are at high risk for pulmonary
infection, and ventilation with low tidal volumes may be
associated with less lung injury and improved outcomes.
We suggest immediately targeting normal arterial
oxygen and high-normal CO2 tensions, delivering tidal
volumes of 6 to 8 mL/kg of predicted body weight for
most patients and # 6 mL/kg for patients with ARDS,
and carefully evaluating for pulmonary infection
(Table 4).105
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TABLE 4 ] Recommendations for Ventilator Parameters
and Goals After Cardiac Arrest

Parameter/Goal Recommendation

PaO2 70-100 mm Hg

SpO2 92%-97%

PaCO2 40-50 mm Hg

Tidal volume

ARDS 4-8 mL/kg of predicted
body weight105

No ARDS 6-8 mL/kg of predicted
body weight

PEEP $ 5 cm H2O
Higher if ARDS, significant

atelectasis, high BMI, and
stable hemodynamics

PEEP ¼ positive end-expiratory pressure.
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CTSN – TĂNG ÁP LỰC NỘI SỌ

• Tăng thông khí à co mạch à giảm lượng máu lên
não à giảm áp lực nội sọ

• PaCO2 < 35 hoặc > 45 mmHg / 20 phút đầu = 14 x
nguy cơ tử vong

• High Vt/CTSN nặng à tăng nguy cơ ARDS
• Tăng Vt mục tiêu tăng thông khíà có lợi ?
• Tăng tần số à MVà điều chỉnh PaCO2



RÀO CẢN

• Không nhận ra bệnh nhân có nguy cơ ARDS
• Không tính cân nặng lý tưởng: LOV-ED
• Lo ngại về sử dụng an thần: ARMA trial /ARDS,

Serpa Neto / non-ARDS
• Lo ngại toan hô hấp: tăng áp lực nội sọ



KẾT LUẬN

• Thông khí Vt thấp ở bệnh nhân không ARDS à
giảm nguy cơ ARDS, giảm thời gian nằm viện, tử
vong

• Bệnh nhân nguy cơ ARDS: Vt 6 – 8 ml/kg predicted
body weight, PEEP ≥ 5 cmH2O.

• Theo dõi nhận diện ARDS à Vt 6 ml/kg PBW.
• Thông khí Vt thấp áp dụng ở cấp cứu.
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