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Summary

The fundamental goals of mechanical ventilation are to improve pulmonary gas exchange and
relieve respiratory distress, thus permitting lung and airway healing, while at the same time
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Introduction

The fundamental goals of mechanical ventilation are to
improve pulmonary gas exchange and relieve respiratory

distress, thus permitting lung and airway healing, while at
the same time lessening the risk for iatrogenic complica-
tions.1 Long after Andreas Vesalius’ legendary pilgrimage
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to the Holy Land to atone for the sin of restarting a Span-
ish nobleman’s heart by inflating his lungs,2 the applica-
tion of mechanical ventilation in acute or chronic respira-
tory failure due to pulmonary or systemic insults became
commonplace in the ICU. This review will summarize
some of the advances in mechanical ventilation in 2016,
with a particular focus on ventilator-associated clinical
challenges and outcomes.

Epidemiology, Quality, and Outcomes

ARDS is a common cause of acute respiratory failure
(ARF), which is the leading indication for the initiation of
mechanical ventilation.3 However, limited information is
available about the epidemiology, management, and out-
comes of patients with the ARDS, especially after the
publication of the latest diagnostic criteria, known as the
Berlin Definition.4 Moreover, uncertainty still exists re-
garding the factors influencing the quality of care and
outcomes of mechanically ventilated patients.

The LUNG SAFE Study: Still Room for
Improvement in the Management of ARDS

The Large Observational Study to Understand the Global
Impact of Severe Acute Respiratory Failure (LUNG SAFE)
was an international, multi-center, prospective cohort study
of subjects undergoing invasive or noninvasive ventila-
tion, conducted during 4 consecutive weeks in the winter
of 2014 in a convenience sample of 459 ICUs from 50
countries across 5 continents.5 The study focused on ARDS
epidemiology and outcomes in a large international cohort,
the application of ventilatory interventions and adjuncts in
routine practice, and the factors associated with ARDS
recognition and its effect on management.

First, ARDS remains a common and lethal form or re-
spiratory failure. Of 29,144 subjects admitted to partici-
pating ICUs, 10.4% fulfilled ARDS criteria, accounting
for 23.4% of mechanically ventilated subjects. Unadjusted
ICU and hospital mortality from ARDS were 35.3 and
40.0%, respectively, and they increased with ARDS se-
verity, along with the duration of invasive mechanical ven-
tilation and ICU stay. Of note, the study confirmed the
predictive validity of the Berlin Definition4 and, in an
exploratory analysis, the association between driving pres-
sure and mortality.6

Second, ARDS appears to be under-recognized and un-
dertreated. Only 60.2% of all subjects with ARDS (rang-
ing from 51.3% for mild to 78.5% for severe ARDS) were
recognized by clinicians, and diagnosis was frequently de-
layed. Furthermore, one third of the subjects in whom
plateau pressure was reported did not receive lung-protec-
tive ventilatory strategies, and evidence-based adjuncts (eg,
prone positioning) were used infrequently. Interestingly,

physician recognition had just a limited effect on treatment
decisions. Taken together, the results of the LUNG SAFE
study suggest that there is substantial room for improve-
ment in the quality of care being delivered to patients with
ARDS around the world.

Ventilator Bundle Components: Not Created Equal

Ventilator bundles are groups of interventions that are
increasingly being implemented in the ICU to improve
outcomes for patients undergoing mechanical ventilation.
The most consistently adopted measures are head-of-bed
elevation, daily interruptions of sedative infusions, daily
spontaneous breathing trials (SBTs), thromboembolism
prophylaxis, stress ulcer prophylaxis, and oral care with
chlorhexidine gluconate. In their retrospective, single-cen-
ter study including 5,539 subjects who underwent mechan-
ical ventilation for �3 d, Klompas et al7 suggested that we
should revisit the classic ventilator bundle, which advo-
cates for the aforementioned processes of care by assign-
ing them equal weight and grouping them into a common
package. In fact, head-of-bed elevation, sedative infusion
interruptions, SBTs, and thromboprophylaxis were all as-
sociated with shorter time to extubation, and sedative in-
fusion interruptions and SBTs were associated with lower
rates of ventilator mortality. Sedative infusion interrup-
tions were also associated with shorter time to hospital
discharge and lower hospital mortality. On the contrary,
stress ulcer prophylaxis and oral care with chlorhexidine
not only had no effect on the duration of mechanical ven-
tilation but were associated with higher risk for ventilator-
associated pneumonia and ventilator mortality, respec-
tively. Indeed, a potential optimization of ventilator bundles
should maximize sedative infusion interruptions and SBTs
and reconsider whether oral care protocols should exclude
chlorhexidine oral care and reserve stress ulcer prophy-
laxis for patients at increased risk for upper gastrointesti-
nal tract bleeding. The efficacy of a revised ventilator
bundle should be evaluated in a rigorous clinical trial.

Overnight Extubation: Nothing Good Happens at
Night in the ICU

The correct timing of extubation is another crucial as-
pect in the management of the critically ill patient. Con-
sidering the significant morbidity associated with mechan-
ical ventilation, patients should be extubated as soon as
they are clinically ready, irrespective of the time of day. In
the first multi-center evaluation of overnight extubation in
the United States, Gershengorn et al8 assessed the fre-
quency and safety of this procedure in a cohort of 97,844
mechanically ventilated adults included in the Project
IMPACT database.
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One fifth (20.1%) of the subjects underwent overnight
extubation (from 7:00 pm to 6:59 am), whose likelihood
increased in ICUs with intensivists on-site overnight (com-
pared with other clinicians) and decreased with ICU ad-
mission year. Overnight extubation was associated with
higher ICU and hospital mortality, both in the cohort of
subjects who had a mechanical ventilation duration of
�12 h (ICU: 5.6% vs 4.6%, P � .03; hospital: 8.3% vs
7.0%, P � .01) and in those with mechanical ventilation
duration of at least 12 h (ICU: 11.2% vs 6.1%, P � .001;
hospital: 16.0% vs 11.1%, P � .001). The latter cohort
also showed higher rates of re-intubation (14.6% vs 12.4%,
P � .001).

Conversely, overnight extubation was associated with a
slightly shorter length of ICU stay in the group with me-
chanical ventilation duration �12 h, and particularly for
surgical subjects, and this practice may even be beneficial
to some patients not included in the study (eg, those who
have had cardiac surgery). However, the reported associ-
ation with mortality should raise serious concerns about
the routine practice of overnight extubation in the criti-
cally ill patient. In conclusion, the quality of care and
outcomes of patients undergoing mechanical ventilation
might be further benefited by improved knowledge of the
epidemiology and how the clinicians manage ARDS, re-
evaluation of the crucial components of the ventilator bun-
dle, and awareness that elective extubations, like major
planned events in the ICU, should take place during the
day.

Ventilator-Associated Challenges

The rationale for endotracheal intubation and mechan-
ical ventilation should be to optimize conditions for clin-
ical recovery and not for the restoration of “normal” phys-
iological values, which would probably be deleterious to
patients. The paradigm of lung-protective mechanical ven-
tilation has traditionally advocated for the least injurious
ventilatory settings and adjunctive strategies,9 but increas-
ing attention has also been placed on the potentially harm-
ful effects of mechanical ventilation on the heart10 and the
diaphragm.11 The recognition of these mechanisms of in-
jury to alternative organs prompted the development of
heart-protective (eg, right ventricle) and muscle-protective
(eg, diaphragm) mechanical ventilation strategies.11

Noninvasive Ventilation: A Double-Edged Sword

In their review of current clinical challenges in mechan-
ical ventilation for subjects with ARF, Goligher et al11

debate the concept of multimodal protective mechanical
ventilation. Noninvasive ventilation (NIV) has proven
highly effective to prevent endotracheal intubation in pa-
tients with exacerbations of COPD, obesity-hypoventila-

tion syndrome, and acute decompensated heart failure.
However, a definite beneficial effect of NIV in the heter-
ogeneous group of patients admitted for hypoxemic ARF
has still to be demonstrated. Possible reasons for that are
the concomitant circulatory failure, which might require
complete respiratory muscle rest, and the risk for large
non-protective tidal volumes delivered by NIV. Moreover,
the authors endorse the effectiveness of NIV in immuno-
compromised hypoxemic patients and highlight the poten-
tial of high-flow nasal cannula therapy for patients with
ARF.

Nonetheless, regardless of the NIV modality or the clin-
ical indication, the patient’s gas exchange, work of breath-
ing, and mental status should be accurately monitored be-
cause of the risk for delayed intubation to worsen clinical
outcome. This topic was recently emphasized by Bellani
et al12 in a LUNG SAFE substudy. Among the causes of
acute hypoxemic respiratory failure, NIV was not uncom-
monly used in the management of the subject with ARDS
(15%), irrespective of the severity. Potential advantages of
NIV in this setting are mainly related to the avoidance of
complications related to sedation, muscle paralysis, and
invasive mechanical ventilation. However, the subgroup
of patients with ARDS most likely to benefit from NIV
remains unclear, and the impact of NIV on outcome in
ARDS is still not well understood. Additionally, although
the mortality rate was low in subjects successfully man-
aged with NIV, subjects who failed NIV had a high mor-
tality. Notably, NIV may be associated with higher ICU
mortality in patients with moderate or severe ARDS.

Ventilator-Induced Diaphragm Dysfunction: The
Force Awakens

Ventilator-induced diaphragm dysfunction can originate
from several factors associated with critical illness and
mechanical ventilation.11 Diaphragm inactivity due to ex-
cessive ventilatory support may cause rapid diaphragm
atrophy and contractile dysfunction. However, insufficient
diaphragm unloading can result in excessive inspiratory
effort, sarcomeric disruption, and contractile fatigue, with
consequent patient distress and muscle injury. Finally, ec-
centric lengthening contractions during patient-ventilator
asynchrony further heighten the risk for acute muscle in-
jury and weakness.

Considering that ventilator-induced diaphragm dysfunc-
tion can impair the successful liberation from mechanical
ventilation and recovery from critical illness and is asso-
ciated with increased morbidity and mortality, muscle-
protective ventilation strategies are needed with the aim of
maintaining appropriate levels of inspiratory muscle effort
and optimal patient-ventilator synchrony: (1) management
of sedation and ventilatory settings to find a safe compro-
mise between the benefits and risks of spontaneous breath-
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ing during mechanical ventilation; (2) alternative modes of
ventilation, such as proportional assist ventilation (PAV)
and neurally adjusted ventilatory assist, in which the pa-
tient determines the level of inspiratory pressure support;
(3) adjunctive strategies (eg, phrenic nerve stimulation);
and (4) respiratory muscle rehabilitation in patients with
established diaphragm dysfunction.11

Spontaneous Breathing During Mechanical
Ventilation: Not Always Good

The delicate balance between the unloading of patient’s
respiratory muscles and the maintenance of appropriate
levels of inspiratory effort during mechanical ventilation
in injured lungs was evaluated in an experimental study
from Yoshida et al.13 Spontaneous breathing during me-
chanical ventilation may be associated with improvements
in lung aeration, ventilation-perfusion (V̇/Q̇) matching, and
gas exchange, a smaller risk of diaphragm deconditioning,
and a reduced need for sedation and paralysis. However,
the potential increases in transpulmonary pressure associ-
ated with spontaneous breathing can generate or worsen
lung stress and strain, especially when lung injury is more
severe. Another mechanism of harmful inflation during
spontaneous breathing in injured lungs is pendelluft, dis-
placement of gas from nondependent more recruited re-
gions to dependent less recruited regions during strong
diaphragm contractions at early inspiration. Although pen-
delluft may improve gas exchange, it can cause regional
volutrauma and may lead to transient recruitment of at-
electatic lung (ie, tidal recruitment), thus potentially caus-
ing ventilator-induced lung injury. In this setting, higher
PEEP may ameliorate the negative swings in pleural pres-
sure generated by spontaneous breathing and decrease the
propensity to pendelluft through the increase in the end-
expiratory lung volume and the radius of curvature of the
diaphragm.

To test their hypotheses, the authors assigned 7 pigs to
4 consecutive combinations of PEEP levels (optimized or
low) and spontaneous breathing (present or absent) and
assessed tidal recruitment with dynamic computed tomog-
raphy and regional V̇/Q̇ using electrical impedance tomog-
raphy. The findings of this study described a novel mech-
anism of injurious ventilation: spontaneous breathing in
the context of lung de-recruitment (ie, low PEEP), despite
improving V̇/Q̇ matching and oxygenation in comparison
with muscle paralysis, caused larger pendelluft, which was
proportional to tidal recruitment. However, optimization
of lung recruitment with elevated PEEP reduced the in-
tensity of the inspiratory efforts and minimized pendelluft,
thereby protecting against ventilator-induced lung injury
during spontaneous breathing.

Although these findings require confirmation in a clin-
ical study, some important considerations for clinical prac-

tice emerged from this study. First, we should avoid vig-
orous spontaneous breathing effort during mechanical
ventilation in severe ARDS, because pendelluft may con-
tribute to lung injury and mortality; this highlights a po-
tential mechanism for benefit of early and short-term use
of muscle paralysis in these patients.14 Second, the main
benefits of spontaneous breathing can be achieved when
sufficient PEEP is ensuring adequate lung recruitment.
Third, spontaneous breathing could be introduced early at
high PEEP levels, and weaning pressure support might
take priority over weaning from PEEP during the process
of mechanical ventilation liberation. Fourth, standard mon-
itoring (eg, tracheal pressure and flow) cannot detect pen-
delluft; therefore, additional monitoring is important, such
as electrical impedance tomography15 as well as measure-
ments of the strength of spontaneous effort (eg, esophageal
manometry, electromyography, ultrasound)11 and transpul-
monary driving pressure (�Ptp � Ptpinsp

� Ptpexp
).16

Ultrasound-Guided Assessment of Diaphragmatic
Dysfunction: A New Hope

Many experts advocate the individualization of mechan-
ical ventilation through the tailoring of ventilator settings
to the patient’s specific respiratory mechanics, such as
inspiratory effort and static respiratory system compli-
ance,11 although large randomized controlled trials (RCTs)
testing ventilator strategies guided by these bedside mea-
surement techniques are still lacking.

Monitoring of diaphragm activity has been advised to
adjust the breathing work load in the individual patient to
prevent muscle atrophy and fatigue.17 Methods to assess
diaphragmatic function are often difficult to implement in
the ICU; however, bedside point-of-care ultrasound eval-
uation of diaphragm structure (ie, thickness) and function
(ie, thickening) has proven to be feasible and accurate.18 In
the first study investigating the degree of diaphragm atro-
phy associated with different ventilation settings in criti-
cally ill patients, Zambon et al19 reported a linear relation-
ship between the level of ventilation support and diaphragm
thickening fraction and atrophy rate, thus confirming the
clinical utility of diaphragm ultrasound in monitoring the
time course of ventilator-induced diaphragm dysfunction
and potentially evaluating muscle-protective mechanical
ventilation strategies.

Driving Pressure During General Anesthesia: The
Difference . . . Makes a Difference!

Static respiratory system compliance is the change in
lung volume for a given driving pressure and reflects the
degree of lung volume loss due to atelectasis. By adjusting
the tidal volume to respiratory system compliance, target-
ing driving pressure (�P � plateau pressure � PEEP)
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might better protect the lung in patients with more severe
lung injury and low end-expiratory lung volume. More-
over, driving pressure adoption in setting the tidal volume
may allow an “open” lung strategy in patients with larger
end-expiratory lung volume, thus leading to a more precise
titration of sedation. Driving pressure was associated with
mortality in patients with ARDS,6 but its importance in
patients with healthy lungs during surgery is unknown.

Neto et al20 performed an individual patient data meta-
analysis from 17 RCTs (2,250 subjects) comparing pro-
tective ventilation with conventional ventilation in this set-
ting. Driving pressure during intra-operative mechanical
ventilation and a change in the level of PEEP resulting in
an increase in driving pressure were found to be indepen-
dently associated with the development of pulmonary com-
plications after surgery. Additionally, driving pressure was
reported to be the only significant mediator of the benefits
of protective mechanical ventilation, which were less re-
lated in proportion to changes in tidal volume or level of
PEEP. Although an RCT comparing mechanical ventila-
tion based on driving pressure versus usual care is neces-
sary to confirm these findings, this study shed light on how
to provide protective mechanical ventilation during sur-
gery. Notably, changes in the levels of PEEP leading to
constant or increasing driving pressure are probably not
resulting in lung recruitment but rather overstretching.

Oxygen Therapy in the Critically Ill Patient: Too
Much of a Good Thing?

The potentially harmful role of direct oxygen toxicity in
the critically ill patient should not be overlooked. Girardis
et al21 investigated whether the application of a conserva-
tive protocol for oxygen supplementation could improve
outcomes in comparison with a conservative protocol. In-
deed, some evidence warns against the potential iatrogenic
harm due to long periods of hyperoxia in the critically ill
patient22,23 and supports the feasibility of a conservative
oxygenation strategy in mechanical ventilation patients.24

The conservative protocol targeted a PaO2
of 70–100 mm Hg

or SpO2
of 94–98%, whereas the conventional protocol

targeted a PaO2
of up to 150 mm Hg and an SpO2

of 97–
100%. Subjects in the conservative group had significantly
lower ICU mortality (11.6% vs 20.2%, P � .01) and hos-
pital mortality (24.2% vs 33.9%, P � .03); lower risk for
new bloodstream infections, shock, and liver failure; and
more hours free from mechanical ventilation. Addition-
ally, data revealed a U-shaped relationship between PaO2

values and mortality, with the highest mortality observed
in subjects exposed to a PaO2

of �107 mm Hg.
Although the results of this trial were probably biased

by its unplanned early termination due to difficulties with
subject inclusion after a violent earthquake and small num-
ber of events, the evidence favoring the safety of a con-

servative oxygen supplementation strategy supports the
modern protective ventilation paradigm. Considering the
potential multifaceted damage of mechanical ventilation,
due to high airway pressures, excessive spontaneous ven-
tilation, exaggerated diaphragm inactivity or fatigue, and
toxic oxygen supplementation, the safest management of
mechanically ventilated patients should be inspired by the
principle that “less is more.”

Ventilator Liberation and Weaning

Liberation of patients from mechanical ventilation de-
pends on the synergistic coordination among the functions
of the heart, lungs, respiratory and axial skeletal muscles,
and brain. Several specific clinical problems can be re-
sponsible for an impairment in the weaning phase: (1)
weaning-induced pulmonary edema; (2) weakness of the
skeletal muscles, particularly respiratory muscles; (3) fac-
tors involving clinician behavior (eg, low use of routine
SBTs); and (4) the possible accumulation of sedative drugs,
also resulting in poor sleep quality, delirium, and long-
term neurocognitive deficits (eg, benzodiazepines). Con-
sequently, in patients who are difficult to liberate from
mechanical ventilation, assessment of cardiovascular and
diaphragmatic function should be obtained.11 Given the
reduction in the duration of mechanical ventilation and
ICU stay and a lower value on resource use reported by the
available evidence, a recent clinical practice guideline sug-
gested managing acutely hospitalized adults who have been
mechanically ventilated for �24 h with a ventilator liber-
ation protocol.25

To maximize the safety and effectiveness of extubation,
strategies aiming at the maintenance of a favorable bal-
ance between respiratory system capacity and load should
be adopted, to stimulate adequate inspiratory effort and
avoid diaphragm atrophy and patient-ventilator asyn-
chrony. Different interventions are already available in
daily clinical practice, such as the accurate titration of
sedation and choice of sedative drugs, specific methods of
ventilation designed to adjust the inspiratory support to the
patient effort (eg, PAV and neurally adjusted ventilatory
assist), pharmacologic adjuncts (eg, acetazolamide), and
respiratory muscle rehabilitation.11

Proportional Assist Ventilation: What Patients Want

PAV is a mode of ventilation that measures patient re-
spiratory demand and calculates compliance and resistance
to offload the respiratory muscles in proportion to and in
synchrony with patient effort. Previous studies of the ef-
fect of PAV during weaning from mechanical ventilation
were limited in the number of patients and duration and
most of them used an earlier version of PAV. Bosma
et al26 compared the physiologic and clinical performance
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of a PAV with load-adjustable gain factors (PAV�) pro-
tocol with a pressure-support ventilation protocol for the
entire duration of weaning to assess the feasibility of im-
plementing these strategies in clinical practice. In their
cohort of 50 subjects with difficult or prolonged weaning,
protocols using progressive decreases in the level of as-
sistance to find the lowest level of support tolerated with-
out subject fatigue, coupled with daily assessment for SBTs,
were proven to be used safely and effectively from the
beginning of recovery until ventilation discontinuation. Ad-
ditionally, PAV� was found to associate with less venti-
lator assistance relative to the pressure support group, thus
suggesting that subjects receiving PAV� shared a greater
portion of the total respiratory work load with the venti-
lator. Interestingly, the PAV� group was able to maintain
the same minute ventilation with fewer episodes of respi-
ratory distress and tended to have a lower asynchrony
index. Finally, although there was no significant differ-
ence in time to extubation, this study reported a shorter
time to ICU discharge in the PAV� group, whose impact
on outcome should be evaluated in a larger multi-center
RCT.

Acetazolamide in Patients With COPD: There May
Be Something There

In their multi-center RCT including 15 adult ICUs in
France, Faisy et al27 hypothesized that acetazolamide could
shorten the mechanical ventilation duration in critically ill
patients suffering from exacerbations of COPD. Acetazol-
amide has been used for decades as a respiratory stimulant
in this setting. In this study, subjects who were expected to
receive mechanical ventilation for �24 h were random-
ized to the high-dose acetazolamide (500–1,000 mg, twice
daily) or placebo group in cases of pure or mixed meta-
bolic alkalosis. Although acetazolamide had no significant
effect on duration of mechanical ventilation or weaning
and respiratory parameters, the magnitude of the differ-
ence in duration of mechanical ventilation between the 2
groups was clinically important (16 h). Both statistical and
pharmacologic factors were suggested to explain this neg-
ative finding, particularly the possibility that the study was
underpowered to establish statistical significance.

Physical Therapy: How to Make the First Move

One of the most debilitating limitations for survivors of
ARF is the long-term impairment in physical function due
to prolonged mechanical ventilation and immobility, re-
sulting in significant muscle wasting, immobility-related
complications, and reduced post-ICU survival. Several ob-
servational studies report the feasibility and safety of early
physical therapy programs; however, evidence from RCTs
is still controversial.25

Moss et al28 conducted a 6-month follow-up RCT to test
the hypothesis that an intensive physical therapy program
was associated with significant improvements in long-term
measures of physical functional performance in compari-
son with a standard-of-care physical therapy program. In
their cohort of 120 critically ill subjects with ARF who
required mechanical ventilation for �4 d and underwent a
28-d rehabilitation program, an intensive physical therapy
program did not improve physical functional performance
at any of the follow-up time points. This study confirmed
that patients who survive ARF have severe and persis-
tently diminished physical functioning and suggested that
the implementation of an intensive physical therapy pro-
gram may not be indicated for all of these patients. Indeed,
future research studies are needed to identify the correct
indication and dosage (timing and duration) of physical
therapy and to risk stratify patients for specific compo-
nents of physical therapy.

Similar results were reported by Morris et al29 in their
RCT, which investigated the early delivery of standardized
rehabilitation therapy through hospital discharge and its
effect on hospital stay and long-term physical and mental
function. In their cohort of 300 subjects with ARF, stan-
dardized rehabilitation compared with usual care did not
decrease hospital stay, nor did it affect ventilator- or ICU-
free days. Furthermore, function-related and health-related
quality-of-life outcomes were similar for the 2 study groups
at hospital discharge. Nonetheless, some of the physical
function measurements evaluated in the study significantly
improved in the standardized rehabilitation group at the
6-month follow-up. This suggested that the early rehabil-
itation program could have strengthened some components
of physical function, thus inclining the standardized reha-
bilitation group to have greater movement while in the
out-patient setting.

Although the overall available evidence is still limited,
a recent clinical practice guideline,25 which reported on
literature previous to the 2 studies just reviewed, suggested
protocolized rehabilitation directed toward early mobiliza-
tion for acutely hospitalized adults who have been me-
chanically ventilated for �24 h. The reason for this rec-
ommendation was the association between early physical
therapy and the reduction in the duration of mechanical
ventilation and increase in the likelihood of being able to
walk at discharge, along with a lower value on cost and
resource use.

Summary

Many important studies were published in 2016 that
have improved our knowledge on epidemiology and out-
comes of mechanically ventilated patients, as well as high-
lighting the main challenge of preventing iatrogenic harm
from mechanical ventilation itself. The choice of the cor-
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rect timing for the initiation and termination of the venti-
latory support and greater use of lung- and muscle-protec-
tive strategies and interventions should be the target of
clinicians in daily practice and the subject of ongoing and
future research.
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