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Abstract

Novel approaches to the management of acute respiratory distress
syndrome include strategies to enhance alveolar liquid clearance,
promote epithelial cell growth and recovery after acute lung injury,
and individualize ventilator care on the basis of physiological
responses. The use of extracorporeal membrane oxygenation
(ECMO) is growing rapidly, and centers providing ECMO must
strive to meet stringent quality standards such as those set out
by the ECMONet working group. Prognostic tools such as the
RESP score can assist clinicians in predicting outcomes for patients
with severe acute respiratory failure but do not predict whether
ECMO will enhance survival. Evidence continues to grow that
novel modes of mechanical ventilation such as neurally adjusted
ventilatory assist are feasible and improve patient physiology
and patient–ventilator interaction; data on clinical outcomes
are limited but supportive. Critical illness causes long-term

psychological and function sequelae: the risk of a new psychiatric
diagnosis and severe physical impairment is significantly increased
in the months after discharge from the intensive care unit.
These long-term effects might be amenable to changes in
sedation practice and increased early mobilization. Daily
sedation discontinuation enhances the validity of routine delirium
assessment. Many critically ill patients merit assessment by
palliative care clinicians; the demand for palliative care services
among critically ill patients is expected to grow. Future trials to test
therapies for critical illness must ensure that study designs are
adequately powered to detect benefit using realistic event rates.
Integrating “big data” approaches into treatment decisions and
trial designs offers a potential means of individualizing care to
enhance outcomes for critically ill patients.

Keywords: mechanical ventilation; sedation; sepsis; outcomes;
resuscitation

Acute Respiratory Distress
Syndrome

The evidence base supporting the
management of acute respiratory distress
syndrome (ARDS) expanded considerably
in 2014. b-Agonists held out benefit for
ARDS by reducing fluid transport across
the alveolar membrane through activation
of basolateral Na1,K1-ATPase. However,
perioperative b-agonists did not reduce
the risk of developing ARDS in high-risk
surgical patients (1). Although this
therapeutic approach has failed to improve
outcome—possibly through unanticipated
effects on nonpulmonary organ systems in
the presence of severe systemic

inflammation—alternative approaches to
preventing pulmonary edema may still be
of benefit. The lectin-like domain of tumor
necrosis factor was shown to directly
activate the epithelial sodium channel
located on the epithelial surface of type II
alveolar cells, thereby mitigating the
development of pulmonary edema in
response to lung injury (2). This novel
mechanism of alveolar liquid clearance may
open up new opportunities for therapeutic
intervention, but the success of such
interventions depends on the as yet uncertain
causal role played by pulmonary edema
per se in the clinical outcome of ARDS.

Statins were known to exert
antiinflammatory effects in animal models

of sepsis and lung injury (3), and many
observational studies found that statin
therapy was associated with a reduced risk
of mortality in patients with sepsis (4). In
2014, two large randomized trials testing
the efficacy of statins for patients with
ARDS were published: in one trial, patients
with early ARDS were randomized to
simvastatin or placebo (5), whereas in the
other trial, patients with sepsis-associated
ARDS were randomized to rosuvastatin or
placebo (6). Both trials found no evidence
of mortality reduction from statin therapy;
indeed, rosuvastatin was associated with
an increased risk of renal and hepatic organ
dysfunction. These findings suggest that,
despite their putative antiinflammatory
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effects, statins do not significantly modulate
the mechanisms leading from pulmonary
inflammation to death from ARDS.

Statins and b-agonists join a long list
of failed pharmacological therapies for
ARDS. These negative results, obtained
despite a sound basic rationale for
therapeutic effectiveness (7), suggest that
the causal pathway leading to death from
ARDS requires further careful delineation.
Discrepancies between the results obtained
from early basic and clinical studies
versus the findings of adequately powered
clinical trials of these therapies reinforce the
notion that surrogate outcome measures
based on organ function cannot reliably
predict clinical benefit. This fact is
particularly relevant to the study of
ARDS prevention, given that ARDS itself
constitutes a type of organ function
surrogate outcome (8). ARDS prevention
strategies need to be evaluated in terms of
their impact on patient-centered clinical
outcomes rather than their effect on the
development of the physiological and
clinical features that constitute ARDS (9).

Keratinocyte growth factor is a potent,
fibroblast-produced stimulant of epithelial
cell growth that exerts a range of
theoretically beneficial effects in the injured
lung (10, 11), and holds promise as
a pharmacological therapy for ARDS.
In humans challenged with inhaled
lipopolysaccharide after pretreatment
with palifermin (modified human
keratinocyte growth factor) versus control,
bronchoalveolar lavage fluid showed
increased type II alveolar cell proliferation
and increased levels of antiinflammatory
and proreparative cytokines—a pattern
consistent with enhanced epithelial repair.
Palifermin was well tolerated. Questions
about the effective dose and route of
delivery and effectiveness of the agent in
patients with clinically significant lung
injury and pulmonary inflammation
remain (10), but further study is clearly
warranted.

The incidence of a number of common
acute and chronic lung diseases—including
ARDS, chronic obstructive pulmonary
disease, and idiopathic pulmonary
fibrosis—rises significantly with age,
particularly above 40 years of age (12, 13).
This may arise in part because of age-
related changes in the function of bone
marrow–derived mesenchymal stem cells
(MSCs). Epithelial repair after lung injury
is critically dependent on MSCs, which

mobilize a potent antiinflammatory
response to pulmonary injury.
Observations suggest that aged MSCs
exhibit lower expression levels of genes
for several key cytokine and chemokine
receptors, impairing MSC activation and
migration in response to pulmonary
inflammation (14). Age-related changes in
tissue elastic properties and in the immune
response to injury can also increase the risk
of lung injury in older patients (15). These
considerations suggest that limiting tidal
volume and plateau pressure to prevent
ventilator-induced lung injury (VILI) is
particularly important in older patients.
On the other hand, although there are no
randomized trials of lung-protective
ventilation strategies in children,
observational studies in pediatric patients
suggest a benefit from the use of lower tidal
volumes (15). Given the current evidence,
lung-protective ventilation strategies
are therefore probably advisable in all
mechanically ventilated patients, regardless
of age.

VILI can result from intraoperative
mechanical ventilation and may impact
perioperative outcomes (16). However, the
PROVHILO (Protective Ventilation Using
High versus Low PEEP) trial found no
difference in the rate of postoperative
pulmonary complications with higher
(12 cm H2O) versus lower positive end-
expiratory pressure (PEEP) (<2 cm H2O)
titration strategies applied during general
anesthesia (17). This finding adds to the list
of well-designed randomized trials failing to
demonstrate benefit from ventilation with
higher levels of PEEP. One explanation for
the apparent lack of benefit—in the face
of a strong biological rationale for benefit—
is that patients vary considerably in how
they respond to PEEP. For example, the
improvement in oxygenation after an
increase in PEEP varies widely across
patients with ARDS (18); patients with
significant improvement in oxygenation
after an increase in PEEP had lower
mortality than patients without
improvement in a secondary analysis of
two randomized trials of higher versus
lower PEEP (18). Although improved
oxygenation per se is unlikely to explain the
difference in mortality, the oxygenation
response may reflect the degree of lung
recruitment and favorable changes in stress
and strain at the alveolar level. In some
patients, PEEP recruits collapsed alveoli
and improves the homogeneity of

ventilation (19). Local ventilation
inhomogeneities can amplify alveolar stress,
propagating VILI (20). The magnitude of
such inhomogeneity was linked to disease
severity and outcome in ARDS (19).
Moreover, lung recruitability was associated
with greater reductions in inhomogeneity.
These insights support the critical
importance of evaluating the impact of
PEEP in individual patients at the bedside
to assess its effect on VILI.

Extracorporeal membrane oxygenation
(ECMO) is growing rapidly in its worldwide
application and availability for patients
with severe acute respiratory failure. Given
the complex infrastructure and clinical
services required to safely and effectively
provide ECMO, there is increasing concern
to ensure that ECMO care is centralized in
tertiary centers with adequate experience
and resources. In 2014, a global consortium
of leaders in ECMO (ECMONet) released
a consensus statement recommending that
ECMO be provided in high-volume regional
or national centers of excellence (21). The
statement specified that ECMO programs
must have adequate access to complex
clinical support services, sufficient staffing,
and established plans for certifying and
maintaining staff training and conducting
quality assurance. Increasing the
homogeneity of care delivered to patients
with severe acute respiratory failure will
also facilitate critical research into the
impact of ECMO on clinical and economic
outcomes.

Deciding whether to initiate ECMO
for patients with severe ARDS remains
a challenging decision balancing the
probability of achieving a good outcome
in a severely ill patient against the costs
associated with employing a scarce and
resource-intensive intervention. A
prognostic instrument, the RESP score,
might assist in clinical decision-making.
The RESP (Respiratory ECMO Survival
Prediction) score was developed from
data in the Extracorporeal Life Support
Organization registry and externally
validated to predict the probability of
survival after initiation of ECMO for severe
ARDS (22) with excellent calibration and
reasonable discrimination (available at
www.respscore.com). The actual clinical
usefulness of the score remains uncertain—
the score predicts the probability of survival
in patients in whom ECMO is initiated but
does not predict whether ECMO initiation
will significantly alter the probability of
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survival (23). Furthermore, the decision to
initiate ECMO incorporates many
additional factors including the trajectory
of illness and the patient’s wishes and
values. Clinicians will continue to
rely heavily on clinical experience and
personal judgment in making these
complex and time-pressured decisions.

Modes of Mechanical
Ventilation

Lung-protective ventilation is widely
accepted as the most important aspect of
providing safe and effective mechanical
ventilation, but it has proven difficult
to consistently apply lung-protective
ventilation strategies, particularly with
respect to accepted limits on tidal volume
(24). Studies of mechanical ventilation have
therefore largely focused on optimizing
ventilator modes, rather than comparing
different modes of ventilation. For example,
although pressure-targeted and volume-
cycled modes of ventilation are both widely
employed in clinical practice around
the world (25), there is considerable
uncertainty about the superiority of one
approach over the other. Of interest,
a meta-analysis of randomized trials found
that pressure-targeted ventilation was
associated with a significant reduction in
intensive care unit (ICU) mortality (but
not hospital mortality or 28-d mortality)
compared with volume-cycled ventilation
(26); the quality of the evidence was down-
graded because effect estimates varied
widely between trials. Although no
definitive conclusions can be drawn on the
basis of this meta-analysis, further attention
to the comparative effects of these two
common modes of ventilation on VILI and
patient outcome is strongly warranted.

Most of the more recent studies
comparing different modes of ventilation
originate from the pediatric literature.
The impact of high-frequency oscillatory
ventilation appears to be similar in the
pediatric and adult populations; studies
consistently demonstrate a lack of benefit
(27–29). Newer modes of ventilation such
as neurally adjusted ventilatory assist
(NAVA) and proportional assist ventilation
(PAV) are generating interest as treatment
options for pediatric respiratory failure.
Despite being conceptually attractive, the
NAVA mode has not yet gained widespread
clinical use, perhaps because of a persistent

lack of evidence of improved
outcome. NAVA undeniably enhances
patient–ventilatory synchrony (30);
although dyssynchrony has been linked to
prolonged duration of ventilation (31), it is
not clear whether dyssynchrony actually
causes prolonged ventilation or merely
reflects sicker and more complex cases
of acute respiratory failure. A number of
studies have found that the newer modes of
ventilation are feasible in pediatric patients
and improve physiological parameters. In
pediatric patients transitioned from high-
frequency oscillatory ventilation to partially
assisted ventilation, NAVA was associated
with shorter duration of mechanical
ventilation, improved patient–ventilator
interactions, and decreased work of
breathing when compared with pressure
support ventilation (32). In a randomized
trial of 170 pediatric patients, the use
of NAVA was associated with reduced
sedative requirements in the subset of
patients who required a longer period of
mechanical ventilation (33).

The benefit of noninvasive ventilation
for patients with acute exacerbations
of chronic obstructive pulmonary
disease is well established. However,
patient–ventilator dyssynchrony is
common during noninvasive ventilation,
resulting in frequent ineffective (“wasted”)
efforts that may contribute to the risk
of failure of noninvasive ventilation.
Noninvasive NAVA was shown to improve
synchrony and reduce the frequency of
ineffective efforts in patients with chronic
obstructive pulmonary disease exacerbation
compared with standard noninvasive
ventilation (34). It remains unclear whether
routine use of noninvasive NAVA would
reduce the risk of intubation in this patient
population.

One of the key advantages of NAVA is
the ready access to information on patient
inspiratory effort. Monitoring patient
inspiratory effort has been largely
overlooked during mechanical ventilation to
date. Data in pediatric patients suggest
that inspiratory effort levels are often well
below normal during routine mechanical
ventilation (35). This might increase the
risk of disuse atrophy of the diaphragm,
theoretically leading to diaphragm
dysfunction and prolonged mechanical
ventilation. The use of proportional assist
modes such as NAVA and PAV can ensure
that reasonable levels of inspiratory effort
are maintained (36). NAVA increases the

diaphragmatic contribution to inspiratory
muscle activity compared with pressure
support and may therefore help to maintain
diaphragm activity and strength (37).

Maintaining normal levels of
inspiratory effort may also prevent VILI.
In an experimental study, higher levels of
spontaneous breathing were associated
with improved oxygenation, lower
transpulmonary pressures, a more
homogeneous distribution of ventilation,
and lower pulmonary inflammatory
cytokine levels (38). Because inspiratory
muscle activity has been shown to
propagate lung injury in more severe ARDS
(39), the severity of lung injury may be
a critical determinant of the relative risk
and benefit of spontaneous breathing (40).

Long-Term Outcomes

Critical illness and ICU exposure have
profound effects on the quality of life and
functional status of patients. Functional
disability persists well beyond ICU
discharge, as significant deficits in physical
function have been documented at
12 months after ICU admission (41).
Importantly, the severity of physical
impairment is related to potentially
modifiable factors such as the duration
of ICU stay, corticosteroid dosage, and
the duration of immobilization (41, 42).
Critical illness also has a deleterious effect
on mental health, as the rate of new
psychiatric diagnoses and the use of
psychoactive medication increase in the
months after ICU exposure (43).

Many patients develop profound axial
skeletal weakness during the early phase of
critical illness: in one study 55% of patients
who remained onmechanical ventilation for
8 days or longer had significant muscle
weakness (Medical Research Council
score below 48) (44). This weakness was
associated with prolonged ventilator
dependence and hospitalization, significant
increases in health care costs, and a higher
1-year mortality rate (44). The extent of the
true causal effect of ICU-acquired weakness
on long-term clinical outcomes remains
unclear: the observed association is subject
to the limitations of matching based
on propensity scores (45). Moreover,
functional independence is contingent on
many factors beyond muscle function (46).
Further work is required to understand
how to prevent and treat ICU-acquired
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weakness, as emphasized in a clinical
practice guideline (47). Of note, diaphragm
atrophy and contractile dysfunction were
documented in living critically ill patients
(48). The mechanisms responsible for
atrophy and contractile dysfunction in
critically ill patients (including the role
of mechanical ventilation) are currently
the subject of intense study. Diaphragm
dysfunction may prolong mechanical
ventilation (49) and increase the risk of
mortality (50).

Sedation and Analgesia

Evidence strongly implicates excessive
sedation as a cause of significant morbidity
and mortality in critical illness. Sedation
delays liberation from ventilation and
increases the risk of delirium and long-term
cognitive impairment (51). At the bedside,
certain clinical conditions sometimes make
it necessary and appropriate to sedate
patients; in such situations, the choice of
agent may have an important effect on
outcome. The most recent ICU sedation
guideline recommends the use of
a nonbenzodiazepine sedative over
benzodiazepines (52): consistent with
previous studies (53), an observational
study found that propofol is associated
with accelerated liberation from
mechanical ventilation and lower hospital
mortality (54). Propofol use should
nevertheless be judicious, and clinicians
must continue efforts to limit sedation
exposure (55).

Given the prevalence and long-term
sequelae of ICU delirium, it is important
to monitor for its development. Sedation
critically confounds the diagnosis of ICU
delirium; delirium persisting for 2 hours
beyond sedation interruption portends
a much worse prognosis than the apparent
delirium that rapidly reverses after sedation
interruption (56). Delirium assessment
should therefore be performed off sedation
and careful attention should be paid to
modifiable delirium risk factors in
patients with persistent delirium (51).
Pharmacological therapies for delirium (as
opposed to merely agitation) are limited.
Data suggest that statins might prevent
delirium (57); the results of an ongoing
randomized trial are awaited.

Physical pain is a common and
distressing problem for critically ill patients
predisposing to psychological distress

and increased sedation and analgesia
requirements (58); given the barriers to
communication for patients (especially
those receiving invasive mechanical
ventilation), it can be challenging to
accurately assess and adequately treat pain.
A range of factors predict the risk of
physical pain associated with common ICU
procedures including specific types of
procedures (i.e., chest tube removal, arterial
line insertion), and preprocedural pain
intensity and distress (59). Identifying these
risk factors and carefully monitoring for
physical pain during ICU procedures may
help to prevent physical pain—an absolute
ethical and professional obligation.

Organization of Care

Reductions in resident duty hours have
prompted concerns about medical errors
arising from more frequent hand-over and
cross-coverage. In light of these concerns,
Kajdacsy-Balla Amaral and colleagues
examined the decisions and patient
outcomes associated with night-time cross-
coverage (60). Surprisingly, cross-coverage
was associated with improved clinical
outcomes, raising the possibility that an
independent “second look” might lead to
beneficial changes in management. The
exact mechanism by which cross-coverage
might confer mortality reduction remains
unclear: the regular day-time team may be
subject to cognitive biases and heuristic
assumptions leading to missed diagnoses
or mismanagement. Alternatively, cross-
covering fellows may be less likely to
initiate end-of-life discussions (61). The
cognitive biases to which intensivists are
prone as raised by this study merit further
detailed examination.

Medical emergency teams are widely
deployed with a presumptive goal of
preventing ICU admission through early
assessment and resuscitation. Such efforts
are critically contingent on accurate
identification of hospitalized patients at high
risk of critical illness; monitoring and
nursing resources can then be allocated
accordingly. A number of prognostic tools
are available, including a risk stratification
tool (the eCART [electronic Cardiac Arrest
Risk Triage] score) that exhibited excellent
discrimination (62). Of course, accurate
early identification is helpful to patients
insofar as increased medical attention
improves clinical outcomes—studies to date

on the impact of medical emergency teams
do not support such a benefit (63).

Although critical care is primarily
aimed at resuscitating severely ill patients
and saving patients’ lives, intensivists
frequently care for patients at the end
of life. Quality end-of-life care requires
a special set of clinical and interpersonal
skills and a careful focus on issues unique to
the dying (64). In fact, approximately 20%
of patients admitted to ICUs in the United
States merit palliative care consultation
according to usual clinical criteria (65).
Palliative care services are currently
insufficient to meet this demand and future
workforce shortages are projected (66).
Although it remains unclear whether
routine standardized palliative care
interventions affect the dying process in
the ICU, intensivists should advocate for
increased access for their patients to
palliative care services, and they must
ensure that they are adequately trained to
care for the dying.

Future Directions

It has proven difficult to demonstrate the
efficacy of many critical care interventions
in randomized trials; this may in part be due
to the challenges of testing therapies in
the context of critical illness, where many
factors aside from the treatment or causal
pathway under study compete to determine
outcome. Methodological flaws may also
account for the infrequent success: for
example, many trials are inadequately
powered to detect realistic benefit (67),
a problem compounded by frequent
overestimation of baseline event rates (67).
Outcome definitions vary widely between
studies, complicating synthesis and meta-
analysis (67, 68). Standardizing trial design,
outcomes, and reporting may enhance
interpretation and application of results,
providing more definitive “yes” or “no”
answers to the important clinical questions
under study.

The marked heterogeneity in treatment
response between individual critically ill
patients also significantly limits the overall
effectiveness of potential therapies. Several
authors have proposed that harnessing the
massive volume of patient- and disease-
related clinical and physiological data now
available to clinicians might enhance our
ability to tailor therapy to individual
patients—a form of “personalized
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medicine” in the critically ill (69). For
example, computational approaches such as
machine learning permit rapid and efficient
clinical data synthesis in real time; such
techniques have been employed to enhance
early detection of patient physiological
deterioration and predict treatment
responsiveness (70). Online decision

support systems using such computational
approaches could integrate a wide range of
prognostic factors to guide shared decision-
making between clinicians and families
(71). However, it remains to be seen
whether the unprecedented detail with
which individual patients may now
be characterized at the molecular,

physiological, and epidemiological levels
will lead to any major advances in
patient-centered clinical outcomes or
treatment success in the field of critical
care medicine. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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