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Acute Respiratory Distress Syndrome
(ARDS): Definition, Incidence,
and Outcome

Rémi Coudroy, Florence Boissier, and Arnaud W. Thille

1.1 Definition of ARDS

1.1.1 From the First Clinical Description to the First Consensus
Definition of ARDS

In 1967, Ashbaugh and colleagues reported for the first time the clinical and physi-
ological characteristics in 12 patients with sudden respiratory failure that they called
“acute respiratory distress syndrome” (ARDS) [1]. None of these patients had past
history of cardiac or pulmonary disease, and they rapidly developed acute hypox-
emia, stiff lungs, and diffuse bilateral alveolar infiltration on chest X-ray a few days
later after a precipitating factor. Their outcome was dramatic as 7 of the 12 patients
(58%) died. An autopsy was performed in all deceased patients, and six of them
(86%) had a characteristic histological pattern of diffuse alveolar damage including
hyaline membranes, edema, cell necrosis, or fibrosis [1].

In 1971, Petty and Ashbaugh described principles of management of ARDS
based mainly on mechanical ventilation using high FiO, and positive end-expiratory
pressure (PEEP) [2]. Whereas cyanosis refractory to oxygen was one of the clinical
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criteria for ARDS, the authors did not specify any hypoxemia threshold. Five years
later, Bone and colleagues proposed a threshold of hypoxemia below 70 mmHg
despite FiO, of at least 0.5 and PEEP [3]. In 1982, Pepe and colleagues added to the
definition the presence of new diffuse bilateral infiltrates on chest X-ray and a pul-
monary wedge pressure lower than 18 mmHg, thereby excluding cardiogenic pul-
monary edema [4]. In 1988, Murray and colleagues proposed the lung injury score
(LIS) as a means of assessing the severity of ARDS according to the PaO,/FiO,
ratio, the PEEP level, respiratory system compliance, and the number of quadrants
with infiltration seen on chest X-ray [5].

Since this original description, the definition of ARDS has considerably evolved
over the time, but it was not until 1994 that an international American—European
Consensus Conference (AECC) laid the foundations for the first clinical definition
of ARDS [6]. This consensus conference aimed to bring uniformity to the definition
of ARDS for research, epidemiologic studies, and individual patient care [6]. ARDS
was consequently defined using the following four criteria: (1) the acute onset of
hypoxemia, (2) a PaO, to FiO, ratio <200 mmHg regardless of PEEP level, (3) the
presence of bilateral infiltrates on chest X-ray, and (4) pulmonary artery wedge
pressure <18 mmHg or no clinical sign of left atrial hypertension [6]. Patients meet-
ing all these criteria but having less severe hypoxemia with a PaO, to FiO, ratio
between 201 and 300 mmHg were considered as having acute lung injury (ALI) and
not ARDS. However, this clinical definition has been criticized on each criterion [7]
leading to the establishment of a new definition in 2012, the Berlin definition [8].

1.1.2 The Current Berlin Definition

The Berlin definition aimed to provide a better clinical definition and to classify
patients according to severity. An expanded rationale was then published by the
expert panel to propose treatments and ventilatory management according to the
degree of hypoxemia [9]. The changes proposed in the Berlin definition to address
the major limitations of AECC definition are the following:

First, the “acute onset” of ARDS has been specified, and respiratory symptoms
have to be present within 7 days after a clinical insult (Table 1.1). Timing accuracy
enables elimination of mimickers of ARDS who develop respiratory symptoms over
several weeks such as idiopathic pulmonary fibrosis, nonspecific interstitial pneu-
monitis, cryptogenic organizing pneumonia, granulomatosis with polyangiitis, or
drug-induced lung disease [10].

Second, patients have been stratified according to their severity in terms of
hypoxemia and classified as mild, moderate, and severe ARDS when PaO./FiO,
ratio is between 201 and 300, between 101 and 200, and equal to or below
100 mmHg, respectively [8]. By including patients with a PaO,/FiO, ratio up to
300 mmHg, the Berlin definition now encompasses the patients with mild ARDS
that was formerly named acute lung injury. Oxygenation criteria were well corre-
lated to severity with mortality of 27, 32, and 45% in mild, moderate, and severe
ARDS, respectively. As a major limitation of the AECC definition was the
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Table 1.1 Risk factors of
acute respiratory distress
syndrome adapted from [9]

Direct lung insult (pulmonary ARDS)

Pneumonia (bacterial, viral, etc.)

Aspiration of gastric content

Inhalation injury

Pulmonary contusion

Pulmonary vasculitis

Near drowning

Indirect lung injury (extrapulmonary ARDS)

Non-pulmonary sepsis

Non-cardiogenic shock

Pancreatitis

Major trauma

Multiple transfusion or transfusion-related acute lung injury

Severe burns

Drug overdose

assessment of PaO,/FiO, ratio regardless of the PEEP level used, the Berlin defini-
tion stated that PaO,/FiO, ratio had to be measured with a PEEP level of at least 5
cmH,0 [8].

Third, the AECC definition considered that pulmonary arterial wedge pressure
should not exceed 18 mmHg in ARDS [6]. However, high values of pulmonary
wedge pressure are commonly observed in patients with ARDS [11, 12], and routine
use of pulmonary artery catheter is pointless for hemodynamic management [13].
Therefore, pulmonary artery wedge pressure requirement was removed from the
Berlin definition, and it was stated that respiratory failure must not be fully explained
by cardiac failure of fluid overload as judged by the clinician or confirmed by echo-
cardiography, if needed, to rule out cardiogenic pulmonary edema [8].

Fourth, the Berlin definition considered radiological findings as bilateral opaci-
ties on chest X-ray but also on CT scan, which were not fully explained by effu-
sions, lobar or lung collapse, or nodules [8].

Four ancillary variables were assessed for severe ARDS, including more exten-
sive opacities on chest radiograph, i.e., at least three quadrants, a high PEEP level
>10 cmH,0, low respiratory system compliance <40 ml/cm H,0, and a corrected
expired volume >10 L/min. However, these criteria were not included in the Berlin
definition because they did not help to discriminate patients with severe ARDS [8].

1.1.3 What Are the Limitations of the Current Definition?

The major limitation is that ARDS and its severity can be assessed on a single blood
gas measurement without prior standardized ventilator settings. However, PEEP
may have a major influence on oxygenation, and in the three RCTs that have com-
pared two levels of PEEP (lower vs. higher), oxygenation was always more satisfac-
tory in the higher-PEEP group than in the lower-PEEP group [14-16]. In a
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meta-analysis including these three trials, survival was better using high PEEP than
using low PEEP in patients with a PaO, to FiO, ratio <200 mmHg [17], and there-
fore, the experts have recommended the use of high PEEP levels in patients with
moderate or severe ARDS [9]. After optimizing ventilator settings and by increasing
the PEEP level, several studies have shown that a high proportion of patients could
have their severity modified based on PaO,/FiO, ratio, from severe to moderate/mild
or from moderate to mild [18-20]. FiO, variations may also be associated with sig-
nificant changes in PaO,/FiO, ratio [18, 21], and it has been shown that, for the same
PaO,/FiO, ratio, patients ventilated with high FiO, had higher mortality than those
ventilated with lower FiO, [22]. To homogenize disease severity, ventilatory set-
tings should be optimized using low tidal volumes around 6 mL/kg of predicted
body weight and high PEEP level. Likewise, the time from ventilator settings to
Pa0O,/FiO, measurement seems crucial. Indeed, Villar and colleagues reported that
mortality was more reliably predicted according to the three categories of severity
(mild, moderate, and severe) when PaO,/FiO, ratio was measured with a PEEP level
at least 10 cmH,O and FiO, at least 0.5 [19, 20]. However, assessment of PaO,/Fi0O,
ratio yielded a more clinically relevant ARDS classification when measured 24 h
after ARDS onset than immediately after FiO, and PEEP settings [19, 20]. This
finding is illustrated by the inclusion criteria used in the PROSEVA trial, which
found a significant reduction of mortality in patients treated with prone position for
which patients with a PaO,/FiO, below 150 mmHg were eligible if such a high
degree of hypoxemia persisted more than 12 h after optimization of ventilator set-
tings [23]. Therefore, standardized ventilator settings with a PEEP level of at least
10 ecmH,0 and the persistence of hypoxemia may perhaps help to improve ARDS
classification.

The other main limitation is the difficulty in quantifying morphological lung
injury. Since it was first reported, diffuse alveolar damage (DAD) has been regarded
as the morphological hallmark of the lung in ARDS [24, 25]. However, the inci-
dence of DAD in ARDS is highly variable from one study to another and largely
depends on the type of examination (autopsy vs. open lung biopsy) (Table 1.2). In a
large database of clinical autopsies including 356 patients with ARDS, overall inci-
dence of DAD was only 45% [42]. However, the incidence of DAD depended on the
severity of ARDS and time from ARDS onset to pathological examination. Hyaline
membranes may take 2-3 days to appear [24] and this explains why the incidence
of DAD was significantly higher (56%) in patients with ARDS for more than 72 h.
The proportion of patients with DAD also increased in more severe patients with an
incidence of 12, 40, and 58% in mild, moderate, and severe ARDS, respectively.
The incidence of DAD was as high as 69% in patients with severe ARDS after
3 days of evolution [42]. In this study, whereas almost all patients with DAD on
autopsy examination met the clinical criteria of the Berlin definition for ARDS
(high sensitivity), fewer than half of the patients with ARDS had DAD (low speci-
ficity). Perhaps the low specificity of the Berlin definition in DAD detection is
ascribable to the presence of other processes with a similar clinical picture. Many
diseases may mimic ARDS such as alveolar hemorrhage due to vasculitis, drug-
induced pulmonary toxic pneumonia with a lymphocytic pattern or acute
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Table 1.2 Incidence of diffuse alveolar damage (DAD) on open lung biopsy or autopsy in patients

with acute respiratory distress syndrome (ARDS)

Time from Overall
ARDS onset to | incidence
N examination, of DAD, | Mild Moderate | Severe
Author (year) [Ref] | patients | days N (%) ARDS | ARDS ARDS
Suchyta (1991) [26] | 9 <14 6(67%) |- - -
Warner (1988) [27] | 80 6+4 0 (0%) - - -
Papazian (1998) [28] | 36 10 (5-55) 5(14%) |- 4/24 1/12 (8%)
(17%)
Patel (2004) [29] 57 3(0-25) 23 (40%) |- - -
Esteban (2004) [30] | 127 3 (1-6) 84 (66%) |— - -
Cho (2006) [31] 53 - 23 (43%) |- - -
Kao (2006) [32] 41 3+2 12 (29%) |- - -
Lim (2007) [33] 36 4(1-23) 0 (0%) - - -
Arabi (2007) [34] 14 9 (1-30) 7(50%) |- - -
Papazian (2007) [35] | 100 7 (6-14) 13 (13%) |- - -
Baumann (2008) [36] | 22 8 (2-76) 2 (9%) 0/4 2/15 0/3 (0%)
(0%) (13%)
Lin (2009) [37] 60 8x1 16 27%) |- - -
De Hemptinne 64 6 (0-48) 32 (50%) |- - -
(2009) [38]
Charbonney (2009) |19 5(2-11) 9(47%) |- - -
[39]
Melo (2009) [40] 19 13 7037%) |- - -
Sarmiento (2011) 49 - 31 (63%) |— - -
[41]
Thille (2013) [42] 356 5(2-13) 159 6/49 56/141 97/166
(45%) (12%) | (40%) (58%)
Guérin (2015) [43] |83 9 (6-14) 48 (58%) |4/11 33/56 11/16
(36%) | (59%) (69%)
Kao (2015) [44] 101 7+7 57 (56%) | 13/17 | 32/57 12/27
(77%) | (56%) (44%)
Total N = N =537 | 23/81 127/293 | 121/224
1353 (40%) (28%) | (43%) (54%)

eosinophilic pneumonia, organizing or diffuse interstitial pneumonia, cancer infil-
tration, and at times idiopathic lymphangitis [10, 45]. These ARDS without com-
mon risk factors, the so-called ARDS mimickers, represent around 7-8% of patients
mechanically ventilated for ARDS and could have higher mortality than the others
[45]. For such atypical ARDS cases, a complete diagnostic workup, including bron-
choalveolar lavage fluid cytology and chest CT scan patterns, should be performed
to identify patients who might benefit from specific therapies, including corticoste-
roids. A recent study suggests that the presence of DAD is associated with higher
mortality as compared to patients without DAD [46]. Unfortunately, no biomarkers
exist to diagnose alveolar damage.
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1.2 Incidence and Outcome of ARDS

The incidence of ARDS obviously depends on the definition used and will, as
expected, be higher using the Berlin definition that includes patients with a PaO,/
FiO, up to 300 mmHg. At the beginning of the 2000s, three studies assessed inci-
dence and outcome of ARDS using the AECC definition [47—49]. In these studies,
around 7-8% of the patients admitted in the ICU met clinical criteria for ARDS,
with mortality ranging from 35 to 50% in patients with a PaO,/FiO, of 200 mmHg
or less.

A large international survey performed in 2014 among 459 ICUs in 50 countries
and over a 4-week period screened all patients who met clinical criteria for ARDS
according to the current Berlin definition [50]. Patients with ARDS represented
10.4% of all ICU admissions, a rate slightly higher than in the abovementioned stud-
ies using the previous AECC definition [47-49]. This represented at least 5 patients
per bed and per year or at least 100 patients per year in a 20-bed ICU. Among all
intubated patients in ICU, 23% had met clinical criteria for ARDS during their ICU
stay. Among them, 30% had mild, 47% had moderate, and 23% had severe ARDS. The
risk factors triggering ARDS were pneumonia in 59% of cases, aspiration in 14%,
extrapulmonary sepsis in 16%, and non-cardiogenic shock in 7.5%. Whereas some
patients may have several risk factors, none of the usual risk factors had been identi-
fied in around 8% of the cases (ARDS mimickers). This survey also highlighted the
fact that many patients with ARDS had not been recognized by the clinician as hav-
ing this disease. In mild ARDS, this was the case in around half of the patients.
Clinical recognition of ARDS was better for severe ARDS but still underdiagnosed
since 21% of them were not recognized. Moreover, clinician recognition of ARDS at
the time of fulfillment of clinical criteria was only 34%, suggesting that diagnosis of
this pathology was frequently delayed. In this survey, overall mortality was 34% in
ICU and 40% in hospital [50]. In-hospital mortality was 35% for those with mild,
40% for those with moderate, and 46% for those with severe ARDS.

1.2.1 Has Mortality Decreased Over Time?

One question is whether or not mortality has declined over time. In a systematic
review evaluating 89 studies published between 1984 and 2006 and focusing on
ARDS, mortality seemed to have decreased from 1984 to 1993 but not from 1993 to
2006 [51]. The use of protective ventilation including low tidal volumes, high PEEP
levels, and strict monitoring of plateau pressure to avoid exceeding 30 cmH,0 is the
cornerstone of the current recommendation [9]. After the 2000s, several studies
have demonstrated that this strategy was associated with better survival [17, 52, 53],
and this change in clinical practice should have had an impact on overall mortality.
After 2010, several large RCTS have shown a reduction in mortality, especially in
ARDS patients with PaO,/FiO, ratio below 150 mmHg, using neuromuscular block-
ers [54] or prone positioning [23]. Despite this, a recent review focusing on the
more recent articles suggested that overall mortality did not seem to have changed
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substantially during the last decade, with a proportion in observational studies
greater than 40% in patients with moderate or severe ARDS [55], in keeping with
the recent LUNG SAFE study [50].

1.2.2 How Can We Explain the Lack of Improvement in Outcome
in ARDS?

The positive results reported in RCTs may not be as efficient when applied to all
nonselected patients with ARDS in an ICU. It has been found that mortality in
ARDS was lower in RCTs than in observational studies that are closer to real life
[51]. Indeed, patients included in RCTs are expressly selected, and those with major
comorbidities such as hematological malignancies, cirrhosis, and chronic cardiac or
respiratory disease are usually excluded. Among the three studies having compared
two levels of PEEP, only one of them has provided a flow chart study. In this study,
only 22% of the patients assessed for eligibility were included and randomized (768
of 3429 patients) [15].

In a RCT, after excluding patients with exclusion criteria, a high proportion of
patients potentially eligible are not enrolled. The outcome of ARDS patients
enrolled in a recent RCT has been compared to that of patients who met inclusion
criteria but who were not enrolled in the study due to various reasons such as no
consent, physician refusal (24%), missed randomization window, etc. [56]. The
patients who were included in the study had lower mortality than those who were
potentially eligible but not enrolled, suggesting that enrollment in clinical trials may
be associated with improved outcomes. The better outcome reported in patients
included in RCTs may be due to optimal management including standardized lung
protective ventilation and application of other effective therapies. Indeed, in real-
life situations, as reported in the recent LUNG SAFE survey, 35% of patients with
ARDS were ventilated with a tidal volume above 8 mL/kg of predicted body weight.
The mean PEEP level was only 8 = 3 cmH,O in moderate and 10 + 4 cmH,0 in
severe ARDS. Prone positioning was used in only 16% of the patients with severe
ARDS. Therefore, in 2014, patients with ARDS were receiving excessively high
tidal volumes and excessively low levels of PEEP in “real life,” while plateau pres-
sure was measured in only 40% of the cases.

1.2.3 Causes of Death and Subphenotypes in Patients
with ARDS

In ARDS, the main cause of death is sepsis complicated by multi-organ failure [42,
57, 58]. In a large database of patients who died of ARDS and had clinical autopsy
over a 20-year period from 1990 to 2010, the pattern of death was refractory shock
in more than half of the 356 patients analyzed, while refractory hypoxemia did not
exceed 20% of the cases [42]. These results are in keeping with previous literature
with a rate of death due to refractory hypoxemia of around 20% [57, 58]. Obviously,
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death due to withdrawal of life support has increased over time [58], and in more
recent studies, the vast majority of deaths among patients with ARDS were pre-
ceded by a “do not resuscitate” order [59].

Patients with trauma as cause of ARDS have better survival rates than the others
[60]. However, the mortality of patients with ARDS of pulmonary origin is similar
to that of patients with ARDS of extrapulmonary origin [60]. In a recent study,
Calfee and colleagues identified two subphenotypes of ARDS that could have dif-
ferent outcomes [61]. The hyperinflammatory subphenotype was characterized by
more severe inflammation with higher plasma concentrations of inflammatory bio-
markers and higher prevalence of sepsis. These patients were more likely to have
shock and metabolic acidosis, and they had higher mortality than the others. The use
of high PEEP levels did not seem beneficial in this subset of patients, while it was
beneficial in the other patients.

1.2.4 Long-Term Outcome

ARDS is characterized by specific morphological changes of the lung with an initial
exudative and then a proliferative phase. The exudative phase, maximal during the
first week after the onset of ARDS, is characterized by capillary congestion and
intra-alveolar edema subsequently followed by alveolar type I cell necrosis. The
later repair phase is characterized by intense proliferation of alveolar type II cells
and interstitial fibroblasts [24, 25]. This phase can either result in normal tissue reso-
lution or progress toward fibrosis if lung injury is persistent. Fibrosis is rare during
the first week of evolution of ARDS. However, it can be observed as early as the
second week of evolution, and its prevalence markedly increases beyond the third
week after the onset of ARDS, especially in ARDS of pulmonary origin [62]. The
patients with fibrosis have more altered lung compliance and more frequently inter-
stitial opacities on chest X-ray [63]. After recovery, they may have more long-term
residual pulmonary dysfunction than the others [64]. Patients with many radiologic
reticulations on chest CT scan 6 months after hospital discharge had altered total
lung capacity, forced vital capacity, and carbon monoxide diffusion capacity [65]. In
this last study, a chest CT scan performed 14 days after ARDS onset could predict
altered quality of life. However, ARDS survivors who have had fibrosis also had
more severe disease and more prolonged duration of mechanical ventilation than the
others. Moreover, restrictive pulmonary function can be due not only to pulmonary
impairment but also to extrapulmonary complications, such as depression and neu-
romuscular weakness. Herridge and colleagues have followed ARDS survivors dis-
charged from the hospital for 5 years [66, 67]. Among them, 89% were alive at 1
year and 68% at 5 years. They had normal lung volumes and spirometry measure-
ments by 6 months, but carbon monoxide diffusion capacity remained low, and
6-min walk test was abnormal throughout the 12-month follow-up [66]. At 5 years,
pulmonary spirometry was normal or near normal, but patients did not return to
normal predicted levels of physical function with persistent exercise limitation and
decreased physical quality of life [67]. The median 6-min walk distance was 281 m
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at 3 months, 422 m at 1 year, and 436 m at 5 years (76% of predicted distance), and,
although younger patients had a greater rate of recovery than older patients, neither
group returned to normal predicted levels of physical function at 5 years. Health-
related quality of life was mainly altered due to extrapulmonary complications.
Actually, muscle weakness and fatigue were the main reasons for their functional
limitation [66—68]. Moreover, 1 or 2 years after ARDS, the majority of survivors
present with clinically significant general anxiety, depression, and posttraumatic
stress disorder symptoms [69] and even sometimes psychiatric symptoms [70]

Short- and long-term quality of life is markedly altered in ARDS survivors [71]
and seems more altered at 12 months than in other critically ill patients with similar
severity but without ARDS during their ICU stay [72]. However, in another study,
the quality of life was similar between ARDS and non-ARDS patients, and func-
tional status at 6 months after hospitalization could be largely explained by baseline
condition [73].

Conclusion

The definition of ARDS is still challenging and problematic, as is improvement
of adherence to the “protective bundle” in real life. Indeed, although some RCTs
have demonstrated therapeutic strategies that could improve mortality, negative
outcome has hardly decreased in the last decade, and survivors still have a mark-
edly altered quality of life.
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Pathophysiology of Acute Respiratory
Distress Syndrome

Pedro Leme Silva and Patricia R.M. Rocco

2.1 Introduction

The acute respiratory distress syndrome (ARDS) is a form of hypoxemic respiratory
failure characterized by severe inflammatory damage to the alveolar—capillary bar-
rier. This damage can be triggered by primary injury to the epithelium (pulmonary
ARDS), as in cases of pneumonia or bronchial aspiration, or to the endothelium
(extrapulmonary ARDS), as in cases of nonpulmonary sepsis [37, 51, 54]. Recently,
evidence has emerged showing differences in molecular phenotypes between these
two etiologies [8]. In addition, patients who develop ARDS after trauma (trauma-
associated lung injury) may exhibit distinct clinical features and biomarker profiles
compared to other forms of ARDS [7]. Not only the distinction in severity among
ARDS patients seems important, but also discrimination among different ARDS
phenotypes and etiologies, i.e., whether associated to trauma, transfusion, cancer,
and septic events. Novel therapies targeted specifically at these entities may benefit
from this separation by pathophysiology.

2.2  Pathophysiology of Acute Respiratory Distress
Syndrome:The Actors

The innate immune response plays a profound role in the pathophysiology of
ARDS. Multiple immune processes involving macrophages, neutrophils, and epi-
thelial and endothelial cells are implicated in mediating tissue injury.
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2.2.1 Alveolar Macrophages

Alveolar macrophages form the first line of defense against airborne particles and
microorganisms and use a variety of pattern recognition mechanisms and receptors
to sense and phagocytose pathogens [2]. During lung inflammation, two main states
of differentiation exist, characterized by classically activated macrophages (CAMs)
and alternatively activated macrophages (AAMs). CAMs display the M1 macro-
phage phenotype and produce high levels of proinflammatory cytokines, such as
interleukin (IL)-1f, tumor necrosis factor (TNF)-a, IL-12, and inducible nitric
oxide synthase (iNOS), in response to paracrine signaling from the T helper 1 (Th1)
cytokine interferon (IFN)-y and in response to autocrine signaling by IFN-f [28,
62]. AAMs display the M2 macrophage phenotype and produce the anti-
inflammatory cytokines IL-10 and IL-1Ra in response to signaling from the Th2
cytokines IL.-4 and IL-13. Most studies on detection of macrophage phenotype have
been experimental, and, although few studies have been conducted in humans, these
investigations are noteworthy. In a comparison of bronchoalveolar lavage fluid
(BALF) from patients with ARDS and cardiogenic pulmonary edema, both under
mechanical ventilation, and from nonventilated healthy volunteers, Rosseau et al.
showed that alveolar macrophages from ARDS patients skewed toward classically
activated macrophages, i.e., the M1 phenotype. Persistence of the M1 phenotype is
associated with worse outcomes [52]. After exposure of healthy human subjects to
intratracheal LPS, an increase was observed in total alveolar macrophages, mainly
constituted of pulmonary monocyte-like cells. These cells were recruited to the
alveolar space and were CD 16, different from nonresident CD16* monocytes [71].

2.2.2 Neutrophils

Neutrophils are the first leukocytes to be recruited to sites of inflammation in
response to chemotactic factors released by activated macrophages and pulmonary
epithelial and endothelial cells [67]. It has been reported that the concentration of
neutrophils in the BALF of patients with ARDS correlates with disease severity and
with poor outcome [33]. It has been postulated that neutrophils are involved in
endothelial-epithelial barrier disruption [16]. On the other hand, neutropenic
patients can develop ARDS in the absence of invading neutrophils [44]. This illus-
trates the heterogeneity of ARDS, since it may involve neutrophil-dependent and
neutrophil-independent processes. The chemokine IL-8, also known as CXCLS, is
thought to be central to neutrophil recruitment into the lung during ARDS [68].
Important correlations have been drawn from clinical ARDS samples, including
pulmonary edema aspirates and BALF, between increased IL-8 concentrations, dis-
ease severity [38], and neutrophil migration into airspaces [39]. IL-8 is considered
to be the most potent neutrophil chemoattractant in BALF from ARDS patients and
is the predominant neutrophilic chemokine released from LPS-stimulated human
alveolar macrophages [26]. Not only isolated IL-8 but also its complexes are associ-
ated with ARDS pathophysiology. The IL-8 immune complexes are characterized
by IL-8 binding to endogenous immunoglobulin G (IgG), mainly the IgG3 and
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IgG4 subclasses. Elevated levels of IL-8 immune complexes have been associated
with poor clinical outcome in patients with ARDS and in those at risk of developing
ARDS [27]. One possible mechanism could be the decrease in neutrophil apoptosis
rate, which is associated with an increase in expression of Bcl-xL and a decrease in
Bak and Bax [17]. In this line, it is well established that neutrophil apoptosis is
delayed in patients with ARDS [29], which may explain the perpetuation of tissue
injury by the release of neutrophil products, namely, proteinase-3, cathepsin-G, and
several matrix metalloproteinases (MMPs). Another mechanism of neutrophil
action is the release of neutrophil extracellular traps (NETSs), in a process of cell
death known as NETosis [5]. NET formation involves disintegration of the nuclear
membrane, chromatin condensation, and release of DNA and granule proteins into
the extracellular space [6]. Although NETSs have potent antimicrobial properties,
they contain histones, enzymes, and peptides that are directly toxic to host cells.
NETs have also been observed in sterile transfusion-related acute lung injury
(TRALI) in human patients [60], and protection against TRALI has been observed
to follow inhibition of extracellular histones [9]. Therefore, in a scenario of uncon-
trolled NET formation, their inhibition could be an attractive strategy.

2.2.3 Alveolar Epithelium

After a direct insult, the pulmonary epithelium is the primary injured structure.
Epithelial damage leads to alveolar flooding [65], reduced removal of edema fluid
from the alveolar space [40], decreased production and turnover of surfactant [21],
and fibrosis [4]. A recent study with two distinct patient cohorts [8] found that pul-
monary ARDS is characterized by more severe lung epithelial injury compared with
indirect ARDS and, conversely, that indirect ARDS is characterized by more severe
endothelial injury and inflammation. Among the wide range of plasma biomarkers
analyzed (surfactant protein [SP]-D, IL-6, IL-8, angiopoietin [Angpt]-2, receptor of
advanced glycation end products [RAGE], and von Willebrand factor [vWF]) and
their respective prognostic values, the SP-D was the most reliable molecular indica-
tor of the direct lung injury phenotype. SP-D, produced by type II epithelial and
club cells, is a large hydrophilic protein that interacts with glycoconjugates and
lipids through the carbohydrate recognition domain (CRD) on the surface of micro-
organisms, including Gram-positive and Gram-negative bacteria [22]. It can cause
agglutination of bacteria, hindering their entry into host cells and dissemination,
and may lead to bacterial death through permeabilization of the bacterial cell wall,
increasing respiratory burst by macrophages and neutrophils and enhancing opso-
nization by phagocytic cells [25].

2.2.4 Alveolar Endothelium

The vascular endothelium is the first barrier encountered by fluid or inflammatory
cells tracking from the vasculature to the alveoli. Endothelial barrier function is an
essential and tightly regulated process that ensures proper compartmentalization of
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the vascular and interstitial spaces while allowing for the diffusive exchange of
small molecules and controlled trafficking of macromolecules and immune cells
[36]. Failure of endothelial barrier integrity results in excessive leakage of fluid and
proteins from the vasculature into the airspace. The loss of barrier integrity can be a
consequence of neutrophil activity, in which they accumulate in the microcircula-
tion of the lung, become activated, and subsequently degranulate and release several
toxic mediators, including reactive oxygen species (ROS), proteases, proinflamma-
tory cytokines, and procoagulant molecules. Injury done by neutrophils and their
intracellular products may increase vascular permeability by altering focal adhe-
sions, transmembrane integrins, and the cytoskeleton of endothelial cells. Further
inflammatory mediators, despite neutrophils, can act directly on the lung capillaries,
resulting in increased expression of chemokines and cell surface molecules that are
important for leukocyte adhesion [35, 49]. Furthermore, injury to the endothelial
barrier may be mediated by bacterial or viral products, independently of the effects
of activated leukocytes. For example, toxins produced by Pseudomonas aeruginosa
and Staphylococcus aureus break down the endothelial barrier as well as the epithe-
lial barrier [12, 66]. Not only NF-xB pathway inflammatory mediators but also spe-
cific transmembrane tyrosine kinases from endothelial cells (Tie-2) play an
important role in ARDS pathophysiology. Their ligands Angpt-1 and Angpt-2, with
nanomolar affinity, can have opposing effects on endothelial cell function. Angpt-1
is largely synthesized and secreted by periendothelial cells and platelets, whereas
Angpt-2 is synthesized in the endothelium, where preformed protein is stored for
rapid release in granules called Weibel-Palade bodies [15]. The N-terminal region
of Angpt-1 may even promote local adherence to the extracellular matrix [61], lead-
ing to a high tissue concentration despite low circulating levels. In sepsis, ARDS,
and related conditions, circulating Angpt-1 appears to be suppressed [48]. In addi-
tion, the magnitude of Angpt-1 decline tends to be two- to threefold or less, com-
pared with the 5- to 20-fold increase in circulating Angpt-2 observed in sepsis or
ARDS. Circulating Angpt-2 concentrations have a much broader dynamic range
than Angpt-1. In 2006, Parikh et al. reported 10- to 20-fold elevations of circulating
Angpt-2 levels in individuals with severe sepsis at the time of ICU admission as
compared with patients with uncomplicated sepsis and hospitalized healthy sub-
jects. The authors noted that subjects with severe sepsis developed higher peak
Angpt-2 concentrations than those with uncomplicated sepsis and further observed
that individuals with impaired lung gas exchange had higher peak Angpt-2 values
than those with normal gas exchange [69]. In single-center and multicenter cohort
studies, Angpt-2 was a robust indicator of extrapulmonary ARDS [8]. The induction
of Angpt-2 clearly precedes adverse outcomes, a point strongly illustrated in an
emergency department-based study of 270 adults with suspected infection in whom
circulating Angpt-2 measured within the first hour of hospitalization predicted inpa-
tient mortality, with an area under the receiver operator characteristic (ROC) curve
of 0.91 [10]. On comparison of several relevant biomarkers, Angpt-2 was the only
one capable of predicting the severity, monitoring the course, and prognosticating
the outcome of late-onset ARDS in febrile critically ill patients, irrespective of
underlying risk factor [23].
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2.3  Pulmonary Versus Extrapulmonary ARDS: The Myth Is
a Fact

ARDS was long thought to be a uniform expression of a diffuse, overwhelming
inflammatory reaction of the pulmonary parenchyma to a variety of serious underly-
ing diseases. The most frequent causes include sepsis, severe pneumonia, peritoni-
tis, and polytrauma. Since 1999, Gattinoni et al. have highlighted the differential
responses of respiratory mechanics in ARDS of pulmonary versus extrapulmonary
origin [18]. This could be associated with different underlying pathologies resulting
from two different pathogenic pathways: a “direct” insult to the lung parenchyma in
ARDS caused by pulmonary diseases, such as diffuse pneumonia, versus an “indi-
rect” insult to the lung parenchyma in ARDS caused by extrapulmonary diseases,
such as abdominal sepsis or pancreatitis [45]. One explanation for the differences
gathered from this landmark study was that prevalent consolidation is expected in
“direct” injury-type ARDS, whereas prevalent interstitial edema and alveolar col-
lapse are seen in “indirect” injury-type ARDS [37, 51, 54]. Sixteen years on, Calfee
et al. demonstrated that pulmonary ARDS is characterized by more severe lung
epithelial injury compared with extrapulmonary ARDS, while extrapulmonary
ARDS is characterized by more severe endothelial injury and inflammation [8].
With few exceptions, these findings were robust to adjustment for differences in
severity of illness and of lung injury. These distinct molecular phenotypes of pulmo-
nary versus extrapulmonary lung injury provide strong evidence that the heteroge-
neity in ARDS pathogenesis observed in experimental models [37] is relevant to
human ARDS, a finding that may have important implications for clinical trials of
novel therapies. As well as molecular phenotypes, pulmonary permeability also
seems to differ between pulmonary and extrapulmonary ARDS. In analyses with the
transpulmonary thermodilution method, patients with pulmonary ARDS exhibited a
higher pulmonary vascular permeability index compared with extrapulmonary
ARDS patients for the first 3 consecutive days of intensive care unit stay [42]. On
the other hand, the extravascular lung water index differed only at day 3 (extrapul-
monary ARDS, 14.9 + 6.0; pulmonary ARDS, 17.6 + 7.8, p = 0.02). Although this
study had few patients, unbalanced allocation, and SOFA score at baseline measure-
ments, the transpulmonary thermodilution method was able to distinguish between
the ARDS etiologies through assessment of pulmonary permeability. In short, there
appear to be clear differences in pathophysiology, morphological aspects, respira-
tory mechanics, and hemodynamic parameters between pulmonary and extrapulmo-
nary ARDS in humans.

24  ARDS Phenotypes

The establishment of clear definitions of ARDS has led to significant advances in
the standardization of populations in research studies; however, a number of studies
have shown significant heterogeneity within the population of patients meeting con-
sensus criteria for ARDS [13, 63]. Heterogeneity has been described on the basis of
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Fig. 2.1 Acute respiratory distress syndrome phenotypes related to sepsis, cancer, trauma, and
transfusion. HLA human leukocyte antigen, ICAM-1 intercellular adhesion molecule 1, NET neu-
trophil extracellular traps, SP-D surfactant protein D, TRALI transfusion-related acute lung injury,
vWF von Willebrand factor, WBC white blood cell

predisposing insult, such as sepsis, cancer, transfusion, and trauma, or by mecha-
nism of injury, such as direct or indirect pulmonary injury [7]. One recent example
corroborating the distinction in ARDS phenotypes relates to the presence or absence
of diffuse alveolar damage (DAD) on postmortem analysis. Lorente et al. [31]
showed that non-survivors of ARDS have different clinical characteristics depend-
ing on the underlying histology. Patients with ARDS and DAD at postmortem had a
different clinical phenotype than patients with ARDS and other histologic findings
without DAD. These findings support the concept that the presence of DAD defines
a specific subphenotype within patients with the clinical diagnosis of ARDS. How
to detect this or other phenotypes at bedside remains unclear. Figure 2.1 provides an
overview of the most common ARDS phenotypes, including expected biomarker
levels, likely risk factors, and association with specific injuries.

2.4.1 Septic and Cancer Phenotypes

Studies measuring circulating biomarkers in patients with ARDS showed that pro-
tein C levels were lower in patients with sepsis-related ARDS than in those with
non-sepsis-related ARDS, whereas procalcitonin, neopterin, von Willebrand factor
antigen, soluble intercellular adhesion molecule 1, and soluble E-selectin levels
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were higher [34]. Among these biomarkers, the levels of IL-6, IL-8, and IL-10 are
higher in sepsis-related ARDS, which suggests a higher degree of acute inflamma-
tion, endothelial cell activity, and coagulation activation. Sheu et al. [55] found that
sepsis-related ARDS is associated with greater overall disease severity, poorer
recovery from lung injury, lower successful extubation rate, and higher mortality
than non-sepsis-related ARDS. Worse clinical outcomes in sepsis-related ARDS
appear to be driven by disease severity and comorbidities. Among the latter, liver
cirrhosis was strongly associated with death in ARDS scenarios. In a multivariate
Cox regression analysis, the authors showed metastatic cancers as independent pre-
dictors of ARDS mortality. Patients with underlying cancer who developed ARDS
had a significantly higher risk of 28-day mortality compared to those without can-
cer, mainly because of the severity of illness at presentation and older age of those
with cancer [58]. Likely explanations for this result include severe infectious condi-
tions, such as resistant bacterial, fungal, and viral infections; use of chemotherapeu-
tic agents and radiation exposure; and the delay in ARDS diagnosis. In this study,
the delay between onset of respiratory symptoms and ICU admission exceeded
2 days, and this independently contributed to higher 28-day mortality [41].

2.4.2 Trauma and Transfusion Phenotypes

It has been shown that patients with trauma-associated ARDS have markedly differ-
ent clinical characteristics than patients with other clinical etiologies of ARDS [7].
These differences were associated with lower plasma levels of several biomarkers
previously found to be associated with poor clinical outcomes in ARDS, including
ICAM-1, SP-D, sTNFr-1, and vWF. Although one previous study [3] focused solely
on the prevalence of ARDS based on the Berlin definition among military burn vic-
tims, the authors provide important information about the ARDS phenotype.
Regardless of trauma, patients were discriminated into mild, moderate, and severe
ARDS groups, with mortality rates of 11.1%, 36.1%, and 43.8%, respectively. The
following variables were independently associated with moderate or severe ARDS
in this population: inhalation injury, injury severity score, pneumonia, and use of
fresh frozen plasma. In fact, previous studies have shown a strong link between
administration of fresh frozen plasma and development of ARDS in severely injured
patients [24, 64]. Transfusion-related acute lung injury (TRALI) could be impli-
cated. Classically, TRALI has been associated with immune-mediated and non-
immune-mediated events. The former is caused by human leukocyte antigen (HLA)
class I and II and/or less frequent antibodies directed against specific granulocyte
antigens, human neutrophil antigen (HNA), which can be present in the serum of
the recipient or donor and thus react with donor or recipient leukocytes, respectively
[43]. The non-immune-mediated events can be attributed to transfusion of biologi-
cally active compounds which accumulate in stored blood components, such as bio-
active lipids, proinflammatory cytokines, or platelet microparticles with high
procoagulant activity [59]. One further mechanism could be the release of proin-
flammatory mitochondrial damage-associated molecular patterns (DAMPs),
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including mitochondrial deoxyribonucleic acid (mtDNA) fragments and mtDNA-
associated proteins [30]. Clinically, hemodynamic monitoring helps distinguish
TRALI from cardiogenic pulmonary edema. Normal or low pulmonary capillary
wedge pressure and central venous pressure values are characteristic of TRALI
[56]. Hemodynamic monitoring is needed to exclude other causes of TRALI,
because its symptoms are similar to those of other conditions, including anaphylac-
tic reaction, cardiogenic pulmonary edema, ARDS, and bacterial infection.
Occasionally, leukopenia, neutropenia, hypoalbuminemia, and hypocomplemente-
mia can be detected. The most prevalent symptom is a transient leukopenia, which
arises in 5-35% of patients [14].

The lungs tend to be more frequently affected than any other organ in patients who
die of clinical shock or after trauma, a phenomenon associated with neutrophil infil-
tration, pulmonary edema, hemorrhage, and microvascular thrombosis [32]. The fun-
damental pathogenic events related to trauma remain incompletely characterized.
Studies have shown that nuclear proteins, such as high mobility group box-1
(HMGB-1) [46], and histones [1] are elevated after trauma events related to ARDS
scenarios. Histones in particular have demonstrated ability to mediate remote organ
damage, particularly in the lungs, and contribute to multiple organ failure. One pos-
sible mechanism could be that extracellular histones bind phospholipids, disrupt cell
membranes, and cause calcium influx. This indiscriminate activity on all cells tested
resulted in sustained elevation of [Ca*?]i, causing cell damage and release of cellular
stores and content. Furthermore, the increase in histone levels could be associated
with NET formation and may become a novel marker reflecting disease activity. In
fact, the predominant source of histones in ARDS may be neutrophils that have been
activated by C5a to form NETSs, which seems to be an ongoing process toward inflam-
mation perpetuation [20]. Extracellular histones are highly proinflammatory and have
been shown to cause severe damage to respiratory function. Intratracheal instillation
of histones resulted in proinflammatory mediator production, epithelial cell damage,
disturbances in alveolar—capillary gas exchange, lung consolidation, and activation of
the coagulation cascade [20]. Targeting histones with neutralizing antibody or heparin
shows potent protective effects, suggesting a therapeutic strategy [70].

Within trauma populations, different patterns of ARDS onset with distinct ARDS
risk factors have been empirically described and may involve different pathogenesis
pathways [11]. By using latent class analysis (LCA), a statistical method used to
identify unobserved (latent) patterns underlying the observed heterogeneity in a pop-
ulation, one study identified three subgroups of ARDS based on timing of onset and
certainty of diagnosis in a cohort of critically ill trauma patients [47]. The model
identified a cutoff point of approximately 48 h after presentation separating the early-
and late-onset subgroups of ARDS. Early-onset ARDS was associated with increased
severity of thoracic trauma, more severe early hypertension, and increased red blood
cell transfusion during the initial resuscitation when compared with the later-onset
subgroup. In addition, the biomarkers SRAGE and Angpt-2 were significantly higher
in the serum of patients with early-onset ARDS, while all other biomarkers, includ-
ing markers of systemic inflammation, were similar between the two classes of
ARDS, suggesting distinct molecular profiles in the early post-trauma period.
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2.5 Future Perspectives for Translation of Experimental
Models into Therapy

Some pharmacologic treatments proposed or under evaluation for ARDS seek to
protect the endothelial cells, thus mitigating fluid extravasation into the alveolar
space [35]. These researches are based on physiological foundations but it has not
translated to the clinical setting [53]. A recent paper [19, 57] evaluated a new com-
pound, FG-4497, a prolyl hydroxylase domain 2 (PHD2) inhibitor, which has been
shown to activate hypoxia-inducible factor-2a (HIF-2a)-mediated transcription in a
hypoxia-independent manner in a model of endotoxin-induced ARDS. Once acti-
vated, HIF-2a increases the expression of vascular endothelial protein tyrosine
phosphatase (VE-PTP), which, in turn, can decrease VE-cadherin phosphorylation,
supporting the integrity of adherens junctions (AJs) and preventing loss of endothe-
lial barrier function. FG-4497 may herald a new pharmacologic strategy for
ARDS. Also regarding pharmacologic treatment, one recent paper [50] showed that
the FDA-approved tyrosine kinase inhibitor imatinib attenuated the inflammation
and vascular leak induced by lipopolysaccharide when combined with ventilator-
induced lung injury (VILI) and that these protective effects outweigh the deleterious
effects of this intervention previously reported in VILI alone. As well as decreasing
inflammation, imatinib may act on several vascular leak models, as it inhibits c-Abl,
one component of the family of kinases that are critical mediators of vascular func-
tion with both protective and disruptive effects.

Conclusion

Different cells play roles in the lung inflammation observed in ARDS. The inter-
play between resident cells (structural and alveolar macrophages) and nonresi-
dent cells (circulating leukocytes, neutrophils) results in lung injury and is
implicated in reparative mechanisms in the ARDS lung. Recognition of differ-
ences in ARDS manifestations depending on the precipitating insult—whether
directed to the epithelium or endothelium, whether related to septic events, to
underlying cancer, or to trauma—has enabled elucidation of more phenotypes of
this condition. This is an important step; as shown by developments in similar
lung diseases such as asthma and chronic obstructive pulmonary disease, pheno-
typing leads to better elucidation of pathogenesis and discovery of targets for
new therapies.
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Ventilation Strategies: Tidal Volume
and PEEP

Carmen Silvia Valente Barbas

3.1 Introduction

Acute respiratory distress syndrome (ARDS), defined as an increment in the lung
alveolar-capillary membrane permeability causing a pulmonary edema rich in pro-
teins, has been recently reclassified as mild, moderate, and severe according to
Berlin definition [1]. It occurred in 1.8—10% of ICU admissions [1-3] and presents
a progressively higher mortality ratio from its mild (34.9%) to the more severe form
of presentation (46.1%) [3].

3.2  Respiratory System Structural Dysfunction After ARDS

After the initial lung insult, resulting from the exposition of a genetic predisposing
patient to a risk factor (pulmonary infection, sepsis, acid-gastric lung aspiration,
etc.), epithelial and endothelial lung barriers can be disrupted liberating, respec-
tively, receptors for advanced glycation end products (RAGE) and angiopoietin-2.
The extravasation of plasma inside the alveolar space turns an air-filled lung into a
heavy high-osmotic pressure liquid-filled lungs. As a consequence, the higher
weight of the lungs under the action of the gravity force predisposes the lowermost
lung regions to collapse (Fig. 3.1) provoking a higher intrapulmonary shunt, a
refractory hypoxemia, and a decrease in lung compliance. The functional alterations
of the respiratory system are expressed by a decrease in the functional residual
capacity (FRC) and a shift of the respiratory system pressure-volume curve down
and to the right. The clinical manifestations are a dyspneic and hypoxemic patient
with a high work of breathing that needs a high nasal flow oxygen system,
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Fig.3.1 Normal thoracic tomography versus ARDS thoracic tomography (Reprinted with permis-
sion from Medical Evidence Percorso Formativo 2015, yr. 8, n. 104, www.atil4.it)

noninvasive ventilation or intubation, and invasive mechanical ventilation to sup-
port the patient’s gas exchange and respiratory system mechanics while the clinical
treatment and avoidance of the risk factors start [4, 5].

3.3 Tidal Volume and PEEP During Spontaneous Ventilatory
Support in ARDS Patients

Recently, Frat and colleagues [6] showed that high-flow oxygen through nasal
cannula (HFNC= 48 + 11 L/min) can be used in hypoxemic respiratory failure
(PaO,/Fi0O, ratio less than 300, 79% of these patients with bilateral pulmonary
infiltrates) with an intubation rate of 38% in the high-flow oxygen group, 47% in
the standard oxygen group, and 50% in the noninvasive ventilation group (p =
0.18; p = 0.17 by the log-rank test). Ventilator-free days at day 28 was signifi-
cantly lower in high-flow oxygen group as well as crude in ICU and 90-day
mortality. One of the hypothesis generated by this study was that the high tidal
volume of 9 mL/kg/predicted body weight achieved by the NIV group could be
responsible for its poor result. At 1 h after enrollment, the intensity of respiratory
discomfort was reduced, and the dyspnea score was improved with the use of
high-flow oxygen nasal cannula, as compared with standard oxygen group and
NIV generating the hypothesis that HFNC could decrease the patient’s inspira-
tory efforts and their transpulmonary pressures and possibly decreasing their
induced lung injury.

Messica and colleagues [7] studied in a 1-year observational study 87 patients
with ARDS that received HFNC at least once during their ICU stay. Of those, 45
subjects received HFNC as first-line treatment for respiratory failure, and intubation
was needed in 40% of the patients. In the multivariate analysis, SAPS II was signifi-
cantly associated with intubation requirement.
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The role of spontaneous inspiratory effort, intensity of inspiratory muscle activ-
ity, and size of tidal volume achieved during spontaneous ventilatory support
(Standard oxygen, HFNC or NIV) and their association with ARDS patient out-
comes must be better studied in the future. Most of the studies of ARDS patients
that needed NIV used low EPAP/PEEP levels (from 0 to 10 cmH,0). The role of
higher PEEP levels or individual PEEP titration in this ARDS population are still
not elucidated.

34 Invasive Mechanical Ventilation in ARDS Patients: Role
of Tidal Volume

It is well documented that lower tidal volumes (6 mL/kg of predicted body weight)
compared to higher tidal volumes (12 mL/kg of predicted body weight) associated
with PEEP levels titrated by a PEEP/FiO, table reduced mortality in a randomized,
clinical trial that analyzed 861 ARDS patients (ARMA trial) [8]. In the ARMA trial,
lower tidal volumes led to lower levels of plasma IL-6, IL-8 ,and TNFR1 over the
subsequent 1-3 days [9].

So, low tidal ventilation (<6 mL/kg of predicted body weight) must be initiated
as soon as the ARDS patient is intubated and mechanically ventilated. The predicted
body weight (PBW) can be calculated as follows: for women, PBW=45.5 + 0.91
(height in centimeters — 152.4) and, for men, PBW = 50.0 + 0.91 (height in centi-
meters —152.4). It is important to adjust tidal volume to lung size that depends on
the height and sex but, more importantly, to adjust the tidal volume to functional
lung size that depends on the ARDS severity (lung compliance), sex, height, and
chest wall compliance. It also depends where in the pressure-volume curve of the
respiratory system the tidal ventilation takes place, even more, the interaction
between the FRC (functional residual capacity) and tidal ventilation inside the tho-
racic cage during controlled ventilation. During assisted ventilation other two fac-
tors must be added to the interaction between the FRC and above tidal ventilation
inside the thoracic cage: the patient’s negative inspiratory efforts, and the pressures
that resulted from the desynchronization between the patient and the mechanical
ventilator. Recent evidences showed that in severe ARDS, patients’ inspiratory
efforts during assisted ventilation could worsen ventilator lung injury induced by
the mechanical ventilation during the ventilatory support of the ARDS patients [10].
This associated and added injury could explain the results of a phase IV randomized
controlled trial in moderate/severe ARDS patients (PaO,/FiO, < 150); comparing
cisatracurium to placebo for 48 h showed an improved adjusted 90-day survival rate
and increased ventilator-free in the cisatracurium group without a significant
increase in muscle weakness. Short-term paralysis may facilitate patient-ventilator
synchrony in the setting of lung-protective ventilation. Short-term paralysis would
eliminate patient triggering and expiratory muscle activity. In combination, these
effects may serve to limit regional overdistention and cyclic alveolar collapse.
Paralysis may also act to lower metabolism and overall ventilatory demand [11].
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At the same time that a low tidal volume is set, an adequate respiratory rate must
be concurrently set in order to keep a minute ventilation around 7-8 L/min and a
PaCO, around 40-60 mmHg and a pH above 7.2. In the more severe ARDS patients,
sometimes after the adjustment of a minute ventilation around 8 L/min with tidal
volumes lesser than 6 mL/kg of predicted body weight, the PaCO, levels stay above
80 mmHg and pH less than 7.2 (specially patients with septic shock and metabolic
acidosis). In these cases, the VCO, must be assessed and be kept as least as possible
(fever control, low carbohydrate intake), and hemodialysis can be initiated (spe-
cially in ARDS patients with concomitant acute renal failure ) in order to help con-
trol the metabolic acidosis. Efforts must be taken to decrease the pulmonary death
space by means of recruitment maneuvers and PEEP titration, tidal volume and
respiratory rate adjustments, or even the initiation of prone ventilation. In the most
difficult cases, tracheal gas insufflation or extracorporeal CO, removal or extracor-
poreal oxygenation should be started in order to keep the protective low tidal vol-
ume ventilation [4].

Potentially harmful consequences of permissive hypercapnia include pulmonary
vasoconstriction and pulmonary hypertension, proarrythmic effects of increased
discharge of catecholamines, and cerebral vasodilation yielding increased intracra-
nial pressure. Special attention should be given to patients with pulmonary hyper-
tension and right ventricular dysfunction secondary to ARDS that could not tolerate
high PaCO, and low pH levels [4].

Nonetheless, permissive hypercapnia should probably be used with caution in
patients with heart disease and is relatively contraindicated in those with elevated
intracranial pressure. In ARDS cases with pulmonary hypertension and right ven-
tricular dysfunction, prone position ventilation should be preferred [4].

Recent evidence showed that prolonged prone position ventilation (16 h) must be
used in early ARDS with PaO,/FiO, <150 with PEEP levels of or more than 5
c¢cmH,0 in order to significantly improve 90-day mortality compared to supine ven-
tilation [12]. Recent meta-analysis also showed that in the era of low tidal ventila-
tion, the prone position use improved mortality of moderate/severe ARDS patients
that needed invasive mechanical ventilatory support [13]. If PEEP titration during
prone position ventilation should improve survival of ARDS patients is still a matter
of debate [14].

Another recent approach for application of extracorporeal carbon dioxide
removal new devices (ECMO-R) in ARDS patients is the demonstration that in
severe ARDS, even the low tidal volume ventilation with 6 mL/kg of predicted body
weight can cause tidal hyperdistension in the nondependent regions of the lungs
accompanied by plateau airway pressures greater than 28 cmH,O and elevated
plasma markers of inflammation. In this group application of ECMO-R could allow
the authors to decrease the tidal volume to less than 6 mL/kg with a consequent
plateau pressure less than 25 cmH,O that was associated with a lower radiographic
index of lung injury and lower levels of lung-derived inflammatory cytokines [15].
However, prognostic implication of this new ECMO-R devices application in clini-
cal practice is still under investigation [16].
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Pumpless interventional lung assist (iLA) is also used in patients with ARDS and
is aimed at improving extracorporeal gas exchange with a membrane integrated in a
passive arteriovenous shunt. iLA serves as an extracorporeal assist to support
mechanical ventilation by enabling low tidal volume and a reduced inspiratory pla-
teau pressure in extremely severe ARDS patients. Zimmermann and colleagues
used iLA in 51 severe ARDS patients and observed a decrease in PaCO, allowing
the decrease in tidal volume and plateau pressure (ultraprotective ventilation) with
a hospital mortality rate of 49% [17]. Recently, Fanelli and colleagues described the
feasibility and safety of use of an ultraprotective strategy using 4 mL/kg of pre-
dicted body weight associated with low-flow extracorporeal carbon removal in 15
moderate ARDS patients [18].

3.5 Limiting the Tidal Volumes in ARDS with Modern
Ventilators

Recently, Wing and colleagues [19] showed that modern ventilators have an increas-
ing number of optional settings that can change the size of the delivered tidal vol-
ume. These settings may increase the delivered tidal volume and disrupt a low tidal
volume strategy. Recognizing how each setting within a mode affects the type of
breath delivered is critical when caring for ventilator-dependent patients. The AVEA
has two options in volume A/C: demand breaths and V-sync. When activated, these
options allow the patient to exceed the set tidal volume. When using the Evita XL,
the option Auto-Flow can be turned on or off, and when this option is on, the tidal
volume may vary. The PB 840 does not have any additional options that affect vol-
ume delivery, and it maintains the set tidal volume regardless of patient effort. The
SERVO-i’s demand valve allows additional flow if the patient’s inspiratory flow rate
exceeds the set flow rate, increasing the delivered tidal volume; this option can be
turned off with the latest software upgrade. The continuous monitoring of the low
tidal volumes during the ARDS ventlatory support must be implemented in our
ICUs in order to guarantee that a protective ventilation is continuously offered to
our ARDS patients.

3.6 LowTidal Volumes Must Generate Low Driving
Pressures to Assure It Is Really Protective to ARDS
Patients

Recently, Amato and colleagues [20] hypothesized that driving pressure
(AP=VT/CRS), in which VT is intrinsically normalized to functional lung size
(instead of predicted lung size in healthy persons), would be an index more
strongly associated with survival than VT or PEEP in patients who are not
actively breathing. Using a statistical tool known as multilevel mediation analy-
sis to analyze individual data from 3562 patients with ARDS enrolled in nine
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previously reported randomized trials, they examined Ap as an independent
variable associated with survival. In the mediation analysis, they estimated the
isolated effects of changes in Ap resulting from randomized ventilator settings
while minimizing confounding due to the baseline severity of lung disease. The
authors observed that among ventilation variables, Ap was most strongly associ-
ated with survival. A 1-SD increment in Ap (approximately 7 cm of water) was
associated with increased mortality (relative risk, 1.41; 95% confidence interval
[CI], 1.31-1.51; p < 0.001), even in patients receiving “protective” plateau pres-
sures and VT (relative risk, 1.36; 95% CI, 1.17-1.58; p < 0.001). Individual
changes in VT or PEEP after randomization were not independently associated
with survival; they were associated only if they were among the changes that led
to reductions in Ap (mediation effects of Ap, p = 0.004 and p = 0.001, respec-
tively). They concluded that Ap was the ventilation variable that best stratified
risk. Decreases in Ap owing to changes in ventilator settings were strongly asso-
ciated with increased survival.

3.7 Invasive Mechanical Ventilation in ARDS Patients: Role
of End-Positive Expiratory Pressure (PEEP) Levels

Recently, three large clinical trials [21-23], including acute lung injury/ARDS
patients ventilated with low tidal volume, have compared different PEEP strate-
gies (high vs. low), but none of them could show a significant difference in mor-
tality. Moreover, a recent meta-analysis has pooled those trials [24], revealing
some combined benefit of the high PEEP strategy; still, the survival benefit was
modest and limited to the subgroup of ARDS patients with PaO,/FiO, < 200.
Conceptually, one could argue that none of the “high PEEP” strategies was
designed to test the “open-lung hypothesis” postulated by Lachmann [25-28],
that is, the hypothesis that most of the collapsed lung tissue observed in early
ARDS can be reversed at an acceptable clinical cost, potentially resulting in better
lung protection. According to a recent study by Borges and colleagues [29], a
straight test of the “open-lung hypothesis” would certainly require more aggres-
sive recruiting maneuvers in association with individualized, decremental PEEP
titration. Thus, one can speculate that the limited results reported above were
related to suboptimal ventilatory strategy. Recently, de Matos and colleagues [30]
reported the experience with maximal recruitment rtrategy (MRS) in 51 patients
with ARDS. MRS consisted of 2-min steps of tidal ventilation with pressure-
controlled ventilation, fixed driving pressure of 15 cmH,O, respiratory rate of 10
breaths/minute, inspiratory/expiratory ratio of 1:1, and stepwise increments in
PEEP levels from 10 to 45 cmH,O (recruitment phase). After that, PEEP was
decreased to 25 cmH,O and, then, from 25 to 10 cmH,O (PEEP titration phase) in
steps of 5 cmH,0, each one lasting 4 min. At each of the steps, computer tomog-
raphy image sequences from the carina to the diaphragm were acquired during an
expiratory pause of 6-10 s. Lung collapse was assessed online by visual inspec-
tion, for immediate clinical decision, and offline for quantitative measurements.
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Fig.3.2 Detailed thoracic Tomographic analysis of nonaerated (HU from —100 to +100U), poorly
aerated (HU form —100 to —500 U), normally aerated (HU from —500 to —900U), and hyperin-
flated ( HU more than —900U) in 12 patients with moderate/severe ARDS during maximal recruit-
ment manuevers and PEEP titration (Reprinted with permission from Medical Evidence Percorso
Formativo 2015, yr. 8, n. 104, www.atil4.it)

MRS showed a statistically significant decrease in nonaerated areas of the ARDS
lungs that was accompanied by a significant increment in oxygenation. The open-
ing plateau pressure observed during the recruitment protocol was 59.6
(5.9 cmH,0), and the mean PEEP titrated after MRS was 24.6 (+2.9 cmH,0).
Mean PaO,/FiO, ratio increased from 125 (£43) to 300 (=103; p < 0.0001) after
MRS and was sustained above 300 throughout 7 days. Nonaerated parenchyma
decreased significantly from 53.6% (interquartile range (IQR): 42.5-62.4) to
12.7% (IQR: 4.9-24.2) (p < 0.0001) after MRS. The potentially recruitable lung
was estimated at 45% (IQR: 25-53). ICU mortality was 28% and hospital mortal-
ity was 32%. The independent risk factors associated with mortality were older
age and higher driving pressures (or higher delta pressure control). There were no
significant clinical complications with MRS or barotrauma. A better evolution of
these ARDS patients with less necessity of oxygen supplementation in the recov-
ery phase of the disease and a better quality of life must be tested in prospective,
controlled clinical trials. A recent meta-analysis [23] showing beneficial effects
on mortality using higher PEEP levels compared with lower PEEP in ARDS
patients corroborates the results of our clinical case series of ARDS patients sub-
mitted to MRS. A detailed thoracic tomographic analysis performed in 12 of these
ARDS patient thoracic computed tomographies during recruitment phase and
PEEP titration phase showed a significant increment in normal aerated lungs and
decrement of nonaerated during maximal recruitment maneuvers and PEEP titra-
tion (Fig. 3.2). These results demonstrated that keep sufficient PEEP levels after
recruitment is crucial in ARDS patients (Fig. 3.3).
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Fig. 3.3 Maximal recruitment manuevers can open up the collapsed lung in ARDS, and high
PEEP levels are crucial to keep the lungs open (Reprinted with permission from Medical Evidence
Percorso Formativo 2015, yr. 8, n. 104, www.atil4.it)

3.8 Interaction Between Low Tidal Volume and High PEEP
Levels During Invasive Mechanical Ventilation in ARDS
Patients

Amato and colleagues [31] demonstrated reduction in 28-day mortality in 53 ARDS
patients submitted to recruitment maneuver (CPAP 40cmH,0O) PEEP titrated by
static Pressure x Volume (P x V) curve associated with low tidal volume (VT =
6mL/kg), compared to those ventilated with high VT (12mL/kg) and low PEEP
strategy. Villar and colleagues [32] found congruent results in a similar protocol in
103 ARDS patients. These two clinical, prospective, and control trials showed sig-
nificant results in improving ARDS mortality with a relatively small number of
patients indicating that should be an interaction between high PEEP and low tidal
volume during invasive mechanical ventilation in ARDS patients, and static
pressure-volume curve of the respiratory system of ARDS patients should be the
best window to ventilate our ARDS patients.

Finally, perhaps, it would be important to optimize PEEP in each patient based
on the respiratory characteristics. In ARDS, we have to deal with the transpulmo-
nary pressure (airway pressure minus pleural pressure) at both end inspiration and
end expiration. If we consider end inspiration, due to the high variability of chest
wall to lung elastance ratio across the patients, similar pressure applied to the
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airway opening can generate different changes in transpulmonary pressure.
Consequently, the application of similar tidal volume and PEEP may have harmful
or not harmful effects on the lung stress/strain depending on the patient’s respiratory
characteristics. In addition, for the same tidal volume, different PEEP levels may
result in different degrees of ventilator-associated lung injury [33]. Talmor and col-
leagues [34], in a small single-center randomized controlled trial, individualized
PEEP in order to achieve end expiratory transpulmonary pressure between 0 and
10 cmH,0 in ARDS patients for 3 days. They found higher PEEP levels, better
oxygenation, and greater compliance of the respiratory system in the esophageal
pressure PEEP-guided group as compared to the control group (gas exchange-based
PEEP). End inspiratory transpulmonary pressure and mortality rate at 28 days were
similar in the two groups.

References

1. Definition Task Force ARDS, Ranieri VM, Rubenfeld GD, Thompson BT, Ferguson ND,
Caldwell E, Fan E, Camporota L, Slutsky AS (2012) Acute respiratory distress syndrome: the
Berlin Definition. JAMA 307(23):2526-2533

2. Caser EB, Zandonade E, Pereira E, Gama AM, Barbas CS (2014) Impact of distinct definitions
of acute lung injury on its incidence and outcomes in Brazilian ICUs: prospective evaluation
of 7,133 patients. Crit Care Med 42(3):574-582

3. Bellani G, Laffey JG, Pham T, Fan E, Brochard L, Esteban A, Gattinoni L, van Haren F,
Larsson A, DF MA, Ranieri M, Rubenfeld G, Thompson BT, Wrigge H, Slutsky AS, Pesenti
A, LUNG SAFE Investigators; ESICM Trials Group (2016) Epidemiology, patterns of care,
and mortality for patients with acute respiratory distress syndrome in intensive care units in 50
countries. JAMA 315(8):788-800

4. Barbas CS, Matos GF, Amato MB, Carvalho CR (2012) Goal-oriented respiratory manage-
ment for critically ill patients with acute respiratory distress syndrome. Crit Care Res Pract
2012:952168

5. Barbas CS, Isola AM, Caser EB (2014) What is the future of acute respiratory distress syn-
drome after the Berlin definition? Curr Opin Crit Care 20(1):10-16

6. Frat JP, Thille AW, Mercat A, Girault C, Ragot S, Perbet S, Prat G, Boulain T, Morawiec E,
Cottereau A, Devaquet J, Nseir S, Razazi K, Mira JP, Argaud L, Chakarian JC, Ricard JD,
Wittebole X, Chevalier S, Herbland A, Fartoukh M, Constantin JM, Tonnelier JM, Pierrot M,
Mathonnet A, Béduneau G, Delétage-Métreau C, Richard JC, Brochard L, Robert R, FLORALI
Study Group; REVA Network (2015) High-flow oxygen through nasal cannula in acute hypox-
emic respiratory failure. N Engl J Med 372(23):2185-2196

7. Messika J, Ben Ahmed K, Gaudry S, Miguel-Montanes R, Rafat C, Sztrymf B, Dreyfuss D,
Ricard JD (2015) Use of high-flow nasal cannula oxygen therapy in subjects with ARDS: a
1-year observational study. Respir Care 60(2):162—-169

8. The Acute Respiratory Distress Syndrome Network (2000) Ventilation with lower tidal vol-
umes as compared with traditional tidal volumes for acute lung injury and the acute respiratory
distress syndrome. N Engl J Med 342:1301-1308

9. Parsons PE, Eisner MD, Thompson BT, Matthay MA, Ancukiewicz M, Bernard GR, Wheeler
AP (2005) Lower tidal volume ventilation and plasmacytokine markers of inflammation in
patients with acute lung injury. Crit Care Med 33:1-6

10. Yoshida T, Torsani V, Gomes S, De Santis RR, Beraldo MA, Costa EL, Tucci MR, Zin WA,
Kavanagh BP, Amato MB (2013) Spontaneous effort causes occult pendelluft during mechani-
cal ventilation. Am J Respir Crit Care Med 188(12):1420-1427



38

C.S.V.Barbas

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Papazian L, Forel JM, Gacouin A et al (2010) Neuromuscular blockers in early acute respira-
tory distress syndrome. N Engl J Med 363(12):1107-1116

Guérin C, Reignier J, Richard JC, Beuret P, Gacouin A, Boulain T, Mercier E, Badet M, Mercat
A, Baudin O, Clavel M, Chatellier D, Jaber S, Rosselli S, Mancebo J, Sirodot M, Hilbert G,
Bengler C, Richecoeur J, Gainnier M, Bayle F, Bourdin G, Leray V, Girard R, Baboi L, Ayzac
L, PROSEVA Study Group (2013) Prone positioning in severe acute respiratory distress syn-
drome. N Engl J Med 368(23):2159-2168

Beitler JR, Shaefi S, Montesi SB, Devlin A, Loring SH, Talmor D, Malhotra A (2014) Prone
positioning reduces mortality from acute respiratory distress syndrome in the low tidal volume
era: a meta-analysis. Intensive Care Med 40(3):332-341

Beitler JR, Guérin C, Ayzac L, Mancebo J, Bates DM, Malhotra A, Talmor D (2015) PEEP
titration during prone positioning for acute respiratory distress syndrome. Crit Care 19:436
Ranieri VM, Terragni PP, Del Sorbo L et al (2009) Tidal volume lower than 6 mL/kg enhances
lung protection: role of extracorporeal carbon dioxide removal. Anesthesiology 111(4):
826-835

Costa EL, Amato MB (2013) Ultra-protective tidal volume: how low should we go? Crit Care
17(2):127

Zimmermann M, Bein T, Arlt M, et al (2009) Pumpless extracorporeal interventional lung
assist in patients with acute respiratory distress syndrome: a prospective pilot study. Crit Care
13(1, article no. R10).

Fanelli V, Ranieri MV, Mancebo J, Moerer O, Quintel M, Morley S, Moran I, Parrilla F,
Costamagna A, Gaudiosi M, Combes A (2016) Feasibility and safety of low-flow extracorpo-
real carbon dioxide removal to facilitate ultra-protective ventilation in patients with moderate
acute respiratory distress syndrome. Crit Care 20(1):36. doi:10.1186/s13054-016-1211-y
Wing TJ, Haan L, Ashworth LJ, Anderson J (2015) Limiting volume with modern ventilators.
Ther Adv Respir Dis 9(3):75-83

Amato MB, Meade MO, Slutsky AS, Brochard L, Costa EL, Schoenfeld DA, Stewart TE, Briel
M, Talmor D, Mercat A, Richard JC, Carvalho CR, Brower RG (2015) Driving pressure and
survival in the acute respiratory distress syndrome. N Engl J Med 372(8):747-755

Brower RG, Lanken PN, MacIntyre N, Matthay MA, Morris A, Ancukiewicz M, Schoenfeld
D, Thompson BT (2004) Higher versus lower positive end-expiratory pressures in patients
with the acute respiratory distress syndrome. N Engl J Med 351:327-336

Mercat A, Richard JC, Vielle B, Jaber S, Osman D, Diehl JL, Lefrant JY, Prat G, Richecoeur
J, Nieszkowska A, Gervais C, Baudot J, Bouadma L, Brochard L, Expiratory Pressure
(Express) Study Group (2008) Positive end-expiratory pressure setting in adults with acute
lung injury and acute respiratory distress syndrome: a randomized controlled trial. JAMA
299:646-655. doi:10.1001/jama.299.6.646

Meade MO, Cook DJ, Guyatt GH, Slutsky AS, Arabi YM, Cooper DJ, Davies AR, Hand LE,
Zhou Q, Thabane L, Austin P, Lapinsky S, Baxter A, Russell J, Skrobik Y, Ronco JJ, Stewart
TE (2008) Lung Open Ventilation Study Investigators. Ventilation strategy using low tidal
volumes, recruitment maneuvers, and high positive end-expiratory pressure for acute lung
injury and acute respiratory distress syndrome: a randomized controlled trial. JAMA 299:637—
645. doi:10.1001/jama.299.6.637

Briel M, Meade M, Mercat A, Brower RG, Talmor D, Walter SD, Slutsky AS, Pullenayegum E,
Zhou Q, Cook D, Brochard L, Richard JC, Lamontagne F, Bhatnagar N, Stewart TE, Guyatt G
(2010) Higher vs lower positive end-expiratory pressure in patients with acute lung injury and
acute respiratory distress syndrome: systematic review and meta-analysis. JAMA 303:865-873
Bohm SH, Vazquez de Anda GF, Lachmann B. In: Yearbook of intensive care and emergency
medicine. Vincent J-L, editor.(1998). Berlin: Springer; The open lung concept; pp. 430-440.
Lachmann B (1992) Open up the lung and keep the lung open. Intensive Care Med
18:319-321

Barbas CS, de Matos GF, Pincelli MP, da Rosa BE, Antunes T, de Barros JM, Okamoto V,
Borges JB, Amato MB, de Carvalho CR (2005) Mechanical ventilation in acute respiratory


http://dx.doi.org/10.1186/s13054-016-1211-y
http://dx.doi.org/10.1001/jama.299.6.646
http://dx.doi.org/10.1001/jama.299.6.637

Ventilation Strategies: Tidal Volume and PEEP 39

28.

29.

30.

31.

32.

33.

34.

failure: recruitment and high positive end-expiratory pressure are necessary. Curr Opin Crit
Care 11:18-28

Papadakos PJ, Lachmann B (2007) The open lung concept of mechanical ventilation: the role
of recruitment and stabilization. Crit Care Clin 23:241-250

Borges JB, Okamoto VN, Matos GF, Caramez MP, Arantes PR, Barros F, Souza CE, Victorino
JA, Kacmarek RM, Barbas CS, Carvalho CR, Amato MB (2006) Reversibility of lung collapse
and hypoxemia in early acute respiratory distress syndrome. Am J Respir Crit Care Med
174:268-278

de Matos GF, Stanzani F, Passos RH, Fontana MF, Albaladejo R, Caserta RE, Santos DC,
Borges JB, Amato MB, Barbas CS (2012) How large is the lung recruitability in early acute
respiratory distress syndrome: a prospective case series of patients monitored by computed
tomography. Crit Care 16(1):R4

Amato MB, Barbas CS, Medeiros DM, Magaldi RB, Schettino GP, Lorenzi-Filho G, Kairalla
RA, Deheinzelin D, Munoz C, Oliveira R, Takagaki TY, Carvalho CR (1998) Effect of a
protective-ventilation strategy on mortality in the acute respiratory distress syndrome. N Engl
J Med 338(6):347-354

Villar J, Kacmarek RM, Pérez-Méndez L, Aguirre-Jaime A (2006) A high positive end-
expiratory pressure, low tidal volume ventilatory strategy improves outcome in persistent acute
respiratory distress syndrome: a randomized, controlled trial. Crit Care Med 34(5):1311-1318
Chiumello D, Guérin C (2015) Understanding the setting of PEEP from esophageal pressure
in patients with ARDS. Intensive Care Med 41(8):1465-1467

Talmor D, Sarge T, Malhotra A, O’Donnell CR, Ritz R, Lisbon A, Novack V, Loring SH (2008)
Mechanical ventilation guided by esophageal pressure in acute lung injury. N Engl J Med
359(20):2095-2104



Ventilation Strategies: High-Frequency
Oscillatory Ventilation

Spyros D. Mentzelopoulos, George Karlis,
loannis N. Pantazopoulos, and Charikleia Vrettou

4.1 Introduction

High-frequency oscillatory ventilation (HFOV) is an alternative technique of venti-
lation in which small tidal volumes (i.e., <3.5 mL/kg predicted body weight) are
delivered at high frequencies (3—15 Hz) with an oscillatory pump [1]. The technique
comprises the application of continuous positive airway pressure and setting of the
mean airway pressure (mPaw) through manipulation of bias flow (a continuous
fresh gas flow sweeping through the ventilator circuit) and a resistance valve [2].
Oscillations generated by either a piston pump or an electromagnetically driven
membrane diaphragm are superimposed on mPaw [2] (Fig.4.1). HFOV frequency
and oscillatory pressure amplitude (AP; i.e., the transdiaphragmatic pressure swing)
can be varied to generate a different tidal volume (V}). Ventilator circuit pressure
swings are substantially attenuated due to tracheal tube impedance and peak-to-
trough pressure excursions at tracheal level amount to just 5-16% of circuit pres-
sure excursions. For any given V,, the dampening of circuit pressure oscillations is
inversely proportional to tracheal tube diameter and increases with increasing
HFOV frequency [2, 4].

For many years, it was believed that ventilation at Vs less than the anatomical
dead space should be ineffective because inspired air would not reach the alveoli. In
1980, a physiologic study showed that ventilation with Vs as small as a fraction of
the anatomical dead space can maintain adequate ventilation [5]. HFOV combines
small pressure oscillations to minimize overdistention with high mPaw to prevent
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Fig.4.1 High-frequency pressure wave in the proximal ventilator circuit. Note that both inhala-
tion and exhalation phases are active. The proximal circuit pressure may drop below the ambient
pressure if the oscillatory pressure amplitude (AP) is more than twice the mean airway pressure
(mPaw) setting. IT inspiratory time (Reproduced with permission from Derdak et al. [3])

atelectrauma (Fig. 4.1). Oxygenation is primarily achieved by increasing mPaw [6].
HFOV became a focus of research, but widespread use was limited by the unavail-
ability of commercial equipment. As the technology gradually evolved and our
understanding of the physiology of the acute respiratory distress syndrome (ARDS)
improved, HFOV was increasingly used for adult patients with ARDS who did not
tolerate conventional ventilation (CV). Currently, its use other than as a “rescue”
treatment remains controversial [7, 8].

4.2 Mechanisms of Gas Transport and Exchange

The mechanisms governing gas flow, gas mixing, and pressure transmission during
high-frequency oscillatory ventilation (HFOV) are fundamentally different to venti-
lation at conventional respiratory breathing frequencies. During CV, the main mech-
anisms of gas exchange are bulk convection and diffusion. During HFOV, there are
5 additional mechanisms of gas exchange, namely, asymmetric velocity profiles,
Taylor dispersion and turbulence, cardiogenic mixing, pendelluft effect, and collat-
eral ventilation [4] (Fig. 4.2). A basic understanding of these gas transport mecha-
nisms represents essential background for clinical HFOV use. With the exception of
molecular diffusion, all other mechanisms depend on convective fluid motion.

4.2.1 Bulk Convection

Bulk convection is the concerted, collective movement of groups of molecules
within fluids. Unlike CV, bulk convection plays a relatively small role in gas trans-
port during HFOV, although it is likely to contribute significantly to ventilatory
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Fig. 4.2 Gas transport mechanisms during high-frequency oscillation. The major gas transport
mechanisms that are operative under physiologic conditions within each region are shown (con-
vection, convection and diffusion, diffusion alone). There are seven mechanisms of gas transport
during high-frequency oscillation: turbulence in the large airways, causing enhanced mixing;
direct ventilation of close alveoli; turbulent flow with lateral convective mixing; pendelluft (asyn-
chronous flow among alveoli due to asymmetries in airflow impedance); gas mixing due to veloc-
ity profiles that are axially asymmetric (leading to streaming of gas toward the alveoli along the
inner wall of the airway and the streaming of alveolar gas away from the alveoli along the outer
wall); laminar flow with lateral transport by diffusion (Taylor dispersion); and collateral ventilation
through nonairway connections between neighboring alveoli (Reproduced with permission from
Pillow [4])

exchange in the most proximal lung units [4]. Research in animal models showed
that decreasing delivered V, to a level below the HFOV-circuit-related rebreathing
volume (as opposed to the larger anatomic dead space) causes a sudden rise in
PaCO,. This suggests CO, elimination efficiency is dependent on net oscillatory
volume and that bulk convection has an essential role during HFOV [9].

4.2.2 Molecular Diffusion

The principal means of gas movement in the alveolar zone is molecular diffusion. In
this zone, gas velocities approximate zero as a result of the very high total cross-
sectional area, with net gas transport best described by Fick’s law. The spontaneous
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gas particle mixing arising from Brownian motion is likely augmented by the
increased turbulence of the gas molecules during HFOV [10].

4.2.3 Asymmetric Velocity Profiles

The gas velocity profile inside large- and middle-size airways is parabolic. The
more central particles are propelled faster down the length of the airway, while the
peripheral particles diffuse radially, promoting axial gas exchange with expired
alveolar gas. This phenomenon is particularly evident at the airway bifurcations.
The airway bifurcation phenomenon directs fresh, machine-delivered gas to the
alveoli along a cone in the airway center, while exhaled gas moves out of the system
along the outer airway wall [11].

4.2.4 Taylor Dispersion

Taylor dispersion is an effect in fluid mechanics in which a shear flow can increase
the effective diffusivity of a fluid or gas mixture. In a shearing flow, adjacent layers
of fluid move parallel to each other with different speeds. The shear acts to smear
out the concentration distribution in the direction of the flow, enhancing the rate at
which it spreads in that direction. A semiempiric analysis predicts that the combina-
tion of Taylor dispersion and molecular diffusion (augmented dispersion) accounts
for almost all gas transport during HFOV [10].

4.2.5 Pendelluft Phenomena

Pendelluft phenomena refer to gas mixing between adjacent alveoli with incongru-
ent time constants. Time-constant inequalities between lung regions may set up bulk
convective currents recirculating air between neighboring lung units. In vitro and
computational lung models have shown that gas exchange during HFOV may be
markedly improved by the interaction of flow between asynchronous neighboring
airways resulting from asymmetries in inertance, compliance, or resistance.
Asymmetries in inertance and compliance of peripheral airways and lung units are
more important determinants of pendelluft than are asymmetries in resistance
[12-14].

4.2.6 Cardiogenic Mixing

The superimposition of the rhythmic, strong contractions of the heart may further
promote peripheral gas mixing by varying pressure transmission and flow genera-
tion within neighboring parenchymal regions. The contribution of cardiogenic
oscillation during HFOV has not been quantified. It has been suggested that
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cardiogenic mixing may account for up to half of the oxygen uptake in the presence
of totally apneic respiration [15, 16].

4.2.7 Collateral Ventilation

Collateral ventilation occurring through nonairway connections between neighboring
alveoli has also been proposed as an additional mechanism of gas transport during
both CV and HFOV. It is thought that this collateral ventilation occurs via the pores of
Kohn (discrete holes in walls of adjacent alveoli) and canals of Lambert (accessory
connections in the lungs between some bronchioles and their adjacent alveoli). The
relatively high resistance of the collateral channels to gas flow is likely to limit the
extent to which this mechanism contributes to gas mixing during HFOV [17].

Whereas gas transport is driven by convective fluid motion, the mechanics of the
respiratory system are also an important consideration as convective fluid motion is
driven by the pressure differences imposed by the chest wall or the ventilator. In this
respect, the impedance of the combined ventilator, circuit, tracheal tube, and respi-
ratory system is an important determinant of the efficiency of ventilation during
HFOV. Impedance is a global term that encompasses the mechanical properties of
elastance (i.e., the reciprocal of compliance), resistance, and the inertance. Although
inertance is essentially negligible at conventional breathing frequencies, it assumes
a much greater role at higher frequencies and cannot be ignored during HFOV [18].

Studies in both theoretical models and in healthy animals and humans have dem-
onstrated that V; has a greater effect on gas exchange than frequency during
HFOV. As such, ventilation efficiency (Q) may be expressed as:

Q=feVs®
The values for a and b in this equation approximate 1 and 2, respectively, although

the absolute values may be influenced by other factors such as the shape and com-
plexity of the oscillatory pressure waveform [19, 20].

4.3  Principles of Non-injurious Mechanical Ventilation
and HFOV Settings

In ARDS, the principles of any technique of mechanical ventilation should include
adequate oxygenation and PaCO, control, lung protection, and prevention of right
ventricular (RV) dysfunction.

4.3.1 Protection of the Lungs

Major mechanisms of ventilator-associated lung injury include increased lung stress
and strain [21]. During CV, overall, inspiratory, lung parenchymal stress is reflected
by plateau/peak transpulmonary pressure [21, 22]. Strain comprises deformation of
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the lung parenchyma by the applied distending force and corresponds to the Vi/end-
expiratory lung volume ratio [21].

In moderate-to-severe ARDS [23], lung-protective CV with limited lung stress
and strain [24, 25] but adequate positive end-expiratory pressure (PEEP) [26] aims at
minimizing the probability of barotrauma, volutrauma, atelectrauma, and biotrauma
[22]. Barotrauma reflects alveolar overdistention leading to alveolar gas leakage
[27]; volutrauma reflects excessive and repetitive mechanical deformation-induced
damage to the alveolar capillary membrane, with increased alveolar epithelial and
microvascular permeability causing pulmonary edema [28]; atelectrauma reflects
distal airway epithelial damage caused by repetitive, expiratory (low-pressure) col-
lapse and inspiratory (high-pressure) reopening [22, 29]; and biotrauma reflects
ventilation-induced, lung-parenchymal cell deformation with tissue destruction and
amplification of local inflammation being associated with systemic spillover of cyto-
kines and/or bacterial/endotoxin translocation, dysregulation of apoptotic pathways
leading to end-organ epithelial cell apoptosis, suppression of the peripheral immune
response, and bacterial/endotoxin translocation from the gut [30-32].

During CV, lower Vs and inspiratory plateau pressures and higher PEEP levels
have been associated with improved survival [24-26, 33]. However, the results of a
recent mediation analysis suggest that the strongest predictor of survival is the driv-
ing pressure defined as Vi/respiratory system compliance, which is equivalent to the
difference between plateau pressure and PEEP [34].

Theoretically, HFOV is an ideal mode for lung protection because it may enable
ventilation in the “safe,” “maximal-respiratory compliance” zone of the volume-
pressure curve, thus avoiding both overdistension and derecruitment/atelectasis
[35]. Essential prerequisites for this include an “optimal” range of mPaw setting(s)
and delivery of small Vis [2]. Such settings would likely reduce the risk of baro-
trauma, volutrauma, and atelectrauma.

Current literature lacks randomized clinical trial (RCT) evidence for the superi-
ority of any specific combination of HFOV settings. Theoretically, the risk of
HFOV-associated lung injury should increase with increasing HFOV V,, decreasing
frequency, and increasing AP and mPaw [3, 36]. HFOV V| (clinically relevant range,
44-210 mL) increases mainly with decreasing frequency and increasing AP, bias
flow (from 20 to 30 L/min), and tracheal tube inner diameter [37]. The distal trans-
mission of oscillatory pressure swings (i.e., AP) to the alveoli increases with
increasing tracheal tube diameter, inspiratory-to-expiratory time ratio, and lung
region proximity. Distal AP transmission decreases with increasing HFOV fre-
quency, airway resistance, and lung compliance [3, 4, 38]. In the edematous and
overdamped, adult ARDS lung, minimal damping of AP can be achieved by increas-
ing HFOV frequency above the lung corner frequency [4]. The latter is given by the
following equation:

Corner frequency =1/27 * R, * C,

where R, = total lung resistance [39] and C; = lung compliance. In ARDS, the
estimated corner frequency level is 3.2 Hz [4].
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The placement of a tracheal tube cuff leak augments CO, washout around the
cuff and may facilitate V, delivery through the tracheal tube, thus enabling the use
of more “protective” settings such as higher frequency and lower AP [3]. In the
presence of a cuff leak of 3-5 cmH,0, average mPaw drops of 6 cmH,0 have been
observed along tracheal tubes of average inner diameter of 8.0-8.5 mm [39, 40].

Prior RCTs comparing HFOV with CV used initial mPaws of +5 cmH,0 [41-
43], or +8-9 cmH,0 relative to pre-HFOV CV [39], or 30 cmH,0, independently of
the mPaw of pre-HFOV CV [44]. Subsequent, protocol-related mPaw adjustments
comprised mainly gradual increments or decrements of 2-3 cmH,0O aimed at achiev-
ing prespecified oxygenation targets. HFOV frequency, AP, use of a tracheal tube
cuff leak, and bias flow settings were aimed at maintaining an arterial pH of >7.15
[41], >7.20 [39, 42], or >7.25 [43, 44]. One study employed additional tracheal gas
insufflation (TGI) at a flow rate equal to 50% of the minute ventilation of the pre-
HFOV CV [39] to further improve lung recruitment and gas exchange [39, 40, 45—
48]; in the same study, HFOV-TGI was used intermittently as extended (i.e., lasting
for >6 h) and repetitive (according to prespecified oxygenation criteria) lung recruit-
ment sessions aimed at a progressively sustained oxygenation improvement and a
rapid reduction of post-intervention CV pressures to non-injurious levels [33]. Two
study protocols specified the pre-HFOV use of recruitment maneuvers (RMs) [39,
44], and one study protocol specified the use of frequent RMs, followed by mPaw
adjustments titrated according to the achievement of specific oxygenation targets
[39]. Lastly, four studies [39, 41, 42, 44] used the Sensormedics 3100B high-
frequency ventilator (Sensormedics, Yorba Linda, CA, USA), and one study [43]
employed the Novalung R100 ventilator (Metran Co. Ltd., Kawaguchi-shi, Saitama,
Japan). Regarding 30-day or in-hospital mortality, three studies did not report any
significant differences between HFOV and CV [41-43], one study reported an
HFOV-associated harm [44], and the intermittent HFOV-TGI/RMs study reported
an experimental intervention-associated benefit [39]. Notably, the control CV strat-
egies differed across the 5 RCTs, mainly with respect to the employed V, and PEEP
settings.

In a randomized study of moderate-to-severe ARDS of mostly pulmonary (i.e.,
31/39 patients, 79.5%) etiology, Papazian et al. compared the effects of supine and
prone HFOV and prone, lung-protective CV on gas exchange and lung and systemic
inflammation [49]. Following an RM, HFOV mPaw was set at +5 cmH,O relative to
baseline, supine CV, and initial HFOV frequency was set at 5 Hz. For PaCO, con-
trol, AP could be increased up to 110 cmH,0, followed by frequency decrease to
4 Hz and placement of a tracheal tube cuff leak. Prone HFOV and prone CV resulted
in similar oxygenation improvements relative to baseline CV. However, prone
HFOV increased bronchoalveolar lavage fluid (BALF) interleukin (IL)-8 relative to
both baseline and prone CV. Supine HFOV did not affect oxygenation relative to
baseline CV but increased BALF IL-8 and neutrophil count relative to both baseline
and prone CV. The authors attributed their negative for HFOV results to a possible
inability of reopening of consolidated lung tissue, in conjunction with higher lung
stress, which could be amplified at the boundaries of collapsed and expanding lung
units [50]. Notably, in an observational study of supine HFOV employing an initial,
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slow RM followed by similar settings of mPaw (i.e., +5 cmH,O relative to pre-
HFOV CV) and frequency (i.e., 5 Hz), Camporota et al. reported that an early,
favorable oxygenation response to HFOV was the strongest predictor of 30-day
survival [51]. The favorable oxygenation response was likely due to lung recruit-
ment and was defined as >38% increase in PaO,/inspired O, fraction (FiO,) relative
to pre-HFOV CV within 72 h of HFOV initiation. PaCO, control was also improved
in survivors vs. non-survivors. Collectively, these results are consistent with the
hypothesis that HFOV might confer benefit mainly to moderate-to-severe ARDS
patients with a higher percentage of potentially recruitable lung [52]. Such patients
also exhibit a favorable response to high CV PEEP levels [52].

A protocol of very high-frequency HFOV (i.e., >6 Hz up to 12 Hz) employing
AP of <90 cmH,O and/or a 5-cmH,O tracheal tube cuff leak for PaCO, control has
been previously proposed and applied [53]. While still on lung-protective CV, the
30 studied patients had a pre-HFOV PaO,/FiO, of 78 mmHg at a mean PEEP/FiO,
level of 13 cmH,0/0.93 (respectively). Within the first 2 days of HFOV initiation,
HFOV frequency could be, respectively, maintained at >5 and >8 Hz in 25/30 and
22/30 patients, with an arterial pH of >7.23 [53]. Administered HFOV Vs were low
(i.e., within ~58-156 mL), but as in CV-treated, severe ARDS subgroups [54], in-
hospital mortality exceeded 60% [53].

In a recent review [55], Dreyfuss et al. summarized their concerns about HFOV-
induced lung injury in adult ARDS. They argued that:

1. Adult ARDS is more heterogeneous and less recruitable compared to animal
models of saline lavage/surfactant deficiency where HFOV has been previously
tested [56-62].

2. HFOV-induced static overdistension due to high mPaw may generate lung injury,
also through increasing alveolar microvascular and epithelial permeability [63].

3. The high ventilation frequency may potentially raise cell and lung parenchyma
stress to injurious levels [64]; in addition, the high-frequency agitation of edema
fluid may lead to frequent generation and disruption of foam, which can generate
deleterious mechanical forces causing epithelial cell injury [65].

4. High-frequency distal transmission of AP may correspond to the delivery of high
and potentially “injurious” energy to the lung parenchyma.

5. Energy delivery to the lung parenchyma may be maximized as HFOV frequency
approaches lung resonant frequency [66].

In the accompanying editorial [67], Marini agreed with the need to not exceed a
lung-distending pressure threshold above which cellular injury, microvascular per-
meability, and local inflammation exhibit a nonlinear rise [68, 69]. However, he also
argued that even for the HFOV RCT that employed the highest mPaw settings [44],
it still remains unknown whether tissue tensions, transpulmonary pressures, and
distally delivered power were actually injurious to the lungs. Importantly, in both
papers [55, 67], major concerns were also expressed about the possibly detrimental
effect of combined high mPaw and hypercapnea on the function of the right ven-
tricle (RV; see also below).



4 Ventilation Strategies: High-Frequency Oscillatory Ventilation 49

Regarding the static overdistension concern, it should be noted that HFOV-TGI
with cuff leak employing mPaws of +6-8 c¢cmH,O relative to preceding, lung-
protective CV has resulted in 10% lower extravascular lung water index compared
with preceding CV [48]. The rest of the above concerns can be addressed by:

1. Limiting HFOV use to ARDS patients with higher lung recruitability [52] — such
patients have poorer oxygenation and in-hospital outcomes compared with
patients with lower lung recruitability [52].

2. Using RMs as part of HFOV protocols to expedite lung recruitment and enable
the prompt downward titration of an initially relatively high mPaw while still
maintaining the recruitment-induced improvements in gas exchange [39].

3. Employing a cuff leak to minimize distal transmission of AP [3, 39].

4. Combining cuff leak, high bias flow (i.e., 40—-60 L/min), and relatively low
frequency (e.g., 3.5-5.0 Hz) with or without superimposed TGI as required to
augment PaCO, clearance and prevent excessive hypercapnia [39, 40, 45-48];
notably, at an inspiratory-to-expiratory ratio of 33%, the associated Vs of ~150—
210 mL [37, 40] should still be considered as lung protective.

5. Avoiding frequencies that are close to 8.6 Hz, i.e., the estimated resonant fre-
quency for the adult ARDS lung [4]; notably, as HFOV frequency approaches
lung resonance frequency, gas transport becomes increasingly dependent on
resistive [4, 70], inertive [4, 71], and branching angle properties of the central
airways [4, 72, 73], and according to theoretical studies, compliant alveoli are
spared from excessive oscillatory pressures with the larger alveolar pressure
swings being directed to less compliant lung units [4, 38].

6. Considering intermittent HFOV use according to sustained or non-sustained
reversal of (solely) severe oxygenation disturbances [39].

4.3.2 Protection of the RV

In 1998, Monchi et al. showed that RV dysfunction is an independent predictor of
death in ARDS [74]. The high PEEP of lung-protective conventional ventilation
increases RV afterload and can result in leftward shift of the interventricular septum
and inversion of the RV to left ventricle (LV) end-systolic gradient [75, 76]. The
combination of high PEEP and acute hypercapnia can impair RV function and cause
RV dilatation [77] (Fig. 4.3). Acute cor pulmonale (ACP) has been defined as septal
dyskinesia with a dilated RV [end-diastolic RV/LV area ratio >0.6, or >0.9-1.0 in
severe cases] [79, 80]. The potential clinical significance of ACP has been empha-
sized by several reviews published within the past decade [76, 81-84]. The associa-
tion of severe ACP and mortality been confirmed by a recent, large prospective,
observational study of lung-protective ventilation in moderate-to-severe ARDS [80].
ACP and severe ACP prevalence, respectively, amounted to 22 and 7%. ACP inde-
pendent predictors were low Vs (<7 mL/kg) and respiratory compliance (<30 mL/
c¢cmH,0), high respiratory rates (>30 breaths/min), plateau pressures (>27 cmH,0),
driving pressures (>18 cmH,0), and moderate-to-severe oxygenation disturbances
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Fig.4.3 Pathophysiological mechanisms of increased pulmonary vascular resistance (PVR) and
pulmonary hypertension in moderate-to-severe acute respiratory distress syndrome (ARDS). FRC
functional residual capacity (Reproduced with permission from Guérin and Mattha [78])

(PaO,/Fi0O, <150 mmHg) and hypercapnia (PaCO, >48 mmHg) [80]. ACP underly-
ing pathophysiology includes pulmonary vascular dysfunction [i.e., >12 mmHg dif-
ference between mean pulmonary artery pressure and pulmonary artery occlusion
pressure]; pulmonary vascular dysfunction has also been associated with adverse
outcomes in ARDS, including mortality [85].

In a transesophageal echocardiographic study of 16 patients with moderate-to-
severe and mainly pulmonary ARDS [79], Guervilly et al. evaluated the RV effect
of HFOV mPaws of +5, +10, and +15 cmH,0 relative to preceding, lung-protective
CV. HFOV frequency of 4-5 Hz and AP of <110 cmH,0O were adjusted to maintain
PaCO, unchanged throughout the study period. Bias flow was set at 40 L/min and
there was no cuff leak use. At baseline CV, 9/16 patients had RV dysfunction
[defined as RV end-diastolic area (EDSA)-to LVEDSA ratio of >0.6], and
4/16 patients had RV failure (defined as RVEDSA/LVEDSA ratio of 0.9). HFOV
mPaws of +10 and +15 cmH,0 increased the RVEDSA/LVEDSA ratio by 40%, the
end-diastolic eccentricity index by 30%, and decreased pulmonary acceleration
time [86] by ~25%. Relative to baseline CV, at HFOV mPaws of +10 and +15
cmH,0, RV dysfunction or failure respectively occurred in an additional 3—6 or 2-5
patients. In patients with RVEDSA/LVEDSA ratio increase of >40%, cardiac index
decreased by ~21% and pulmonary vascular resistance index by ~65%. HFOV did
not significantly affect oxygenation. However, electrical impedance tomography
revealed that in patients without RVEDSA/LVEDSA ratio increase of >40%, HFOV
was associated with redistribution of ventilation to the posterior lung while mPaw
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was increased. The authors concluded that RV function should be monitored during
HFOV and that high mPaw-associated overinflation of the anterior lung may predis-
pose to RV dysfunction.

In an observational, physiological study of 24 patients fulfilling prespecified cri-
teria for CV treatment-refractory ARDS [87], Ursulet et al. employed transthoracic
echocardiography and pulsatility index continuous cardiac output (PICCO) to study
the RV and hemodynamic effects of a 3-h HFOV session. HFOV initial settings
were FiO, of 1.0, mPaw of +10 cmH,0 relative to preceding, lung-protective CV
(upper limit: 30 cmH,0), frequency of 6 Hz, bias flow of 40 L/min, and oscillator
power of 80%. There was no cuff leak use. Frequency and AP were subsequently
titrated to maintain an arterial pH of >7.25 and a PaCO, of <55 mmHg. HFOV-
induced hemodynamic failure (i.e., >30% decrease in systolic arterial pressure or
cardiac index relative to baseline CV) occurred in 3/34 patients. HFOV resulted in
an average increase of 14% in the RVEDSA/LVEDSA ratio and an average decrease
of 11% in cardiac index. RVEDSA/LVEDSA during baseline CV correlated signifi-
cantly with HFOV-induced changes in cardiac index (r = —.78, p < 0.001). Pre-
HFOV RV dysfunction (i.e., RVEDSA/LVEDSA >0.6) could predict an
HFOV-induced decrease in cardiac index of >15% with a sensitivity of 80% and a
specificity of 79%. RV dysfunction was confirmed in 11/24 patients during baseline
CV and in an additional 6/24 patients during HFOV. Notably, the high HFOV mPaw
had no effect on extravascular lung water index or pulmonary vascular permeability
index. During the 3-h study period, PaO,/FiO, improved by >30% in 18/24 patients
and by >100% in 11/24 patients. The authors concluded that the RVEDSA/LVEDSA
ratio during lung-protective CV may be used as a predictor of hemodynamic intoler-
ance to subsequent HFOV.

In the context of 5 physiological studies [40, 45-48] and an RCT [39], we
employed our HFOV-TGI/RMs technique in a total of 137 patients. This ventilatory
technique consistently resulted in substantial gas exchange benefit without any evi-
dence of hemodynamic compromise (e.g., cardiac index reduction or hypotension)
as compared with lung-protective CV. In the RCT [39], HFOV-TGI/RMs was
applied intermittently (average use during days 1-10 postrandomization, 11.2 h)
and was interspersed with lung-protective CV; experimental intervention goal com-
prised reversal of severe oxygenation disturbances (defined as PaO,/FiO, of <150
mmHg at PEEP >8 cmH,0) through lung recruitment and lower/non-injurious ven-
tilation pressures [33] during post-HFOV CV compared with pre-HFOV CV [39].
Lastly, we also successfully applied HFO-TGI/RMs as rescue ventilation in patients
with severe ARDS [23] and traumatic brain injury [47].

Possible mechanisms contributing to hemodynamic stability during HFOV-TGI
include (1) recruitment of dependent lung units with the addition of TGI to HFO
[46] (Fig. 4.4), which may decrease pulmonary vascular resistance and reduce the
risk of right ventricular dysfunction [48, 79], and (2) enhanced CO, elimination
with the use of TGI, cuff leak, and high bias flows of 30-60 L/min, hence further
protecting the RV [48, 77]. Moreover, the intermittent use of HFOV-TGI may have
prevented long-term HFOV-related adverse effects [39, 40, 45]. In none of our stud-
ies was there a need for increasing intravenous fluid and/or vasopressor support [44]
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Fig.4.4 Comparative presentation of scanographic data corresponding to conventional ventilation
(CV), high-frequency oscillatory ventilation (HFOV), and HFOV-tracheal gas insufflations (TGI).
Computed tomography (CT) sections of the lower lung from four representative patients (1-4). CT
sections correspond to approximately 7 cm below the carina. In patients 1 and 3, HFOV preceded
HFOV-TGL. In patients 2 and 4, HFOV-TGI preceded HFO. Percentages reflect proportions of
nonaerated lung tissue weight (Reproduced with permission from Mentzelopoulos et al. [46])

during HFOV-TGI vs. CV. Nevertheless, we do endorse the recommendation of
Vieillard-Baron et al. for echocardiographic monitoring of RV function and adapta-
tion of the mechanical ventilation pressures according to the prevention or reversal
of RV dysfunction [88].



4 Ventilation Strategies: High-Frequency Oscillatory Ventilation 53

4.4 Complications of HFOV

Potential HFOV-induced complications include barotrauma and hemodynamic
compromise, i.e., hypotension, increased pulmonary vascular resistance and
decreased venous return contributing to RV dysfunction and reduction of cardiac
index, desiccation of secretions leading to mucous inspissation and tracheal tube
obstruction, increased sedation and/or neuromuscular blockade requirements poten-
tially predisposing to need for prolonged mechanical ventilation and/or critical ill-
ness polyneuropathy, and risk of aerosolization of infectious droplets due to lack of
an approved expiratory filter for the high-frequency ventilator [3, 39, 41-44, 79,
87-93].

The cumulative, RCT-reported incidence of frequent and serious complications
such as barotrauma and hemodynamic compromise does not significantly differ
between HFOV and CV. Indeed, in recent meta-analyses of RCTs that compared
HFOV to CV, the reported risk ratios for barotraumas during HFOV vs. CV ranged
within 1.17-1.21, and the corresponding 95% confidence intervals ranged within
0.83-1.74 [94-97]. Accordingly, the reported risk ratios for hypotension during
HFOV vs. CV ranged within 1.16—-1.33, and corresponding 95% confidence inter-
vals ranged within 0.27-6.48 [94-97].

Regarding tension pneumothorax, clinicians should keep in mind that its recog-
nition is challenging during HFOV [89]. Auscultation of breath sounds is not help-
ful [89]. Initial clinical signs may include hypotension or hypoxemia, without
concurrent change in ventilator-displayed mPaw and AP, or alarm activation [3, 55,
89]; a new or worsening air leak may actually cause a drop in mPaw, without con-
current change in AP [3]. Subsequently, a reduction or asymmetry in the body wig-
gle, in response to HFOV pressure waves, or a rise in AP may be noted [89]. Mucous
plugging of the tracheal tube may also manifest as hypoxemia and/or acute hyper-
capnia and concurrent AP rise [3, 89]; adequate humidification of inspired gases is
essential for the prevention of this relatively rare complication [89]. An acute rise in
AP can also be caused by an inadvertent tracheal tube migration into the right main
stem bronchus or a rise in airway resistance [3].

4.5 Adjunctive Therapies to HFOV

The addition of a continuous, forward thrust TGI flow of 6—7 L/min to “low (i.e.,
3.5-5.5 Hz)”-frequency HFOV with a cuff leak has been associated with improved
gas exchange vs. both standard HFOV and lung-protective CV without any concur-
rent, adverse hemodynamic effect [39, 40, 45-48]. Daily 12-h sessions of “low (i.e.,
3.5 Hz)”-frequency HFOV-TGI have been successfully used for rescue oxygenation
of patients with severe ARDS and traumatic brain injury [23, 47]. When added to
HFOV with a cuff leak, continuous, forward thrust TGI augments the washout of
anatomic dead space, generates an additional expiratory flow resistance or “PEEP-
like effect,” promotes recruitment of dependent lung regions, and may also enhance
molecular diffusion of oxygen to distal lung units [39, 40, 45-48, 98]. Limitations
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of long-term TGI include lack of commercially available equipment and possible
tracheal mucosal damage, retention and inspissation of secretions, hemodynamic
compromise, pneumothorax, and gas embolism [39, 40, 45, 99]. Humidification of
TGI gas and cuff leak during HFO-TGI are essential [40].

Other adjunctive therapies previously combined with HFOV to improve gas
exchange include prone positioning and inhaled nitric oxide. In a randomized, phys-
iological study of moderate-to-severe ARDS [23], supine HFOV after prone posi-
tioning resulted in maintenance of pronation-induced improvements in PaO,/FiO,
and shunt fraction; this was not achieved when pronation was followed by supine
CV [100]. Effective prevention of elsewhere-detailed complications of prone posi-
tion [101] requires specific personnel experience and training [102]. In an uncon-
trolled, physiological study of severe ARDS [23], the administration of 5-20 parts
per million of inhaled nitric oxide during HFOV resulted in a PaO,/FiO, rise of
>20% (average rise, 38%) [103]. Limitations of inhaled nitric oxide pertain to the
formation of reactive nitrogen species [104].

4.6 Clinical Evidence for the Use of HFOV

A meta-analysis of eight RCTs of HFOV vs. CV performed either in children (n =
2) or in adults (n = 6) with acute lung injury/ARDS suggested that HFOV is unlikely
to cause harm and may improve survival [105]. Notably, in 3 of the included adult
RCTs, control patients were not treated with low V,, lung-protective CV [2, 44]. The
results of this meta-analysis were refuted by the 2 recent, large, multicenter RCTs
that showed either neutral results [43] or HFOV-associated harm [44]. However, it
should also be recognized that the latter study’s control arm may have actually
received a very effective high-PEEP, low-V, CV treatment based on decades of
extensive, pertinent laboratory and clinical research, including 9 RCTs of “protec-
tive” vs. “non-protective” CV settings in ARDS [34]. In contrast, the employed,
“lung-protective” but potentially “RV stressing” HFOV protocol [55, 67, 79, 87]
was based (at least partly) on an expert consensus [36] reached according to the
results of mainly laboratory HFOV data, uncontrolled clinical HFOV studies, and
just 2 small (one completed and one prematurely stopped) RCTs of HFOV vs. CV
in ARDS [36, 41, 42, 89].

Our favorable RCT results on the intermittent use of “low”-frequency HFOV-
TGI with cuff leak and RMs are encouraging [39]. However, our study’s sample size
was small (n = 125), the study was unblinded, results originated from just 2 centers,
the study was conducted in 2 periods for reasons of feasibility, and CV group mor-
tality of 64.1% was high [39]; the latter was justifiable by baseline disease severity
which was similar in the control and intervention groups and was also comparable
to contemporarily reported outcomes of severe ARDS [39, 54]. Nevertheless,
according to these arguments, the external validity of these results [39] still requires
further multicenter and multinational confirmation.

Recently published meta-analyses of RCTs comparing HFOV with CV in ARDS
have reported inconclusive results [93-97]. The publication of the results of an
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individual patient data-based meta-analysis of the 4 prior RCTs of continuous
HFOV vs. CV [41-44] is awaited. The main objective of this methodologically
advantageous [106] meta-analysis is to identify ARDS patient subgroup(s) that
could benefit from HFOV.

Conclusions Despite a strong physiological background suggesting prevention of
ventilator-associated lung injury, current clinical evidence does not support the rou-
tine use of standard and continuous (as opposed to intermittent) HFOV in
ARDS. HFOV may be associated with concurrent high intrathoracic pressures and
hypercapnia, and this may cause RV dysfunction and impact patient outcomes.
Therefore, it may be prudent to adjust HFOV settings according to echocardio-
graphic monitoring data. The potential clinical usefulness of intermittent HFOV-
TGI warrants further RCT confirmation. However, even if any supine HFOV/
adjunct strategy ultimately proves superior to supine, high-PEEP, low-V, CV [44], it
may still be unlikely to prove superior to prone, lung-protective CV [102].
Nevertheless, progress might still be achievable through an optimal combination
[100] of these physiologically sound [39, 107] strategies.
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Ventilation Strategies: Recruitment
Maneuvers

Lorenzo Ball and Paolo Pelosi

5.1 Introduction

Acute respiratory distress syndrome (ARDS) is characterized by refractory hypox-
emia, reduced lung compliance [1], and increased lung inhomogeneity [2]. After the
landmark studies carried out in the early 2000s, the so-called protective ventilation,
comprising a low tidal volume (Vr) titrated to 6 mL/kg of predicted body weight
and positive end-expiratory pressure (PEEP), has gained wide acceptance in the
management of patients with ARDS, as it showed an improvement in mortality [3].
However, low tidal volumes are associated with cyclic opening and closing of col-
lapsed lung regions, in a potentially harmful mechanism referred to as atelectrauma
[4]. The use of PEEP is currently recommended to prevent this phenomenon and
maintain patency of alveoli, but the use of high pressures can be associated with
barotrauma. Both atelectrauma and volutrauma are putative mechanisms of
ventilator-induced lung injury (VILI) [5]; therefore the clinician should balance
between these two conditions while ensuring an acceptable gas exchange to the
patient [6].

Recruitment maneuvers (RMs) are transient procedures that increase the trans-
pulmonary pressure, with the aim of obtaining a mechanical reopening of collapsed
lung units [7]. The first assessment of these techniques dates back to two decades
ago, when the concept of lung recruitment has been studied. There are several argu-
ments that provide a pathophysiological rationale supporting the implementation of
RMs as part of the ventilatory setting in ARDS, as sedation, neuromuscular block-
ade, and the absence of sigh reflex facilitate the alveolar collapse. RMs have been
implemented in protocols for ventilation in ARDS and constitute a common but
debated part of the management of these patients. In a recent meta-analysis, the
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contribution to mortality reduction in moderate/severe ARDS of RMs was estimated
around 6% [8]. This improvement in outcome is relatively small, contributing to a
high degree of variability in the techniques, timing, and protocols implementing
RMs in the clinical and research practice.

In fact, there are several unclear aspects that hinder a widely accepted approach
to RMs. The techniques and timings are still under investigation, and it is not clear
which subgroups of patients are more likely to take benefit from RMs. Already
opened alveoli are at risk of overinflation, and the result of a RM in some case only
consists in the achievement of an anatomical rather than functional recruitment,
without improvement of gas exchange and potentially worsening hypoxia in the
longer term [7]. Nonetheless, safety concerns must be taken into account, as the
airway pressure increase can lead to a hemodynamic impairment and hypotension,
due to an increased workload for right ventricle, left ventricle underfilling, or wors-
ening of a pre-existing diastolic dysfunction [9, 10]. In addition to this, the optimal
ventilatory settings and PEEP titration after RMs are still controversial. For all these
reasons, guidelines for the use of RMs are still lacking.

The aim of this chapter is to illustrate the physiologic rationale and mechanism
of RMs, the different techniques to perform RMs, their clinical effects and safety, as
well as clinical tools to assess the efficacy of RMs.

5.2  Physiology of Recruitment Maneuvers
5.2.1 Definition and Rationale

The transpulmonary pressure, calculated as difference between airway pressure and
pleural pressure, is the mediator of lung recruitment and represents the distending
force of the lung. A RM is a transient increase of the transpulmonary pressure, suf-
ficient to overcome the chest wall elastance and to open collapsed alveoli [11]. In
ARDS, the loss of aeration is due to alveolar flooding, as well as resorption and
compression atelectasis. In most of the cases, moderate-high airway pressures,
between 30 and 40 cmH,0, are able to recruit most of the compression atelectasis,
while loss of aeration due to resorption mechanisms may require higher pressures,
especially when a rigid chest wall coexists, such as in obese patients [12]. The
potential of lung recruitment can be defined as the increase in end-expiratory lung
volume or as a decrease in the non-aerated lung regions as a consequence of an
increase of the transpulmonary pressure and has huge heterogeneity in ARDS
patients [13]. Most of the studies investigated the use of RMs in patients with
injured lungs; however they might have a role also in patients with healthy lungs
both in the ICU and in the operating room, and their efficacy in those settings is
under investigation [14—16]. Moreover, it must be underlined that even if the trans-
pulmonary pressure is the real mediator of RMs, in most of the patients, its actual
value is not known, because pleural pressure estimation with esophageal pressure
monitoring is not often implemented in the clinical practice. Therefore in most
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cases the clinician sets the airway pressure on the ventilator rather than the transpul-
monary pressure.

5.2.2 Consequences and Safety

For two decades, the paradigm has been that of opening the lung through RMs and
maintaining it open with PEEP [17]. However, recent investigation showed conflict-
ing results as an excessive lung inflation has been related to higher inflammation in
experimental models, compared to that due to cyclic opening and closing of alveoli
[5]. Moreover, a distinction must be made between RMs resulting in a functional
and a merely anatomical recruitment [7]. In an effective alveolar reaeration maneu-
ver, pressure results in alveolar reopening, without hyperinflation and with an
acceptable blood vessel compression, contributing to an improvement of gas
exchange as shown by an increase in the PaO,/FiO, ratio. On the other hand, when
a RM reaches higher pressures, alveolar reopening is achieved at the price of hyper-
inflation and blood vessel compression: therefore, despite an observed increase in
lung aeration, the worsening of the ventilation-perfusion matching frustrates the
improvement of aeration, leading to a potential decrease in the PaO,/FiO, ratio.
Once a successful RM is performed, PEEP can maintain the achieved improve-
ments. Several studies are testing protocols and techniques to titrate PEEP after
RMs [18-20]. Details on the different PEEP titration techniques can be found in
Chap. 3. However, in some other patients, the benefits of RMs are only transient,
and in these cases they should be omitted, as the increase in pressures increases the
risk of barotrauma and VILI, while temporary improvements in gas exchange have
a merely cosmetic value, without long-term benefits [21]. Recent findings concern-
ing the role of driving pressure (Ppyiying = Ppiaeas — PEEP) in the management of
patients with ARDS [22] suggest that a RM should have the goal to improve gas
exchange and possibly reduce the driving pressure needed to maintain an adequate
tidal volume. The reduction of the driving pressure can be seen as a direct preven-
tive measure against VILI, as it is proportional to the energy load delivered from the
ventilator to the respiratory system [23].

RMs usually have a big impact in the first few seconds from the start of the
maneuver, but often the duration of these positive effects on gas exchange are lim-
ited in time. Some authors suggest that the short duration of the beneficial effects
could be related to an incorrect PEEP titration after the RMs. PEEP after the RMs
maintains the alveoli opened and prevents de-recruitment: it is advisable to set at
least the same level of PEEP titrated before the RMs [21].

A safe pressure threshold for RMs applicable to all patients cannot be deter-
mined, and it is likely to be a consequence of the patient characteristics, in particular
the type and extension of lung injury. For instance, in one of the first studies inves-
tigating the effect of repetitive RMs in ARDS, a higher improvement in gas exchange
was observed in patients with ARDS due to extrapulmonary causes, compared to
those with pulmonary ARDS [24]. RMs can cause hemodynamic instability, and
prolonged and abrupt maneuvers tend to be more prone to these side effects [11].
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While this instability is almost always temporary and reversible, the long-term
effects on VILI are still unclear [21].

5.3  Techniques of Recruitment Maneuvers

Different techniques have been proposed to perform RMs, with different magni-
tudes of increase in transpulmonary pressure, rise time, duration of the maneuver,
and timing of implementation [7, 11]. The findings of the most recent studies are
conflicting. Most of the reaeration occurs in the first seconds after the increase of
airway pressure [25], and therefore several authors conclude that longer RMs are
unlikely to be more beneficial while increasing the risk of hemodynamic impair-
ment. Moreover, there is evidence that RMs consisting in an abrupt rise of pressure
might result in an increased lung inflammation and VILI [26]; therefore slower RMs
consisting in stepwise changes in airway pressure are often advocated [7, 11, 21].
Despite several efforts in building a consistent amount of evidence, the role of RMs
is still debated, as is the technique that should be used and the timing during the
course of illness. Often seen as a rescue measure to overcome gas exchange impair-
ment resulting in life-threatening hypoxemia, their potential as part of the ventila-
tory strategy of ARDS is more controversial [21]. Figure 5.1 summarizes the
different types of RMs described in this paragraph.

5.3.1 Sigh

A RM consisting in interleaving uninterrupted mechanical ventilation with a certain
number of breaths with a higher plateau pressure is referred to as ‘sigh’ RM and was
the first technique proposed [24]. Such maneuver has been showed to improve oxy-
genation, lung compliance, and increase EELYV, but these benefits are transient, and
the sigh has to be performed frequently in order to maintain the patency of recruited
lung units [27]. In animal models, patterns of sigh RMs with high frequency, e.g.,
180/h as proposed in the first studies, were associated with elevated inflammation
markers compared to ventilation without RMs and to CPAP maneuvers [28].
However, the clinical relevance of these aspects remains to be clarified. With the
increased availability of more sophisticated ICU ventilators, sighs can be delivered
with a predetermined frequency. Due to the lack of evidence concerning their safety
and long-term efficacy, their routine cannot be recommended.

5.3.2 Sustained Inflation

Sustained inflation is the most described RM. It is performed increasing abruptly
the airway pressure to a certain level and maintaining it constant for several sec-
onds. A common sustained inflation maneuver consists in the application of a con-
stant airway pressure of 40 cmH,O for 40s [29, 30]. These RMs can rapidly revert
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atelectasis and cause an improvement of oxygenation and lung function in the short
term in clinical and experimental settings; however their role in achieving a pro-
longed gas exchange amelioration is less clear [20, 31, 32]. However, in a study
comparing sustained inflation with other RMs, a more persistent effect was observed
[33]. Since the pressure rise mediates both the effectiveness RM and VILI, caution
is recommended in translating into clinical practice the results of small sampled
observational studies, in which long-term safety is difficult to assess.

5.3.3 Slow Stepwise Maneuvers

Efforts were made by the researchers to find alternatives to the sustained inflation
RM, possibly achieving a comparable efficacy with less risks in terms of hemody-
namic impairment and barotrauma. Slow increases of plateau pressure, performed
with stepwise adjustments of airway pressure and/or PEEP, were proposed with this
aim in ICU patients [7] and during general anesthesia for surgery [34, 35]. Stepwise
maneuvers could allow a better control of airway pressure increase compared to
sustained inflation, resulting in a decreased risk for hyperinflation and hypotension.
In several experimental studies, stepwise RMs resulted in a more prolonged benefit
than conventional RMs [36], were associated with lower inflammatory markers
[26], and reduced epithelial cell damage in mild ARDS [37]. Despite this, large tri-
als are warranted to assess the safety and efficacy of RMs and advantages of specific
techniques [38].

54 Evaluation of Recruitment Maneuver Effects

A single standard, repeatable and reliable mean to evaluate the effectiveness of a
recruitment maneuver, is not universally accepted: it is still debated which is the
best method to assess the efficacy of RMs. The assessment should be based on a
thoughtful clinical judgment, relying on information derived from different moni-
toring techniques, and anatomical and functional evaluation should be integrated.
The physiological parameters most commonly assessed include the PaO,/FiO, ratio,
pulmonary compliance, and the pressure-volume (P-V) curve. Imaging techniques
can be extremely helpful and comprise computed tomography (CT), lung ultraso-
nography (LUS), and electric impedance tomography (EIT).

5.4.1 Blood Gas Analysis and PaO,/FiO, Ratio

In the clinical practice, one of the most evaluated clinical outcome is the PaO./FiO,
ratio, forits low cost, widespread availability, and ease of interpretation. Furthermore,
it is intrinsically associated with the severity of ARDS [39] and is rapidly influenced
by an effective RM. Transcutaneous SpO, is a rough estimate of PaO, and can be
used to monitor in real time the modifications of gas exchange, and to verify that
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during the apnea phase of the RM, the oxygenation remains within a safety range.
After the RM, a decrease of PaCO, is usually observed consensually to the increase
of the SpO, and PaO,/FiO, ratio, adding completeness to the overall evaluation. The
major limit of blood gas analysis parameters is that they are strongly influenced by
other variables. Before a RM, the baseline intrinsic recruitability of the lung and gas
exchange are both related to the severity of ARDS [13, 40]: the PaO,/FiO, ratio
could show greater improvement in the most severe ARDS forms, compared to the
mild ones [40]. Moreover, a transient improvement of gas exchange does not neces-
sarily translate in improved outcome, as it might be achieved at the price of a higher
risk for barotrauma and VILI. The ventilatory settings, including PEEP level and the
cardiac output, can influence the PaO,/FiO, ratio, leading to a misinterpretation of
the evaluation of RMs [20]. Therefore, the PaO,/FiO, ratio assessed by blood gas
analysis and the SpO, represent the two most widely available parameters used to
evaluate RMs but, assessing the efficacy of the RM only on oxygenation, does not
give a complete description of the recruitment and should be a part of an integrated
evaluation.

5.4.2 Compliance and Pressure-Volume Curve

The lung (C,) is a measure of its ability to increase volume in response to an increase
of the distending force, i.e., the transpulmonary pressure (P,), and is calculated as
C, = AV / AP,,. This parameter is the slope of the pressure-volume (P-V) curve. As
already mentioned, P, is the mediator of the mechanical effects of a RM and reflects
in magnitude the elastic recoil pressure of the lungs. Py, can be estimated at the bed-
side as P, = P,, — P, where P, is the airway pressure and P is the esophageal
pressure, approximating the pleural pressure. Despite recommendations to increase
its implementation in the clinical practice, the measurement of esophageal pressure
is not often monitored in the ICU [41]. As a surrogate, most clinicians perform RMs
relying on the respiratory system compliance (C,), calculated as C; = V1 / (Ppragean —
PEEP). Nowadays, all the ICU ventilators can calculate the C,, helping to titrate the
PEEP and to monitor the effectiveness of a RM. This approximation is often consid-
ered acceptable, but it must be stressed that in several cases such as in severe ARDS
and morbid obesity [33], monitoring C,; can lead to a misinterpretation of the respi-
ratory system mechanics and to an inappropriate setting of ventilatory parameters,
including PEEP. Therefore, monitoring the transpulmonary pressure should be con-
sidered in patients with severe ARDS or in the obese [21, 33, 41]. The evaluation of
a RM based on the ventilator P-V curve calculation relies on the assumption that the
increase of the volume at a certain pressure is caused by the recruitment of non-
aerated lung areas and has been demonstrated that this physiological property could
be used to define the level of pulmonary recruitment because it tightly correlates
with CT scan evaluation [42]. Likewise PaO,/FiO,, both C; and C, tend to reflect
the baseline severity of the patient’s lung condition, and, paradoxically, a greater
improvement can often be seen in most severe patients, while this does not neces-
sarily imply an improvement in outcome.
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As the PaO,/FiO, ratio assessment alone only reflects the transient improvement
of gas exchange due to a RM, conversely a clinical evaluation limited to the obser-
vation of the P-V curve could only take into account changes in respiratory mechan-
ics: a balance between the two should be achieved. Simple parameters such as the
PaO,/FiO, ratio, SpO,, and the C are easy-to-use tools, but they might not give a
complete overview of the effects of RMs in all patients.

5.4.3 Computed Tomography

The quantitative analysis of lung CT scan allows to obtain useful information about
the lung tissue aeration and, when performed at different pressure levels, can assess
the potential recruitability. Historically, the concept of lung recruitability and PEEP
titration in ARDS was investigated by means of CT analysis [13] that represents the
most informative tool to assess lung aeration. CT can be considered as the gold
standard to estimate lung recruitability, but it has several pitfalls that hamper its
clinical application: the patients have to move to the ICU to the CT facility, the
acquisition involves a high exposure to ionizing radiations, and the image post-
processing is time-consuming. Several solutions are under investigation, including
the possibility to assess visually images to avoid manual image segmentation [43],
to extrapolate the information from a reduced number of CT slices [44], and to use
low-dose protocols to reduce radiation exposure [45, 46]. While its role has been
established to assess lung recruitability, CT cannot be used for the assessment of a
single RM. Further studies are necessary to clarify whether RMs should be the
included in the standard ventilatory approach to patients showing a high recruitabil-
ity at the CT scan.

In conclusion, CT is fundamental for diagnosis, to evaluate the lung recruitabil-
ity at the admission, to assess the best ventilatory settings, and to titrate the initial
PEEP [47], but more versatile tools are warranted to assess reliably recruitability,
possibly at the bedside [48, 49].

5.4.4 Lung Ultrasound

Lung ultrasound at the bedside is an increasingly popular technique in the ICU: it is
an easy, cheap, repeatable, real-time, and noninvasive method to assess several lung
conditions [50]. It has been also proposed as a tool to assess the efficacy of lung
recruitment [19, 51]. The exam is performed scoring visually different pulmonary
regions, in order to obtain a global score that correlates with the degree of lung aera-
tion [51]. This application of lung ultrasound has not yet been completely standard-
ized: its operator dependence raises concerns among some authors, and for this
reason automated computer-based image analysis is under investigation [52, 53].
Moreover, lung ultrasound is not able so far to discriminate normal aeration from
hyperaeration.
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5.4.5 Electrical Impedance Tomography

Electrical impedance tomography (EIT) is a real-time imaging technique, which
shows dynamically the lung aeration changes. It is based on the principle that
changes in lung aeration modify the chest conductivity, and electrical signals
recorded with electrodes placed on the skin are analyzed to produce a real-time lung
aeration map. EIT is an emerging technique, but needs technical improvements to
enhance resolution and clinical trials to clarify its role in decision making [54, 55].

Conclusions
While often useful as a rescue measure to overcome an acute gas exchange
impairment in ARDS, there is still not univocal evidence that recruitment maneu-
vers can improve patient’s outcome. Alveolar recruitment can be achieved in
many patients, but efforts must be made to balance between an acceptable oxy-
genation and the risk to deliver harmful pressures to the patient. Gas exchange,
ventilator-derived parameters, esophageal pressure, and imaging techniques
should be integrated to assess the efficacy and safety of recruitment maneuvers.
After recruitment, a sufficient PEEP is mandatory to maintain the improvement.
Stepwise slow recruitment maneuvers should be preferred to abrupt sustained
inflation. Transient hypotension or desaturation are common during the proce-
dure, but serious immediate adverse reactions are infrequent. However, long-
term positive or negative effects are unknown.

At the moment, no evidence is available to support the use of recruitment
maneuvers as a routine measure in all ARDS patients, but their indication should
be tailored individually, as a part of a lung protective ventilatory strategy.
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Prone Position

Claude Guérin

6.1 Introduction

In an editorial in 1974, A.C. Bryan [1], the inventor of the high-frequency oscilla-
tion ventilation device, suggested to try prone positioning in children with acute
respiratory failure still hypoxemic under this ventilator strategy. He anticipated an
improvement in oxygenation from the reaeration of the dorsal lung regions, which
would be no longer compressed by the gravity. As we shall see later, for such an
oxygenation improvement to occur, the blood should continue to flow predomi-
nantly toward these regions, a finding that is not so intuitive. Over the subsequent
years, a large amount of evidence confirmed that oxygenation was frequently
improved, sometimes dramatically, with the proning session. Therefore, the atten-
tion was turned toward the mechanisms of oxygenation improvement and then the
prevention of ventilator-induced lung injury (VILI) [2]. Several large trials were
then performed to test the effect of prone position as compared to the maintenance
in the supine position on patient outcome. It came out that prone position can
improve survival in patients with ARDS and severity criteria based on oxygenation.
Actually, the story of prone position was a continuous refinement of the clinical tri-
als fed from the continuous improvement in our knowledge in ARDS and VILI [3].
The goal of this chapter is to cover the physiological and clinical effects of prone
position in ARDS and to update the readership on the last data available.
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6.2  Physiological Effects
6.2.1 Oxygenation

From an historical point of view, improving oxygenation was the primary goal of
any ventilator intervention directed to ARDS. Up to the end of the 1990s, studies
concentrated on the effects of prone position sessions on oxygenation and largely
confirmed that oxygenation frequently and markedly improved [4-8]. Further, the
meta-analysis of trials on prone versus supine position found significant higher risk
for better oxygenation in the prone than in the supine arm [9]. However, the mecha-
nisms by which this effect comes from are important to consider. Indeed, in the
landmark ARMA trial comparing lower and higher tidal volume in ARDS patients
[10], oxygenation was better in the higher tidal volume group in which the survival
was worse. With higher tidal volume, both alveolar ventilation and lung recruitment
increase and oxygenation improves. At the very end, VILI follows with its resulting
higher death rate from the decompartmentalization of lung inflammation outside the
lung to the distant end organs [11].

The primary mechanism of better oxygenation with the prone position is the
reduction in shunt [12]. Reduction of shunt may result from either more perfusion
in ventilated areas or more ventilation in perfused areas. The former mechanism is
likely not prevalent because blood flow continues to predominate in the dorsal
regions in the prone position [13] (Fig. 6.1 panels e, f). Therefore, the second mech-
anism is the most important. Reaeration in dorsal lung regions has been demon-
strated in animals [13] and humans [14] with ARDS (Fig. 6.1 panels a—d). A typical
scenario in prone position involves lung recruitment in dorsal regions, which con-
tinue to receive most of the blood flow, a situation that has been called functional
recruitment and results in marked oxygenation improvement (Fig. 6.1 panels a—d).

The prediction of oxygenation improvement with prone position is difficult. CT
scan studies failed to demonstrate a correlation between the improvement in oxy-
genation in prone and the amount of consolidated areas [15] or the potential of lung
recruitment [16] in the supine position. One of the single predictors of oxygenation
improvement with proning has been shown as the chest wall compliance (Ccyw) in
the supine position and its reduction in the prone position [17].

6.2.2 Respiratory Mechanics

The increase in Cey in the prone position [17], which has also been documented
by other authors [8, 18], partly results from an increase in abdominal pressure
[17]. However, whether or not abdomen is supported in the prone position does
not change the effect on either oxygenation or end-expiratory lung volume [19].
If we assume a decrease in Ccy in the prone position from the supine position, the
absence of change in the compliance of the respiratory system (Cgs) should indi-
cate a concomitant increase in lung compliance (C;). By contrast a decrease in Cgg
should herald an increase in C;, and, hence, a net lung recruitment. Interestingly,
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Fig.6.1 Distribution of aerated, poorly aerated, and non-aerated lung regions at end expiration (a
and c) and end inspiration (b and d) in supine and in prone position. The springs are the elastance
shown for the lung and the chest wall. Panels (e and f) display the distribution of lung perfusion in
supine and in prone position. See text for further explanation

across the trials the impact of the prone positioning on Cgs was not similar. In the
trial by Mancebo et al. [20], Cys has been found decreasing with proning, while
no significant change has been observed in the PROSEVA trial [21]. Two CT scan
studies demonstrated alveolar recruitment in the prone position as compared to
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the supine position in patients taken as own control [22, 23]. This result was more
likely focal as compared to diffuse loss of aeration in one study [22]. In the other
CT scan study, alveolar recruitment was observed regardless the patient had a low
or a high potential of recruitability in the supine position [23]. This finding of
prone position-induced lung recruitment would indicate that higher PEEP should
be set in prone position than in the supine position. A recent study showed that
actually the clinicians did not use as much PEEP as they should have in the prone
position [24]. The level of PEEP in the prone position is still an open question for
two reasons. First, an experimental study in pigs concluded that prone position
had same effect as PEEP of 7 cmH,0 would have on oxygenation by investigating
various combinations of PEEP and position [25]. Second, using lower PEEP may
have hemodynamic benefits, as discussed below. Furthermore, it has been sug-
gested that the strongest predictor of mortality in ARDS patients is the driving
pressure of the respiratory system, well above Cgg, tidal volume, or plateau pres-
sure [26]. As prone position may affect Cgg due to its effect on Cey, it is not clear
whether same results may be relevant for the use of proning. By computing the
trans-pulmonary driving pressure from the data of a recent trial, the following
results deserve mention [27]. Between patients in whom PEEP was set from
esophageal pressure as compared to those receiving PEEP set from a PEEP/FiO,
table, the mean value of trans-pulmonary driving pressure was 10.6 and 10.5
cmH,0, respectively. At day 3 after randomization, these values averaged 7.3 and
8.7 cmH,0, respectively. The reduction of trans-pulmonary driving pressure was
significantly higher in the esophageal pressure group than in the control group and
significantly greater in survivors than in non-survivors (personal communication
with D Talmor).

6.2.3 Lung Protection from VILI

Protecting the lung from VILI is the main goal of mechanical ventilation. There are
several lines of evidence to support that prone position can achieve this objective.
The abovementioned CT scan studies showed that not only prone position could
promote lung recruitment but also reduce hyperinflation [22, 23]. However, only
higher PEEP used in the prone position was able to minimize cycling opening and
closure during tidal breath, the so-called atelectrauma [23]. The lung concentration
of pro-inflammatory cytokines was found reduced in prone as compared to supine
position in ARDS patients [28]. The overall stress and strain is reduced in prone
position in ARDS patients [18]. Experimental studies found that prone position
reduced VILI due to high tidal volume and made it more homogeneously distributed
throughout the lung in dogs [29], increased the time required to double elastance of
the respiratory system as compared to supine position in rats [30], modulated the
expression of a kinase strongly involved in VILI in rats [31], and attenuated VILI
due to injurious ventilation in mice deficient for this kinase [31]. Therefore, there is
a strong background for VILI prevention by using prone position. The likely mecha-
nism for this to occur is by making the lung distribution of tidal volume, and hence
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the strain more homogenous, and by minimizing the compression of the lung by its
own weight and also that of the heart. It should be made clear from the onset that
VILI was not assessed in the trials that investigated the effect of prone position on
patient outcome as we shall discuss below. That means that the mechanics by which
prone position improves survival in ARDS patients should stem from these benefi-
cial physiological effects.

6.3 Patient Outcome

6.3.1 Survival

Five large trials (Table 6.1) have been performed over the last 15 years comparing
prone position to supine position, and the results on patient survival can be sum-
marized as follows. First, the mortality was significantly only reduced in patients
with the highest severity of hypoxemia (PaO,/FiO, <100 mmHg) as demonstrated in
a patients’ data meta-analysis [9]. Second, this was confirmed in a single trial in
select ARDS patients with moderate to severe ARDS (PaO,/FiO, <150 mmHg and
PEEP of 5 cmH,O or more and FiO, of 0.6 or more at the time of inclusion) after a
12-24-h stabilization period. Third, subsequent meta-analysis suggested that

Table 6.1 Main characteristics of five large multicenter prospective randomized trials comparing
prone to supine position in ARDS patients

Guérin
Trial (first author and Gattinoni Guérin Mancebo Taccone PS | PROSEVA
acronym) PS1[32] DDDV [33] | [20] 11 [34] [21]
n patients (SP/PP 152/152 378/413 60/76 174/168 229/237
groups)
% of ARDS (SP/PP | 93.3/94.7 28/33.9 100/100 100/100 100/100
groups)
PaO,/FiO, (mmHg) | 127 150 147 113 100
at the time of
randomization
Tidal volume (mL/ |10.3 8 8.4 8 6.1
kg) at the time of MBW MBW PBW PBW PBW
randomization
PEEP at the time 10 8 12 10 10
of randomization
(cmH,0)
PP session duration |7 8 17 18 17
(average hours per
session)
Mortality (SP/PP 25.0/21.1 31.5/32.4 58.0/43.0 32.8/31.0 32.8/16.0*
groups) (%)

SP Supine position, PP Prone position, PEEP Positive end-expiratory pressure, MBW Measured
body weight, PBW Predicted body weight from gender and height
2P <0.001
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benefit of proning on survival was associated with length of proning sessions, lung
protective ventilation, and intensity of hypoxemia [35].

6.3.2 Why Survival Goes Up with the Prone Position in the Most
Severely Hypoxemic Patients?

As discussed previously, the physiologic beneficial effects of prone positioning
should explain its effect on survival. However, the cause to effect relationship
between them is not so clear in particular regarding oxygenation.

Even though there is no doubt that oxygenation was found better in the prone as
compared to the supine group, the fact that better survival results from better oxygen-
ation is not supported by the analysis of the data. In the PROSEVA trial [21],
the patients in each group were split into four quartiles of PaO,/FiO, ratio at the time
of randomization. The benefit of proning was present at every quartile. Furthermore,
the magnitude of change in oxygenation during the first proning session was not asso-
ciated with a better survival [36]. This result is in line with previous studies [37, 38].
Therefore, even though prone positioning may prevent death from life-threatening
hypoxemia, and in this way proning can be seen as a rescue therapy, this mechanism
is not the main factor to explain survival improvement with this procedure.

VILI prevention is the second candidate for explaining survival improvement
with prone. Even though it is highly likely, it has not been directly demonstrated in
the trials because these did not include any assessment of VILI.

The hemodynamic effects may be a mechanism of better survival with prone that
has not receive much attention. The use of proning in the early experience regularly
showed lack of hemodynamic worsening contrary to the well-known deleterious
effects of higher PEEP. In the PROSEVA trial, there was a greater number of days
where patient was not in shock, i.e., 2 days greater for the prone group as compared
to the supine group [21]. Recently, prone position was associated with an even
increase in cardiac output in those patients who were preload dependent in the
supine position [39]. By increasing abdominal pressure, prone position may push
the stressed intravascular volume into the right atrium in patients with reserve of
preload. Interestingly in this study, the improvement of oxygenation in prone was
less important in those patients with the increased cardiac index than in those with
no change (with no preload reserve). This may be explained by the increased intra-
pulmonary shunt resulting from the increased cardiac index as originally demon-
strated by Dantzker [40]. As important, proning has a beneficial impact on the right
ventricle function [41], and this may explain survival benefit with this strategy. The
right ventricle function can be impaired as a result from an acute increase in after-
load due to different contributing factors that are working in ARDS, like hypox-
emia, hypercapnia, overdistension [42]. This culminates into the acute cor pulmonale
(ACP) and acute right ventricle failure. ACP has been found to occur in 22% of
ARDS patients and is a predictor of worst outcome [43]. Earlier, Vieillard-Baron by
using transesophageal echocardiography found that prone position reverted acute
cor pulmonale in ARDS patients [44]. Very recently a multicenter observational
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study in ICUs in France over a large cohort of ARDS patients confirmed these find-
ings and found that ACP was an independent predictor of death [45]. Interestingly
in this cohort, prone position was an independent factor associated with better sur-
vival. By allowing lower PEEP, and hence minimizing the risk of overdisetnsion as
previously discussed, and by improving oxygenation, prone position could prevent
ACP occurrence and could be a strategy for the clinicians facing ACP in association
with inhaled nitric oxide and dobutamine [41, 42]. This real preventive and curative
effect of ACP by using prone position should be tested prospectively in trials, and,
as a whole, the hemodynamic effects of prone position deserve further studies.

Finally, prevention of ventilator-associated pneumonia (VAP) could be a mecha-
nism by which prone position reduces mortality. Prone position may reduce VAP by
enhancing respiratory secretion removal. However, the attributable mortality of VAP
islow, in particular in ARDS patients [46]. Indeed, a post hoc analysis of the PROSEVA
trial found that prone position was not associated with a reduction in VAP [47].

6.4 Clinical Practice

In daily practice the rate of use of prone position is still limited (Table 6.2). The
most recent data, not published as yet, from the large observational international
Large Observational Study to Understand the Global Impact of Severe Acute
Respiratory Failure (LUNG SAFE) study found that prone position was used in 7%
of ARDS patients and in 14% of those with severe ARDS. It is likely that the risk of
complications, like vascular line kinking or withdrawal and endotracheal tube
obstruction or removal, are barriers that restraint the caregivers from performing
prone positioning more frequently. It should be noted that in the PROSEVA trial, the
rate of these complications was not significantly different between the two groups
contrary to previous trials. This may reflect the fact that centers that participated in

Table 6.2 Rate of use of prone position in ARDS patients

Trial acronym or first author Experimental group Control group All patients
Randomized controlled trials

LOVS [48] 1.42 2.1 3.6
EXPRESS [49] 8.8 18.8 13.8
CESAR [50] 35.6 422 38.9
ACURASYS [51] 28.0 29.0 28.6
OSCILLATE [52] 2.6 3.7 3.1
OSCAR [53] 10.1 19.9 15.0
Observational studies

Esteban [54] 9.0
Esteban [55] 5.0
Esteban [56] 7.0
LUNG SAFE (unpublished results) 7.0

Values are percentage points in each group
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this trial have used prone positioning for many years and were able to provide with
a safe procedure. Another concern is the pressure sores that occurred more fre-
quently in the prone than in the supine position [57], which should deserve innova-
tive preventive means.
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Partial or Total Extracorporeal Support 7

Nicold Patroniti, Stefano Isgro, and Michela Bombino

7.1 Introduction

Extracorporeal membrane oxygenation (ECMO) is one of the terms used to describe
a number of different techniques used for prolonged cardiac and/or respiratory sup-
port. During ECMO a fraction of the patient venous return is diverted through an
artificial lung for gas exchange (oxygenation and CO, removal) and then returned to
the patient. Depending on the returning vessel (venous or arterial), ECMO can be
used for cardiac (veno-arterial bypass (VA-ECMO)) or respiratory support. For
respiratory support blood can be drained either from a venous vessel (veno-venous
ECMO (VV-ECMO)) or from an arterial vessel (arteriovenous bypass (AV-ECMO)).
During VV and VA-ECMO, the blood is withdrawn from the patient through the
action of a pump, whereas during AV-ECMO, the blood flow is driven by the
patient’s arterial pressure. For respiratory support in ARDS patients, VV-ECMO
represents the simplest and more rational choice [1]. Depending on the extracorpo-
real blood flow (ECBF), VV-ECMO can be used to support both oxygenation and
CO, removal (ECBF 3-7 1/min, total extracorporeal support) or to provide mainly
CO, removal (ECBF 0.5-2.5 1/min, partial extracorporeal support). This chapter
will focus mainly on the application of VV-ECMO in ARDS patient.
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7.2  Principles of VV-ECMO
7.2.1 Components of ECMO Circuit

Basic components necessary for VV-ECMO are the cannulas for vascular access, a
pump to propel the blood and an artificial lung to provide gas exchange.

The oxygenator or membrane lung (ML) is the fundamental unit of the ECMO
circuit. Modern MLs consist of microporous hollow fibre membranes, made of
hydrophobic polymers. MLs of polymethylpentene have become the standard for
long-term applications [2—6]. The sweep gas flows through the inner part of the
fibres while blood flows on their outside. The membrane avoids any direct contact
between gases and blood while allowing transfer of both oxygen and carbon diox-
ide. A third compartment for heat exchange is commonly present. For each com-
partment, there is an input and an output port.

The blood flows through the ECMO circuit under the driving force of a pump.
Centrifugal pumps have become the standard for long-term applications completely
replacing roller pumps. In order to eliminate the stagnation, thrombosis and heat
production associated with earlier centrifugal pump models, modern centrifugal
pumps are built with a hole in the centre of the rotor (Mendler design) [7] and use
both a magnetically suspended and a magnetically driven pump. The pump unit
always incorporate a sensor for flow measurements and alarm settings.

Blood is drained from, and returned to, the patient throughout special vascular
cannulas [8]. ECMO cannulas have a thin wall, commonly made of polyurethane,
and are wire reinforced to prevent kinking or collapse. Cannulas of different design,
size and length are available for different cannula configurations and different
ECMO indications. All components of the ECMO circuit are available also with
heparin-coated surfaces to increase biocompatibility and reduce activation of the
clotting cascade [8].

7.2.2 Physiology of VV-ECMO

The effect of VV-ECMO on oxygenation and CO, removal is a function of a com-
plex interplay between several factors. During VV-ECMO the ML and the native
lung (NL) are in series (Fig. 7.1). We can understand the physiology of VV-ECMO
by following the changes in blood gas content from the blood leaving the organs to
the arterial blood. Delivery of oxygen and removal of CO, during VV-ECMO
involve different mechanisms and different efficiencies that ultimately result in dif-
ferent ECMO indication possibilities. For this reason, it is useful to discuss sepa-
rately the effects of VV-ECMO on oxygenation and on CO, removal.

7.2.2.1 Oxygen Delivery During VV-ECMO
During VV-ECMO, the arterial oxygen content (CaO,) will depend on the O, deliv-
ering contributions of both the ML and the NL (Fig. 7.1).
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Fig.7.1 A schematic of a model of O, delivery and consumption during VV-ECMO. Part of the
blood returning from the body with a low oxygen content (Cv) is diverted to the membrane lung
(ML). In the ML lung the blood is fully saturated (Cout) and returned to the rest of the venous
return. Cin and Cout are the oxygen content of the blood entering and exiting the ML, respectively.
In the presence of recirculation, Cin is higher than Cv. The blood entering the lung (mixed venous
blood (Cmv)) is determined by ECMO blood flow (ECBF) relative to patients’ cardiac output
(CO). The arterial blood (Ca) is determined by the intrapulmonary shunt (NL shunt) relative to
CO. An example is reported with relevant gas analytic values and oxygen content computation.
The total oxygen delivery corresponds to total patient’s oxygen consumption (VO,) and is the sum
of the oxygen contribution of the NL (VO,x;) and of ML (VO,y;). A more detailed description is
provided in the text

Venous blood returns from the peripheral tissues with low oxygen content
(Cv0O,). The blood pump generates the extracorporeal blood flow (ECBF) diverting
part of the venous return, i.e. cardiac output (CO), towards the ML. The ML loads
the ECBF with oxygen, raising the oxygen content from the inlet (CinO,) to the
outlet (CoutO,) of an amount corresponding to the oxygen delivery of the ML
(VOu = ECBF * (CoutO, — CinOy)).

The VO, and then the contribution of ML to total oxygen delivery depend on
three main factors:

1. The ECBF is the most important factor: VO, will increase directly with the
increase in ECBF. However, depending on intrinsic characteristics of the mem-
brane lung, there is a limit to the oxygenator flow (“rated flow”) above which no
more O, can be added to the blood.

2. The O, pressure gradient between the extracorporeal sweep gas flow (ECGF)
and the inlet blood: on the gas side, the O, partial pressure depends on the FiO,
of the ECGF. On the blood side, the higher the CinO,, the lower the quantity of
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O, that can be added to the blood. If the drainage and the returning cannula are
too close or in specific cannula configuration (e.g. drainage from the jugular vein
and return in the femoral vein), part of the already oxygenated ECBF is sucked
back into the ECMO circuit. This phenomenon is called recirculation. The main
effect of recirculation is to increase CinO, and decrease VO, and then the oxy-
genation efficiency of the system.

3. The intrinsic oxygenation capability of the ML which depends on the membrane
diffusion characteristics (thickness, material) and the membrane surface area.

4. The O,-bonding capability of the blood: It is important to remember that the
main determinants of blood O, content are haemoglobin saturation and haemo-
globin concentration. The higher the haemoglobin concentration, the higher the
amount of O, that can be bounded and then transferred from the ML to the blood.

The oxygenated ECBF is then returned to the venous blood and directed towards
the right heart. The oxygen content of the blood returning to the lung (the mixed
venous blood, CmvQO,) is the flow-weighted average of CoutO, and CvO,: CmvO,
= [CoutO,*ECBF+ CvO,*(CO — ECBF)]/CO. In practice, the resulting effect of the
membrane lung is to increase the O, content of the blood returning to the lung from
CvO, to CmvO,. With the given CvO,, CmvO, and then the mixed O, saturation are
directly proportional to ratio between ECBF and CO.

The oxygen contribution of the native lung (VOyy = (CaO, — CmvO,)*CO)
depends on its residual gas exchange capability which depends on both the severity
of the lung disease (i.e. the intrapulmonary shunt fraction) and the ventilator
management.

The sum of VO,y;, and VO, i.€. the total oxygen delivered, corresponds to the
total oxygen consumption of the patient (VO,Tot = VO, + VOyu). Consequently,
the lower the NL contribution, the higher must be the contribution of the ML and
then the oxygen delivery efficiency of the ECMO system. A highly efficient
VV-ECMO system, able to deliver a high VO,y;, requires high ECBF, minimal
recirculation and low CinO,.

7.2.2.2 Effect of VV-ECMO on CO, Removal

While the efficiency in delivering O, has several limitations, removal of CO, during
VV-ECMO is much easier to achieve. While the amount of O, delivery is limited by
full saturation of arterialized blood and by haemoglobin concentration, a substantial
amount of CO, can be removed from venous blood. In fact, normal venous blood
carries around 50 mL of CO,/100 mL of blood, most of which in the form of bicar-
bonate ion. When the ECBF flows through the ML, dissolved CO, is transferred
from the blood to the gas side, while new dissolved CO, is released from carbonic
ion assuring a continuous availability of dissolved transferable CO,. In this process,
the main limiting factor to the amount of removable CO, is the partial pressure of
CO, on the gas side, which depends on the ECGF. High ECGF will maintain the
partial pressure of CO, on the gas side close to zero, thus maintaining a high CO,
partial pressure gradient. Indeed, contrary to oxygen delivery, efficient CO, removal
can be obtained with relatively lower ECBE.
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7.2.3 Cannulation and Cannula Configurations for VV-ECMO

Achieving proper vascular access is a fundamental step in implementing an ECMO
treatment [9-15]. An important historical step in cannulation for ECMO has been
the availability of thin-walled cannulas, in the early 1990s, that allowed to move
from surgical to percutaneous cannulation techniques. The percutaneous approach
has several advantages: reduced risk of bleeding, shorter operative time and easier
mobilization and nursing of the patient. This reason has become the standard tech-
nique for VV-ECMO [9-15].

Choice of vessels, cannulas type and size and configuration are mainly dictated
by the maximum ECBF needed for the support of the patient, the maximum recir-
culation tolerable, the patient comfort, the patient anatomical features, the presence
of some obstructed vein and local preferences.

The size and position of the drainage cannula are the main determinants of
ECBF. For ECBF higher than 3—4 I/min, drainage cannula size to up 23-28 Fr is
necessary. The best position is the intrahepatic portion of the inferior vena cava or
in the right atrium. Cannulas with multiple holes distributed along the cannulas are
available to enhance blood drainage (multiple-stage drainage cannulas). The reim-
mission cannulas normally have holes only in a short portion near to their
extremity.

For VV-ECMO four different cannula configurations are available (Fig. 7.2):

Femoral- Jugular- Femoral-
Jugular Femoral Femoral

D —

recirculation

recirculation

Drainage i ++++ +++

- . ++
Ricirculation + thtt

Fig.7.2 A schematic of cannula configuration using single-lumen cannulas. Independently from
the reimmission cannula, the drainage cannula should be placed with the tip above renal veins.
Drainage performance and recirculation rate are reported on the bottom. Though drainage is con-
sidered easier with the jugular-femoral approach, recirculation is higher and the effective extracor-
poreal blood flow is lower than with the other configurations
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1. Femoral-jugular configuration: The drainage cannula (21-28 Fr, 38-55 cm long)
is inserted through the femoral vein and positioned with the tip in the inferior
vena cava, while the reimmission cannula (19-21 Fr, 15-38 cm long) is inserted
through the jugular vein with the tip in the right atrium. This represents the most
used and also the easiest configuration. ECBF rates up to 67 L/min are easily
obtained with minimal recirculation [16].

2. Femoro-femoral configuration: The drainage cannula (21-28 Fr, 38-55 cm long)
is inserted through the femoral vein and positioned with the tip in the inferior
vena cava, while the reimmission cannula (21-23 Fr, 50-55 cm long) is inserted
through the contralateral femoral vein with the tip positioned in the inferior vena
cava (but higher than the drainage cannula) or in the right atrium. The femoro-
femoral approach offers safer access and less possibility of accidental cannula
dislocation. Mobilization of the patient’s head is facilitated, but at the expense of
lower limb mobilization. With this approach, minimization of recirculation
requires careful positioning of the cannula tips.

3. Jugular-femoral configuration: The drainage cannula (21-25 Fr, 15-38 cm long)
is inserted through the jugular vein and positioned with the tip in the right atrium,
while the reimmission cannula (19-23 Fr, 15-55 cm long) is inserted through the
femoral vein. Though popular in some centre, this approach is not much diffused
given the high recirculation.

4. Single-vessel double-lumen cannula: A single double-lumen cannula is inserted
through the jugular vein. Different types of double-lumen cannulas are available.
The most popular is the AVALON ELITE® Bi-Caval Dual Lumen Catheter [17-
20]: the cannula is positioned through the jugular vein with the tip in the inferior
vena cava. The configuration of the cannula allows drainage of blood from both
the superior and inferior vena cava, while reimmission is in the right atrium.
Sizes ranging from 13 to 31 Fr are available.

7.2.4 Anticoagulation

The contact between patient blood and the ECMO foreign surface is associated with
activation of coagulation factors and complement factors, platelets and fibrinogen
consumption [21-24], which may lead to bleeding [25] and thromboembolic [26]
complications. For these reasons, continuous anticoagulation is necessary through-
out the ECMO treatment. Anticoagulation during VV-ECMO is commonly achieved
by continuous intravenous heparin infusion, targeted to a partial thromboplastin
time (aPTT) of 45-60 s and/or to an activated clotting time (ACT) of 1.5-2 times
normal. Transfusion policy regarding platelet count varies among centres.
Transfusion thresholds between 50,000 and 100,000/pL have been reported.
Activation of the coagulation cascade and clot formation in the circuit are accompa-
nied by a progressive decrease in platelet count and fibrinogen level and consump-
tion of coagulation factors that may lead to a syndrome similar to disseminated
intravascular coagulation. For this reason, activation of the coagulation and circuit
thrombosis, along with oxygenator performance and/or increase of transmembrane
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pressure, must be monitored to understand the need for a prompt replacement of
ECMO circuit. D-dimer levels have been shown to be a reliable variable to detect
circuit thrombosis.

7.3  ECMO for ARDS: A Historical Perspective

Long-term applications of ECMO support are an evolution of heart-lung machine
use in cardiac surgery. The first successful use of prolonged ECMO in an adult
ARDS patient was reported by Hill et al. in 1972 [27]. After only 2 years from first
successful cases, the National Institute of Health commissioned a multicentre ran-
domized clinical trial on prolonged ECMO for adults with ARDS [28]. At the time,
the main indication for ECMO in ARDS patients was to correct the hypoxaemia
while buying time for the lungs to heal [29]. As such, high ECMO blood flow rates
were necessary to improve oxygenation, and the veno-arterial configuration was the
standard. Following the negative results of the study, which failed to show any sur-
vival benefit from ECMO, only few investigators continued studying and improving
the technique. Contrary to adult applications, applications in newborn showed
encouraging results [30-35]. This contributed to maintain some interest on ECMO.

A landmark contribution to the evolution of adult ECMO came from the pioneer-
ing work done in the laboratory of T. Kolobow at the NIH. In a series of study,
Kolobow and Gattinoni showed that [36—40] (1) nearly all the metabolic CO, pro-
duction could be removed through an artificial lung using much lower extracorpo-
real blood flows than those required to oxygenate the blood and (2) removal of CO,
through the membrane lung allows to reduce, virtually to zero, ventilation of the
native lung. Based on these observations, they developed the concept of extracorpo-
real CO, removal (ECCO,R) and proposed the use of a VV bypass configuration
instead of the classical VA mode and the use of low-frequency ventilation to allow
lung rest [40]. Unfortunately, a single-centre, randomized controlled trial conducted
by Morris et al. in 40 ARDS patients failed to show a benefit from this technique
[41]. Nevertheless, few centres around the world continued to apply ECMO in adult
patients, contributing to improve the ECMO technique for long-term applications
[42-45].

Following the concept of lung rest developed by Kolobow et al., several animal
and human studies have demonstrated that, though necessary to preserve life,
mechanical ventilation (MV) can exacerbate lung damage eventually contributing
to mortality [46—54]. This has led to the concept of ventilator-induced lung injury
(VILI) [54] and of “protective ventilatory strategy”, mainly consisting of low Vt
(6-8 mL/Kg PBW) and limitation of plateau airway pressures (Pplat <28-30
cmH,0). ECMO is a unique technique to master protective ventilation and lung
rest since, as Kolobow foresaw, it allows to minimize the need for mechanical
ventilation allowing for using extremely low tidal volumes and to apply safe pla-
teau pressures even in the most severe patients. Finally, in 2009, Peek et al. pub-
lished the results of the Conventional Ventilation or ECMO for Severe Adult
Respiratory Failure (CESAR) trial [55]. The study enrolled 180 adult patients
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(18-65 years) with severe but potentially reversible acute respiratory failure,
defined as a Murray score >3 or uncompensated hypercapnia with a pH < 7.20.
Patients randomized to receive ECMO were transferred to the Leicester ECMO
centre, while controls remained in designated treatment centres. The trial showed
a survival advantage (47% vs 63% at 6 months) associated with the use of ECMO
in adults. Unfortunately, the enthusiasm for the positive results has been mitigated
by important limitations of the study. First, not all patients allocated to the ECMO
group received ECMO, because they died before or during transportation (five
patients) or they improved with conventional treatment after transportation to the
ECMO centre (17 patients). Second, as there was no standardized protocol for
mechanical ventilation in the control group, significantly fewer patients in the
control group received a protective ventilatory strategy. However, despite these
limitations, the results of the study have led to an increase in interest in ECMO
worldwide. Incidentally, publication of the study almost coincided with the out-
break of HINI influenza in 2009. Following the successful use of ECMO in
patients with HINI-induced severe ARDS reported from the Australian and New
Zealand experience [50], several countries recurred to the use of ECMO, even
organizing national network able to centralize the most severe patients. The pub-
lished case series from these experiences report survival rates ranging from 68 to
83% [56-63].

Since 2009, the use of respiratory ECMO in adults has continued to grow. The
relative simplification of the technique together with the acquisition of experience
has push more and more centres to institute specialized ECMO teams able to employ
different ECMO techniques for different indications.

7.4 Indications to VV-ECMO
There are two main indications to VV-ECMO in ARDS (Fig. 7.3):

1. Refractory hypoxia: This is the classical indication. The aim is to deliver oxygen
and improve oxygenation in patients with hypoxaemia unresponsive to other
treatments. For this indication, VV-ECMO is employed with high ECBF that
provide both oxygen delivery with improvement of oxygenation and CO,
removal to decrease tidal volume and plateau pressure reducing the burden of
injurious mechanical ventilation. This VV-ECMO application is generally iden-
tified as total extracorporeal support.

2. Injurious ventilation: In some patient nearly acceptable blood gas values can be
obtained but at the expense of high minute ventilation with high tidal volumes/
respiratory rates and high inspiratory plateau pressures. Given the higher effi-
ciency of VV-ECMO in removing CO,, decrease of minute ventilation, tidal vol-
ume, respiratory rate and consequently airway pressures can be obtained with
relatively low ECBF (<2 1/min). When CO, removal is the main indication and
VV-ECMO is employed at relatively low ECBF, we talk of partial extracorporeal
support.
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Fig. 7.3 A schematic of different pathophysiological effects of total and partial extracorporeal
support. Main pathophysiological alteration of ARDS (green boxes) and therapeutic implications
(orange boxes) are reported. Total extracorporeal support allows to relieve hypoxia (and conse-
quently decrease FiO, and PEEP requirements) and to minimize ventilator-induced lung injury
(VILI) (allowing to decrease tidal volume, respiratory rate and consequently airway pressures).
Partial extracorporeal support is indicated only to minimize VILI as it does not have any positive
effect on patient oxygenation. VA/Q ventilation perfusion ratio, SHUNT intrapulmonary shunt, Crs
respiratory system compliance

7.5 Total Respiratory Extracorporeal Support

Total respiratory extracorporeal support refers to ECMO application in the most
severe acute respiratory failure patients with hypoxaemia refractory to lung-
protective ventilation and adjunctive therapies like inhaled nitric oxide, prone posi-
tioning and recruitment manoeuvres. The aim is to provide viable oxygenation
when the natural lung becomes unable to provide it and prevent the mechanical
ventilation-associated lung damage. Therefore, total extracorporeal respiratory sup-
port is viewed as a rescue therapy for severely hypoxaemic ARDS patients.

The reason to institute ECMO in severe ARDS is to break the “vicious cycle” of
tissue hypoxia (Fig. 7.3) [64]. Refractory hypoxaemia leads in the most severe cases
to tissue hypoxia; in this setting the weapons that conventional mechanical ventila-
tion uses to relieve hypoxaemia are the increase of FiO, up to 1 and the increase of
mean airway pressure (PEEP, I:E ratio manipulation, plateau, recruitment manoeu-
vres). The increase in intrathoracic pressures leads in turn to haemodynamic com-
promise defacing, in the most severe cases, the effects of the relief of hypoxaemia
on tissue hypoxia. In this setting, institution of high-flow total ECMO support can
provide viable delivery of oxygen to the tissues also when gas exchange through the
natural lung is completely abolished.
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Indeed, high-flow ECMO provides also total CO, removal, abolishing the need
of tidal ventilation of the natural lung to remove CO,. During ECMO the natural
lungs can be maintained “at rest” avoiding high plateau pressures and high minute
ventilation requirements that stretch the low-compliance “baby lungs” of severe
ARDS leading to barotrauma, volutrauma and biotrauma and breaking therefore the
vicious cycle of ventilator-associated lung injury (VALI or VILI) and the final dis-
mal result of multiple organ failures (MOFs) leading to death [65].

7.5.1 Technical Requirements

To achieve the aim of viable oxygen delivery in severe ARDS patients, a high-flow,
low-recirculation ECMO system is required. Both VA and VV-ECMO configura-
tions can be used.

In the early 1970s, at the dawn of ECMO application in severe ARDS [28], the
VA approach was used to achieve maximum oxygenation. VA-ECMO is charac-
terized by high blood flow and null recirculation and therefore is an efficient sys-
tem to oxygenate the blood, but in the setting of severe lung injury, its use has
been abandoned due to the high rate of complications related to the arterial can-
nulation (bleeding, compartment syndrome, embolization) and the development
of differential hypoxia (Harlequin syndrome) if the arterial cannula is not posi-
tioned centrally at the level of the aortic arch. Nowadays, the percutaneous VV
configuration is used in more than 70% of severe refractory hypoxaemic patients,
as reported by data from the Extracorporeal Life Support Organization (ELSO)
registry [66, 67].

ECBEF as stated before is the main determinant of oxygenation during total respi-
ratory ECMO support. Reported ECBF in the refractory hypoxaemic patients ranges
from greater than 3—6 I/min. The amount of cardiac output (CO) oxygenated by the
artificial lung, i.e. the ECBF indexed to CO (ECBF/CO), must be greater than 60%
to obtain an arterial O, saturation >90% or a PaO, >60 mmHg [68].

Large-bore drainage cannulas are a prerequisite for achieving the goal of a high
ECBF in the setting of refractory ARDS. The other important factor is their location
in relation to the position of the return cannula (Fig. 7.2). If the drainage and return
cannula are in the inferior vena cava, through a femoro-femoral approach, the dis-
tance between the tip of the two cannulas is critical to minimize recirculation. The
best VV configuration in terms of effective ECBF (total ECBF-recirculated ECBF)
is the femoro-jugular approach. In contrast, the jugulo-femoral approach is the least
efficient in terms of recirculation, followed by the femoro-femoral one. In the recent
years the use of a single-vessel approach gathered the favours of the ECMO com-
munity; a double-lumen large-bore cannula (AVALON ELITE® Bi-Caval Dual
Lumen Catheter) is inserted percutaneously in the internal jugular vein and drains
blood from both inferior and superior vena cava if correctly positioned. The inner
return cannula has a hole that is directed towards the tricuspid valves, minimizing
recirculation of oxygenated blood [69].
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7.5.2 What Is Refractory Hypoxaemia? Who Are the Candidates
for Rescue ECMO Support?

Refractory hypoxaemia is reported as a cause of death in only 10-15% of ARDS
patients, being multiple organ failure and sepsis the leading causes in the majority
of the cases [70].

Esan et al. [71] defined refractory hypoxaemia as PaO,/FiO, ratio <100 mmHg
or inability to maintain Pplat <30 cmH,O despite a tidal volume of 4 mL/kg IBW or
the development of barotrauma or an oxygenation index >30. According to the
Berlin definition of ARDS [72], the candidates for ECMO as a rescue therapy are in
the most severe category group characterized by PaO,/FiO, <100 mmHg with PEEP
>5 cmH,0. In the recently published LUNG SAFE study [73], ECMO was used as
a rescue therapy in 48 out of 729 patients with severe ARDS (6.6%) in the 4 weeks
enrolment period; assuming that the main reason for ECMO in this group was
refractory hypoxaemia, the figure is slightly lower than the 10-15% incidence
reported previously and can be explained by the more widespread use in the last 10
years of adjunctive manoeuvres and the adherence to lung-protective mechanical
ventilation.

For the ELSO guidelines [74] ECMO “should be considered in hypoxic respira-
tory failure due to any cause (primary or secondary) when the risk of mortality is
50% or greater (PaO,/FiO, <150 mmHg on FiO, >90% and/or Murray score 2-3),
and is indicated when the risk of mortality is 80% or greater (PaO,/FiO, <100
mmHg on FiO, >90% and/or Murray score 3-4 despite optimal care for 6 h or
more)”.

In Table 7.1 we report the main criteria of selection reported in some clinical
series and in published and ongoing ECMO trials [28, 41, 55, 56, 60-63, 75-78, 80],
whereas in Table 7.2 the real pre-ECMO baseline data are reported from the largest
published series in the last 10 years [55, 56, 60-63, 66, 68, 76-79, 8§1-86].

The idea to insert total ECMO support as a rescue therapy in severe ARDS with
persistent hypoxaemia despite “optimal” conventional mechanical ventilation and
other less invasive adjunctive treatments (iNO, proning) dates back to the late 1990s
from the German and Austrian groups [87, 88]. Interestingly, “optimal” conven-
tional ventilation was already defined to use a protective tidal volume 5-7 mL/kg
and a peak pressure limit <35 cmH,O [88], and early referral to specialized centres
was already claimed to be important in the overall clinical management of the most
severely ill ARDS patients [87].

7.5.3 The Natural Lung Maintenance During Total Respiratory
ECMO

As stated above, the provision of total gas exchange with ECMO could make
mechanical ventilation worthless. Nevertheless, some airway pressure to maintain
the lung not completely collapsed is used by all the ECMO providers. Two different
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Table 7.1 Reported indications/contraindications for total extracorporeal respiratory support in

ARDS
References | ECMO indications ECMO contraindications
Zapol [28] | Fast entry: PaO, <50 mmHg with FiO,
Morris [41] | 1.0 and PEEP > 5 cmH,0

Slow entry: PaO, <50 mmHg for >12 h
with FiO, 0.6 and PEEP > 5 cmH,O with
shunt fraction >30%

Linden [75]

Fast entry: PaO,/FiO, <60 and shunt
fraction >30% on FiO, >0.9 for 2 h and
diffuse infiltrates in four quadrants
Slow entry: unresponsive to prone
positioning, iNO and HFO; persistent
hypercapnia

Age >60

Advanced MOFs
Underlying severe disease
Severe immunosuppression

Hemmila PaO,/FiO, <100 on FiO, of 1.0, alveolar- | Age >70
[76] arterial gradient (AaDO,) >600 mmHg, or
shunt fraction >30% despite and after
optimal treatment
Peek [55] Severe, potentially reversible ARF, High pressure (peak inspiratory
Murray Lung Injury score (LIS) > 3-0, or | pressure >30 cmH,O) or high FiO,
uncompensated hypercapnia with pH < (>0.8) ventilation >7 days
7-20 despite optimum conventional Signs of intracranial bleeding
treatment Any other contraindication to
limited heparinization
Any contraindication to
continuation of active treatment

ANZ Refractory hypoxaemia (PaO,/FiO, Significant pre-existing

ECMO [56] | <60 mmHg), or hypercarbia (PaCO, comorbidities

>100 mmHg, with PaO,/FiO, <100) Weight >120 kg
Pulmonary hypertension
Cardiac arrest

Roch [62] PaO,/FiO, <70 mmHg for at least 2 h at

FiO, 1 and PEEP level adjusted to obtain

Pplat 30 cmH,0, or PaO,/FiO,

<100 mmHg with Pplat >35 cmH,0, or

respiratory acidosis with pH <7.15

despite RR >35/min

Patroniti At least one of the following criteria: Absolute:

[61] OI>30 Intracranial bleeding or other
Pa0,/FiO, <70 with PEEP > 15 major contraindication to
cmH,0 (patient already admitted to an anticoagulation
ECMOnet centre); PaO,/FiO, <100 Previous severe disability
with PEEP >10 cmH,0 (patients still Poor prognosis because of the
to be transferred) underlying disease
pH <7.25 for at least 2 h Relative:

Haemodynamic instability 1. MV >7 days

Noah [60] CESAR criteria for transfer

ECMO instituted if adequate gas
exchange could not be achieved with
conventional lung-protective ventilation
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Table 7.1 (continued)

References | ECMO indications ECMO contraindications
Schmid Pa0,/FiO, < 80 mmHg with FiO, of 1.0,
[77] PEEP 18 cmH,O and refractory
respiratory acidosis (pH <7.25), despite
optimization of conservative therapy
Lindskov Before 2010: acute potentially reversible | Before 2010:
[78] and potentially fatal respiratory failure Mechanical ventilation >5 days
Fast entry and slow entry criteria as and FiO, 1.0 >3 days
reported by Zapol Cancer
After 2010: Nonreversible CNS injury
PaO,/FiO, <100 mmHg on FiO, >0.9 Chronic disease with short life
and LIS 34 expectancy
PaCO, >100 mmHg because of asthma Profound uncontrollable sepsis
or permissive hypercapnia (plateau < After 2010:
30 cmH,0) There are no absolute
Severe air leak syndromes contraindications to ECLS. Each
patient is considered individually
with respect to risks and benefits
Pham [63] Severe ARDS defined as:
LIS >3
Arterial pH less than 7.21
PaO,/FiO, <100 mmHg
Arterial oxygen saturation <90%
Lehle [79] Severe ARDS with LIS 3-4 and PaO,/
FiO, <80 mmHg on high PEEP (generally
>15 cmH,0) despite optimization
Relative indication for vvECMO:
LIS 2-3 and a PaO,/FiO, <150 mmHg
Severe respiratory acidosis (pH < 7.25)
Inspiratory pressure over 30 cmH,O
Severe air leaks
EOLIA trial | PaO,/FiO, <50 mmHg with FiO, >0.8 for | Intubation and mechanical
[80] >3 h, despite optimization of mechanical | ventilation >7 days

ventilation (Vt 6 mL/kg and PEEP >10
cmH,0) and despite adjunctive therapies
(NO, recruitment manoeuvres, prone
position, HFO ventilation, almitrine
infusion)

Pregnancy
Weight >1 kg/cm or BMI
>45 kg/m?

philosophies to manage the natural lungs emerge from the international surveys [89,
90] and reviews [91, 92] recently published on this topic.

The first one aims to the achievement of “resting” ventilatory setting with low
FiO, around 0.4 and PEEP of 10 cmH,0O, low respiratory rate (5—10) and low tidal
volume to maintain plateau pressure <25-30 cmH,O. This strategy exploits the
ECMO support treatment to its limits. If the lung collapses completely, the “baby
ARDS lung” accomplishes no gas exchange, and hypoxaemia, despite total ECMO,
could become an issue. Another drawback of this ventilatory rest approach is the
possible ensuing of right heart failure due to the development of high pulmonary
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vascular resistance due to parenchymal collapse. ECMO centres that use this venti-
latory strategy report a high rate of switches to VA-ECMO or necessity to add a
second drainage cannula to achieve the ECMO blood flow necessary to match the
metabolic requirements of the entire body of these severely compromised patients
[56, 93].

The second approach utilized higher PEEP levels trying to maintain the natural
lung expanded at a minimal functional residual capacity. The rational is that
the lungs kept open with higher PEEP associated with very low tidal ventilation (<
than 4 mL/kg PBW) are less prone to superinfection and have better surfactant func-
tion [94].

Recent surveys highlighted the variability of ventilatory approach during total
ECMO [89-92]. Some general rules can be depicted:

ECMO initiation phase:

1. Patients are mainly kept sedated and paralyzed in a controlled mode of ventila-
tion. Pressure control was the most commonly used mechanical ventilation mode
(64.4%) in a recent survey [90].

2. When ECMO starts, a reduction of TV and RR is gradually instituted increasing
the sweep gas flow of the artificial lung. The reduction in minute ventilation must
be gradual not allowing huge swings of PaCO, and pH.

3. The main goal is to achieve a “safe and protective” plateau pressure (Pplat), at least
<30 cmH,0. In some ECMO centres, this goal is achieved only with the reduction
of TV in an ultraprotective range (<4 mL/Kg IBW) maintaining the PEEP level
unchanged or even increased to avoid brisk changes in mean airway pressure that
can lead to alveolar flooding due to capillary leak. In other ECMO centres the Pplat
goal is achieved through a reduction in TV combined with a decrease of PEEP to
10 cmH,0O; mean airway pressure is roughly maintained with an increase in inspi-
ratory time. If the respiratory rate is reduced to 812 breaths/min and an I/E ratio
of 1:1 is maintained, the inspiratory time would result to 2.5-3.5 s.

4. The second goal is to minimize O, toxicity reducing the FiO, of the natural lung
to 0.3-0.4, thus avoiding resorption atelectasis.

ECMO maintenance phase:

1. In the most recent survey on mechanical ventilation during VV-ECMO, the
median PEEP during ECMO was 10 cmH,0, but 22.6% centres set PEEP <10
cmH,0 and 15.5% used 15-20 cmH,O. PEEP was maintained fixed in the major-
ity (63%) of the cases. A “lung rest” strategy was reported by 45.7% while an
“open lung” strategy in 44.2% of the centres.

2. Recruitment manoeuvres were seldom used.

3. Turning the patient prone during ECMO is feasible and has been reported as safe
in the most experienced ECMO centres, but it is a demanding task and utilized
only as a rescue manoeuvre in case of refractory hypoxaemia during ECMO
[95-97].
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4. Tracheostomy is performed on ECMO in 71.3% of the centres despite large vari-
ability in its timing.

5. Some centres favour restoring spontaneous breathing early despite severe hypox-
aemia (SpO, <80%) claiming that this approach is the most “protective” and
allow the patient to be fully awake. The most will prefer to move to assisted
spontaneous breathing when the natural lung function starts to improve.

ECMO weaning phase:

1. The contribution of VV-ECMO to the whole oxygen requirement of the body is
reduced mainly by means of step ward decreases in FiO, of sweep gas. Only in
cases in which ECMO blood flow was greatly increased (5-6 1/min), due to
refractory hypoxaemia, its reduction to a lower target is preferred as the first
weaning step.

2. Pressure support assisted spontaneous breathing (pressure support ventilation,
PSV) remains the most common mode of ventilatory assistance during the wean-
ing phase from VV-ECMO. Downward titration of the sweep gas flow through
the artificial lung allows to restore spontaneous breathing efforts and some clear-
ance of CO, through the natural lung. If asynchrony became an issue, mainly in
those patients with still very low lung compliance, the neurally adjusted ventila-
tory assist (NAVA) mode can allow a better patient-ventilator interaction and a
more “protective” ventilation [98, 99].

3. Finally ECMO sweep gases are turned off for some hours to test the endurance
of the patient in maintaining acid-base balance through the natural lung CO,
clearance without falling back to a non-protective dangerous ventilation. If the
test is successful, the ECMO circuit can be removed.

7.5.4 Management of Persistent Severe Hypoxaemia
During VV-ECMO

Severe hypoxaemia can persist despite total ECMO support or ensue during the
ECMO run due to complete loss of gas exchange capabilities of the natural lung (i.e.
intrapulmonary shunt around 100%) or important increase of total O,
requirements.

To overcome this event, different strategies are proposed [100-102]:

1. Optimize the ECMO blood flow, eventually inserting a second drainage cannula
if necessary, or move to hybrid configurations like veno-venous-arterial ECMO.

2. Identify and correct recirculation through repositioning of the cannulas.

3. Optimize residual native lung function with recruitment manoeuvres and prone
position.

4. Identify oxygenator failure and replace it.

5. Optimize the effective ECMO blood flow (i.e. the ratio ECBF/CO) through a
reduction of cardiac output (avoid fever, active cooling, beta-blockers).
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6. Liberal blood transfusions to increase the arterial oxygen content and therefore
O, delivery.

7.5.5 Complications and Limits of Total Extracorporeal Support

The major limit of extracorporeal support still lies in the need of anticoagulation to
prevent thrombus formation and the related risk of bleeding.

Murphy and coworkers recently reviewed the haemostatic complications related
to ECMO [103]. The contact of blood with the non-endothelial surfaces of the cir-
cuit leads to activation of the coagulation and fibrinolytic pathways and excites a
complement-mediated inflammatory response. Anticoagulants, mainly unfraction-
ated heparin, are used trying to inhibit this prothrombotic state. “Bleeding is the
Achilles heel of ECMO support” [103] and adversely affects the outcome of the
patients. Many factors play a role in the increased risk of bleeding during ECMO;
some are related to the necessary anticoagulation, some are patient related and some
are related to the ECMO circuit per se. Common alterations that can lead to bleed-
ing complications are thrombocytopenia, hyperfibrinolysis, disseminated intravas-
cular coagulation and acquired von Willebrand syndrome. Surgical site bleeding is
the most common complication reported; therefore any invasive procedure under-
taken during ECMO must be weighted against the potential for its subsequent
bleeding.

The costs of ECMO support, not only the equipment-related ones but also the
manpower associated with the overall care of these severe patients, are another
reported limitation of the technique. Despite cost-effectiveness in terms of quality
of life has been proved by the Cesar trial [55] and despite high survival rates with
no long-term sequelae reported in the major patients’ series, the widespread and
increasing use of the technique [104] arises questions about patient selection and
ECMO centres’ capabilities. Some outcome prediction scores [68, 81, 82, 84, 86,
105-107] have recently been proposed to help answering the question “which
ARDS patient deserves ECMO support?”. Major factors contributing to outcome
are patient age, comorbidities, other organ failures (SOFA score), immunosuppres-
sion and days of mechanical ventilation before ECMO institution. A score will
never give the final answer about the single patient we are caring of. As Parhar and
Vuylsteke conclude, “There is at present no definite tool to tell the clinician when
ECMO should or should not be used. We can only, at best, list a few reasons why it
should not” [107].

Another important point that showed an impact on outcome of ECMO-supported
ARDS patients is the early retrieval to a high-volume referral centre [108], not only
able to conduit “good ECMO” but also with full knowledge of the best care of
ARDS per se and with the multidisciplinary skills to face all the possible complica-
tions ensuing during the ECMO run. This idea was proposed already in the late
1990s [87] and has recently stated by the position paper of the International ECMO
Network (ECMOnet) [109, 110] and the Consensus Conference on ECMO held by
the Société de Réanimation de Langue Francaise (SRLF) [111]. In both documents
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the requirements of an ECMO referral centre are clearly stated: “possess all human
and material means essential to the care of ARDS patients and to setting up and use
of extracorporeal life support techniques”; an ECMO support mobile team should
be available 24 h a day, 7 days a week; the centre must perform continuing medical
education and training in ECMO and manage at least 20 ECMO cases/year with 12
being respiratory ones.

ECMO is used in ARDS as a bridge to recovery. Sometimes the time required to
reach the respiratory autonomy of the patient from ECMO can be very long. A lot
of ECMO centres report long (>1 month) ECMO runs with a good outcome, rarely
the ECMO-supported ARDS patients can be considered candidates for lung trans-
plantation [112-115]. Therefore, in the longest runs, ethical issues regarding the
continuation or withdrawal of this life-sustaining procedure can arise [116].

7.6  Partial Extracorporeal Support

We have previously seen that the efficiency of VV-ECMO in providing CO, removal
is much higher than the efficiency in delivering oxygen and that a high amount of
CO, can be removed from the ML with lower ECBF requiring smaller cannulas and
simpler systems. The key advantage of removing CO, through these devices is that
it is possible to reduce the minute ventilation required through the native lung.
Potential indications include:

1. Decrease of ventilatory needs in patients with exacerbations of chronic obstruc-
tive pulmonary disease (COPD) or severe asthma, to reduce dynamic hyperinfla-
tion and avoid endotracheal intubation or facilitate weaning from mechanical
ventilation [117-122].

2. Immunocompromised patients, with the goal of facilitating extubation or even

avoiding intubation.

Bridge to lung transplantation [123-128].

4. Decrease of tidal volume, respiratory rate and plateau airway pressure in ARDS
patients for “ultraprotective ventilation”. In this chapter we will focus on the use
of partial VV-ECMO for ultraprotective ventilation in ARDS patients.

(O8]

7.6.1 Techniques for Partial Extracorporeal Support

Depending on the range of operative blood flows and cannula configurations, tech-
niques may be classified as follows:

1. VV-ECCO,R. This is the classical ECCO,R techniques as proposed by Gattinoni
[39]. A standard adult ECMO system runs with ECBF ranging from 1.5to 2.5 L/
min. With modern technology, it is possible to use low-medium surface oxygen-
ators with small-size tubes and cannulas that provide ECBF ranges from 500 mL/
min up to 2-2.5 L/min.
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2. Low flow ECCO,R (LF-ECCO,R). Various devices have been recently imple-
mented to specifically provide CO, removal operating with very low extracorpo-
real blood flow, ranging from 250 to 500 mL/min [121, 129-132]. Depending on
the level of CO, content in the venous blood, these systems allow removal of up
to about 80—120 mL of CO,/min. Most of these systems can be employed with
double-lumen catheters similar to those used for continuous renal replacement
techniques (size 14—17 Fr).

3. Arteriovenous CO, removal (AVCO,R). Femoral vein and artery are both can-
nulated with percutaneous approach. The oxygenators (Novalung®) offer
extremely low resistance to blood flow (surface area 1.3 m?), which is driven by
patient’s arteriovenous pressure gradient. Effective blood flow is conditioned by
the size of arterial cannula (13—15-17Fr) and by mean systemic pressure, rang-
ing from 0.6 to 1.8 L/min [133]. No heat exchanger is provided. This technique
can be associated with bleeding and limb ischaemia due to cannulation of the
femoral artery [134, 135].

7.6.2 Partial Extracorporeal Support for Protective Ventilatory
Strategies in ARDS

The idea of ultraprotective ventilation follows from the observation of Terragni
et al. [52] and Bellani et al. [53] that, despite the use of a “protective” tidal volume,
a substantial amount of hyperinflated lung can still be present and that further reduc-
tion of tidal volume may be beneficial. However, especially in most severe patients,
the possibility of further reduced tidal volume is limited by the level of respiratory
acidosis we can accept. Extracorporeal CO, removal allows to extend the degree of
protective ventilation and prevent VILI while maintaining adequate gas exchange.
Using AVCO,R in 90 ARDS patients, Bein et al. were able to reduce minute ventila-
tion to less injurious settings [136]. However, in 22% of the cases, major complica-
tions were observed, the most serious being ischaemia of the leg.

Terragni and coworkers in 2009 [131] applied a LF-ECCO,R technique in a
group of ARDS patients at risk of VILI (Pplat higher than 28 cmH,0). They were
able to lower tidal volume from 6 to 4 mL/Kg while keeping constant CO, and pH
levels. They found a reduction in inflammatory and morphologic biomarkers of lung
inflammation. Of note, to avoid potential atelectasis associated with low tidal vol-
ume, PEEP was increased by 2—4 cmH,0 while oxygenation significantly improved.

Bein and coworkers in 2013 published a randomized controlled trial, the
“Xtravent-study” [134]: the study compared two groups ventilated with a tidal vol-
ume of 3 and 6 mL/Kg/PBW; PEEP was managed according to ARDSnet high
PEEP/FiO, table in both groups. Though there was no difference in ventilator-free
days between groups in the overall population, a post hoc analysis demonstrated a
reduction in ventilator-free days in the group of patients with PaO,/FiO, lower than
150 mmHg. As in the study by Terragni et al., the group with 3 mL/kg/PBW received
a higher PEEP level [137].
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In summary, the available literature demonstrates that ultraprotective ventilation
combined with some form of extracorporeal CO, removal is feasible without major
side effects. The rational is strong, but further studies are required to demonstrate
potential survival benefits from the use of ultraprotective ventilatory strategies in
ARDS patients.
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Hemodynamic Monitoring and Fluid
Management in ARDS

Dusan Hanidziar and Edward A. Bittner

8.1 Introduction

Acute respiratory distress syndrome (ARDS) is a major cause of morbidity and
mortality in the ICU affecting as many as 10% of critically ill patients and almost a
quarter of mechanically ventilated patients [1, 2]. ARDS is characterized by
increased permeability of the alveolar-capillary membrane due to dysregulated,
tissue-destructive inflammation. Pulmonary edema, the result of fluid maldistribu-
tion, has an adverse impact on respiratory function at several levels including
decreased lung compliance, impaired gas exchange, reduction of surfactant levels,
and pulmonary hypertension [3]. In the early phase of ARDS, a systemic inflamma-
tory state is usually responsible for hypovolemia. In this phase, early and adequate
fluid resuscitation is essential to prevent the development of multiorgan dysfunc-
tion, which can impact mortality in patients with ARDS [4]. As the inflammatory
state resolves, the excessive fluid can have a detrimental impact on patient outcome.
Transition from one phase to another is complex and can often be difficult to distin-
guish. However, identifying the transition between these two phases is likely to be
important for optimization of fluid balance and improving patient outcomes.

Hemodynamic monitoring and modulation of fluid status in patients with ARDS
have been the focus of a number of studies — some promising and others disappoint-
ing in their physiological effects and impact on patient outcomes. While such inves-
tigations may ultimately improve patient-centered outcomes, fluid management in
ARDS continues to be a source of great controversy. Fluid management is a com-
plex issue and one of the most challenging aspects of critical care. The focus of this
chapter is to review the current literature on hemodynamic monitoring and fluid
management of patients with ARDS with a goal toward improving patient outcomes
and identifying opportunities for further investigation.
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8.2 Pathophysiology

An understanding of the pathophysiology of ARDS with its associated fluid maldis-
tribution and accumulation is essential for developing an approach to management.
While ARDS can be triggered by a wide range of pulmonary and extrapulmonary
processes, the syndrome shares a common pattern of an acutely developed alveolar-
capillary injury. The early phase of ARDS is characterized by diffuse alveolar dam-
age, with disruption of the alveolar epithelial and endothelial cell layers. As a result
of increased alveolar-capillary permeability, protein-rich pulmonary edema fluid
accumulates in the alveolar spaces, along with neutrophils, macrophages, and eryth-
rocytes. Fibrin-rich hyaline membranes form along the denuded basement mem-
brane [5]. Airspace filling is likely exacerbated by epithelial injury and a decrease
in the capacity of the injured alveolar epithelium to reabsorb edema fluid [6]. Edema
reabsorption requires that the fluid leak be reduced not only by reduction of endo-
thelial permeability but also by restoration of the functional, more impermeable
epithelial layer.

Increased interstitial hydrostatic pressure and pulmonary edema weight have
been suggested to be among the key mechanisms of atelectasis formation accord-
ing to the “sponge theory of ARDS,” postulating a fall in lung compliance com-
bined with compression and collapse of dependent small airways [7]. In ARDS,
the greater the degree of pulmonary microvascular permeability, the more out-
ward fluid filtration from microvessels will occur, at any given level of pulmo-
nary vascular hydrostatic pressure [8]. Also, if the pulmonary vascular hydrostatic
pressure increases as frequently occurs during fluid resuscitation, the increase in
pulmonary edema is even more pronounced. With severe ARDS, pulmonary
hypertension may develop with increased pulmonary capillary pressure and/or
cardiac failure adding a hydrostatic component to the edema formation. Although
alveolar-capillary barrier dysfunction primarily causes the pulmonary edema
seen in this disease, reduced colloid osmotic pressure may contribute to the gen-
eration and persistence of pulmonary edema as well [9]. In fact, hypoproteinemia
is one of the strongest predictors of the development of ARDS among patients
with sepsis [10].

In noninjured lungs, pulmonary edema is strictly controlled by the lymphatic
drainage system, which constantly removes extravascular lung water (EVLW)
from the interstitial tissue and drains it into the superior vena cava via the thoracic
duct. In the early stages of ARDS, the increase in interstitial edema is regulated by
a compensatory increase of lymphatic drainage. However, as the amount of inter-
stitial edema increases, lymphatic drainage is overwhelmed, and interstitial edema
enters the alveoli [11, 12]. The first accumulation site for this pulmonary edema is
the loose peri-bronchovascular connective tissue of the lung hila, since this area
has both low resistance to fluid flux and major compliance. While interstitial pres-
sure in this area remains low, there is little resorption of interstitial edema, and the
pressure gradient remains in favor of further transudation from pulmonary vascu-
lature toward the interstitium thereby worsening fluid maldistribution. Lung weight
increases from the accumulation of pulmonary edema producing compression
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atelectasis with impairment of pulmonary mechanics and gas exchange.
Furthermore, increased intrathoracic pressure resulting from positive-pressure
mechanical ventilation leads to the activation of feedback systems designed to
maintain intravascular volume and arterial pressures [13]. In particular, the renal
aldosterone-angiotensin system is activated leading to water and salt retention.
Therefore, in ARDS, in addition to the original inflammatory protein-rich edema
accumulation, there is a superimposed tendency to retain the infused fluids with
further water accumulation.

8.3 Adverse Effects of Fluid Overload

The accumulation of interstitial and alveolar fluid in the lungs plays a central role
in the pathogenesis of ARDS. The detrimental impact of pulmonary edema may
not be immediately apparent clinically because the quantity of pulmonary edema
fluid, which is reflected by extravascular lung water, can increase two- to three-
fold prior to a significant decrease in arterial oxygenation [14]. However, clinical
data suggest that the quantity of edema fluid in patients appears to be an important
determinant of hospital morbidity and mortality in patients with ARDS. Almost
30 years ago, Simmons et al. observed that an increase in body weight and fluid
balance in ARDS patients was correlated with survival [15]. Humphrey et al. sub-
sequently demonstrated that patients with ARDS who achieved goal-directed fluid
removal had a statistically greater hospital survival compared to those not attain-
ing this therapeutic end point [16]. In a later study, Sakr et al. showed that even
after controlling for degree of organ dysfunction and size of tidal volumes, patients
with ARDS who survived their ICU stay had a net negative fluid balance com-
pared to nonsurvivors [17]. The association between positive fluid balance and
adverse outcome has also been reported in the pediatric population [18]. Other
studies have focused on quantification of the amount of pulmonary edema using
measures of extravascular lung water (EVLW) obtained by thermodilution tech-
niques and evaluated the influence on outcome in patients at risk for ARDS. Sakka
et al. retrospectively analyzed 373 intensive care unit (ICU) patients and found
that the maximum quantity of EVLW was significantly higher in nonsurvivors
than in survivors [19]. However, the prognostic effect of the quantity of edema
fluid, measured by thermodilution, was not found in patients presenting with
ARDS in this study. However, studies where EVLW was indexed to ideal body
weight (extravascular lung water index, EVLWI) have found EVLW to be a sig-
nificant predictor of mortality. Phillips et al. found that the EVLWI measured on
day 1 of ARDS was found to be predictive of mortality [20]. In another study,
Cordemans et al. reported that the maximum difference between EVLWI mea-
surements during the patient’s stay in the ICU was related to poor prognosis [21].
More recently, Jozwiak et al. reported that in patients with ARDS, both the
EVLWI and pulmonary vascular permeability index, a measure of the integrity of
the alveolar-capillary barrier obtained by thermodilution, were independent risk
factors for mortality [22].
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8.4 Benefits of Fluid Restriction

Given the evidence that excessive lung water is associated with worsened outcomes in
patients with ARDS, a fundamental question is whether an aggressive approach to reduc-
ing the amount of lung water when guided by EVLW measurement or other clinical
parameters can improve outcomes. The landmark Fluid and Catheter Treatment Trial
(FACTT) evaluated the benefits of fluid restriction in patients with ARDS [23]. In this
study, the fluid management was based on measuring central venous pressure (CVP) or
pulmonary capillary wedge pressure. Patients without evidence of shock with a central
venous catheter were randomized to maintain a target central venous pressure of less than
4 mmHg in the conservative group compared with 10~14 mmHg in the liberal treatment
group. Patients with a pulmonary artery catheter had a target pulmonary capillary wedge
pressure of less than 8§ mmHg in the conservative group compared with 14-18 mmHg in
the liberal strategy. Patients assigned to the conservative fluid management group had a
significantly improved mean oxygenation index, the lung injury score, an increased num-
ber of ventilator-free days, and decreased length of stay in the ICU, although they dem-
onstrated no difference in hospital mortality compared with the liberal fluid management
group. Despite the importance of these findings, the exclusion of hemodynamically
unstable patients or patients with renal failure makes it impossible to generalize these
results or to create a simple protocol for management of the fluid status in all ARDS
patients. In most patients, ARDS occurs within the context of a generalized process of
systemic inflammation resulting from conditions such as severe sepsis, burn injury, hem-
orrhagic shock, and necrotizing pancreatitis that are responsible for hemodynamic dys-
function. A number of guidelines for these conditions recommend an aggressive and
early fluid resuscitation, based on the body of evidence showing that rapid repletion of
fluid deficit in shock prevents the critical decrease of oxygen delivery, attenuates the
severity of multiple organ dysfunction, and reduces mortality [24-26]. However, when
these conditions are complicated by coinciding ARDS, the optimal fluid management
remains unknown. A study of septic patients with acute lung injury showed that mortality
was increased in patients who did not receive adequate early fluid management [27].
However, excessive early fluid administration can be accompanied by intense fluid accu-
mulation in the tissues, particularly in the lungs, leading to increase in pulmonary edema.
This fluid administration dilemma forces the clinician to modify the early goal-directed
resuscitation approach and consider “permissive hypovolemia” [28]. Whether this
approach is optimal for ARDS patients is unclear; however, if undertaken, it is probably
best implemented in the settings of advanced volumetric and metabolic monitoring.

8.5 Fluid Measurement and Monitoring
8.5.1 Measurement of Pulmonary Edema

8.5.1.1 Clinical

Accurate measurement and quantification of pulmonary edema are important for
diagnostic and therapeutic interventions. Clinically pulmonary edema can be
detected on physical examination by the presence of rales and may be confirmed by
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chest radiography. However, it has been shown to be difficult to quantify the amount
of pulmonary edema based on chest radiography alone [29]. Other indirect radio-
logical estimates of lung water, such as CT scanning and MRI, while more accurate,
are impractical for real-time measurement in critically ill patients.

8.5.1.2 Extravascular Lung Water

Limitations of indirect measures of lung water led to the development of thermal
dye techniques to allow estimation of lung water at the bedside. Currently, the
single transpulmonary thermodilution technique is considered the clinical gold
standard of lung water estimation [30]. Using this technique, the extravascular lung
water (EVLW), which is the amount of fluid that is accumulated in the interstitial
and alveolar spaces, can be calculated. EVLW obtained via the single transpulmo-
nary thermodilution technique has been shown to compare favorably with other
methods of lung water assessment including the double-indicator dilution tech-
nique and the ex vivo gravimetric method [31]. Compared to non-indexed EVLW,
EVLW adjusted for body weight (EVLWI, mL/kg) is better correlated with the
severity of lung injury and the oxygenation in patients with ARDS [32]. An
increased value of EVLWI is a pathophysiological hallmark of hydrostatic as well
as inflammatory lung edema, and this technique can detect small (10-20%)
increases in lung water [33]. The normal value for EVLWI is reported to be approx-
imately 7 mL/kg and results from the equilibrium between fluid leakage and lym-
phatic drainage [34]. Values of the EVLWI exceeding 30 mL/kg have been reported
during severe pulmonary edema [22].

8.5.1.3 Pulmonary Vascular Permeability Index

Transpulmonary thermodilution also provides a method for estimation of the integ-
rity of the alveolar-capillary barrier of the lung referred to as the pulmonary vascu-
lar permeability index (PVPI) [35]. The PVPI is the ratio between the volume of
fluid that has leaked into the extravascular space (EVLWI) and the volume of fluid
that has remained in the intravascular compartment (pulmonary blood volume).
The value of PVPI has been validated in both animal and human studies showing
that it was significantly higher in patients with ARDS than in patients with hydro-
static pulmonary edema [12]. A PVPI value of 3 is considered to be the maximal
normal value [36]. As with EVLWI, elevated PVPI values have also been shown to
predict mortality in patients with ARDS [22]. Clinically, both the EVLWI and
PVPI may be complementarily useful to guide fluid management of patients at risk
of fluid overload, as in patients with ARDS. For a given value of EVLWI, the
higher the PVPI, the greater the risk of increase in extravascular lung water during
fluid administration.

8.5.1.4 Ultrasound

An accumulating body of evidence suggests that lung ultrasound is useful for man-
agement of patients with ARDS. Lung ultrasound can provide a semiquantitative
estimate of the presence and dynamic changes in lung water and assist in confirming
the diagnosis of ARDS [37]. In the presence of interstitial-alveolar fluid, vertical
artifacts arising from the pleura (“B lines”) are detectable, and evidence suggests
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real-time matching of B-line quantity with changes in EVLW and total body water
[38]. Scores based on number and thickness of B lines have been developed which
permit a semiquantitative evaluation of the amount of extravascular lung water and
lung density [39, 40]. Recently, a quantitative lung ultrasound method has been
proposed [41]. A small study of pulmonary edema patients suggests that bedside
lung ultrasound may be useful in distinguishing between inflammatory and hydro-
static edema [42]. Inflammatory edema is suggested by spared areas, pleural abnor-
malities, and consolidation, whereas large effusions, a smooth thin pleural line, and
diffuse homogenous alveolar-interstitial syndrome (or white lung) suggest hydro-
static edema. Given its diagnostic ability, ready availability, and ease of use, ultra-
sound is a useful point of care tool for this estimation.

8.5.2 Hemodynamic Monitoring

8.5.2.1 General Principles/Strategies

In most patients, ARDS is part of an early and generalized systemic inflammation
that is responsible for hemodynamic dysfunction. While conservative fluid man-
agement in later ARDS is associated with improved outcomes, optimal fluid man-
agement in this early period remains unclear. Methods of hemodynamic
optimization and fluid management which account for dynamic changes over time
are most likely to have a positive impact on patient outcomes. The risks associated
with excessive fluid administration have led to development of strategies to assess
“fluid responsiveness” before performing volume expansion. In principle, the only
reason to administer fluid is to increase stroke volume (SV); if SV does not
increase, fluid administration serves no rational purpose and is likely to be harmful
[43]. Studies in heterogeneous groups of critically ill and injured patients have
consistently demonstrated that only about 50% of hemodynamically unstable
patients are fluid responsive, that is, their SV will increase by greater than 10-15%
following a fluid bolus [44, 45]. These considerations suggest that determining
whether a patient is fluid responsive as well as determining the patient’s “position”
on his or her Frank-Starling curve should occur prior to each fluid bolus. According
to the Frank-Starling principle, as the preload increases, left ventricular SV
increases until the optimal preload is achieved at which point the SV remains rela-
tively constant [46]. A necessary requirement for this model is that both ventricles
are operating on similar points of their Frank-Starling curve. In patients with RV
dysfunction, SV may not increase with fluid loading (it may actually decrease)
even though the LV is preload responsive. The adverse effects of fluid loading
occur as the patient reaches the plateau of his or her Frank-Starling curve, when
atrial pressures increase sharply, increasing venous and pulmonary hydrostatic
pressures, which causes a shift of fluid into the interstitial space with an increase in
pulmonary and peripheral tissue edema. Furthermore, increased cardiac filling
pressures increase the release of natriuretic peptides which cleave membrane-
bound proteoglycans and glycoproteins off the endothelial glycocalyx, thereby
further increasing endothelial permeability [47, 48].
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8.5.2.2 Static Parameters

Static markers of cardiac preload, such as the central venous pressure or pulmo-
nary artery occlusion pressure, have been used for decades for testing fluid respon-
siveness; however, recent literature has questioned their reliability [44, 49]. The
major reason for this unreliability is that the slope of the cardiac function curve
depends on the cardiac systolic function that varies among patients. Therefore, an
absolute value of any “static” measure of preload could correspond to either pre-
load dependence or preload independence. An additional element of unreliability
in the use of static markers of preload comes from errors that can occur in their
measurement and interpretation [50]. Although static markers of preload cannot
reliably be used to predict fluid responsiveness, they may have utility in confirming
that the fluid administered has actually filled the cardiac chambers. In addition,
cardiac filling pressures may have a role as safety parameters during fluid admin-
istration, i.e., a large increase in filling pressures can help to decide to stop fluid
administration [51]. To address the shortcomings of the static indices for prediction
of fluid responsiveness, a variety of dynamic indices have been developed. These
dynamic indices are based on observing the changes in cardiac output or stroke
volume resulting from heart-lung interactions during mechanical ventilation, by
postural maneuvers, or fluid challenges [52]. This section will briefly review sev-
eral “dynamic” indices of fluid responsiveness and their role in hemodynamic
management of patients with ARDS.

8.5.2.3 Dynamic Parameters

Pulse Pressure Variation

During positive-pressure mechanical ventilation, intrathoracic pressure increases
with lung insufflation, which reduces venous return to the right heart. If the right
ventricle is preload-dependent, this will inevitably reduce the right ventricular out-
flow and ultimately result in a reduced left ventricular preload. Hence, positive-
pressure mechanical ventilation induces cyclic changes in intrathoracic pressure
that transiently affect ventricular preload, resulting in greater cyclic changes in
stroke volume (SV) when the ventricle operates on the steep (responder) rather than
on the flat (nonresponder) portion of the Frank-Starling curve. These cyclic changes
in SV can be evaluated by changes in pulse pressure over the respiratory cycle
because the pulse pressure is proportional to SV [53].

A number of studies have demonstrated that pulse pressure variation (PPV) is a
reliable indicator of fluid responsiveness in critically ill patients including those
with ARDS, provided that the conditions of its validity are fulfilled. Pulse pressure
variation (APP) has been proposed to predict fluid responsiveness in patients with
ARDS [54, 55]. However, the respiratory variation in pulse pressure as a marker of
fluid responsiveness is not valid under some conditions that commonly affect
patients with ARDS. First, in the setting of spontaneous breathing activity, stroke
volume variations are related more to the respiratory irregularity rather than to pre-
load dependence [56]. Second, in the setting of cardiac arrhythmias, the variation of
stroke volume is related more to arrhythmia itself than to heart-lung interactions
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[57]. A third important limitation occurs in the setting of low tidal volume ventila-
tion and/or with low lung compliance which are common in patients with ARDS. In
this setting the low tidal volumes and lung compliance can reduce the transmission
of changes in alveolar pressure to the intrathoracic structures, thereby diminishing
the magnitude of the ventilation-induced changes of intravascular pressure [55].
This may result in false-negative predictions of fluid responsiveness by PPV. To
improve the performance of APP for assessment of fluid responsiveness in patients
managed with low tidal volume, a recent study reported correction of APP by pleu-
ral pressure changes. APpl values facilitate discrimination between responders and
nonresponders. In their analysis, a APP/APpl greater than 2 predicted fluid respon-
siveness with a sensitivity of 92.3% and a specificity of 93.2% [58]. While this work
shows promise, further validation is needed.

Respiratory Variation of the Inferior Vena Cava

The increase in intrathoracic pressure with positive-pressure mechanical ventila-
tion can induce changes in the diameter of the inferior vena cava (IVC). Due to
the IVC’s high compliance, the changes are more likely to be observed in the case
of hypovolemia than in normo- or hypervolemia. In patients receiving positive-
pressure ventilation, respiratory variation of the diameter of the IVC has been
demonstrated to be a reliable predictor of fluid responsiveness [59]. As with other
dynamic measures based on heart-lung interactions, IVC variation has only lim-
ited predictive value in the case of spontaneous breathing activity [60].
Additionally, low lung compliance and mechanical ventilation with a low tidal
volume should theoretically minimize the effect of ventilation on the vena cava
diameter and may thus invalidate the method. By contrast, IVC collapsibility to
assess fluid responsiveness can be used in the setting of cardiac arrhythmias. The
respiratory variation of the inferior vena cava is simple to measure by transtho-
racic echocardiography, which represents an important advantage. In fact, the
subcostal ultrasonic window may prove to be the only window providing an
acceptable image in patients with ARDS due to the increased echogenicity of the
lungs. Ultrasonic assessment of the IVC may be particularly useful for assessing
volume responsiveness in the early phase of care, before arterial cannulation has
been performed.

Fluid Challenge

The most intuitive way to test fluid responsiveness is to administer a fluid challenge
and observe its effects on cardiac output. The disadvantage of the “common” fluid
challenge is that it consists of administering 250-500 mL of fluid. This volume of
fluid may seem negligible at first; however, performing fluid challenges repeatedly,
as can occur in the early phase of shock, may contribute to significant fluid over-
load. A “mini fluid challenge” has been described as an alternative [61, 62].
Nevertheless, small amounts of fluid can only induce small changes in stroke vol-
ume and cardiac output. Thus, this test requires a very precise technique for measur-
ing cardiac output. Whether the “mini fluid challenge” is effective for clinical
decision-making requires further investigation.
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The Passive Leg-Raising Maneuver

An alternative to the fluid bolus for assessing fluid responsiveness is the passive leg-
raising (PLR) maneuver. The PLR maneuver is performed by lifting the patient’s
legs passively from the horizontal position, and it is associated with the gravita-
tional transfer of blood from the lower extremities to the intrathoracic compartment
[63]. Beyond its ease of use, this method has the advantage of reversing its effects
once the legs are returned to the horizontal position. Therefore, the PLR maneuver
may be considered a reversible “self-volume challenge” [64]. Since the maximal
hemodynamic effects of PLR occur within the first minute of leg elevation, it is
important to assess these effects with a method able to track real-time changes in
SV. The change in blood pressure following a PLR or fluid challenge is a poor guide
to fluid responsiveness; SV may increase without a significant change in blood pres-
sure. The reliability of PLR as a test of preload responsiveness has been confirmed
in multiple studies performed in critically ill patients [65].

EVLW as a Therapeutic Target

EVLW is a sensitive marker of the development of pulmonary edema correlating
with markers of lung injury, including the PaO,/FiO, oxygenation ratio, lung com-
pliance, chest radiograph, and lung injury score. Patients with ARDS may therefore
benefit from management guided by EVLW. An early diagnosis of the pathological
accumulation of EVLW during resuscitation may allow for earlier interventions and
changes in the therapeutic plan [12]. In addition, monitoring of EVLW may identify
the point when de-resuscitation should be started, namely, the institution of an
aggressive negative fluid balance once the hemodynamic status stabilizes. While
this approach seems promising, further clinical studies are required to demonstrate
the benefit of such a strategy.

8.6 Fluid Restriction and Edema Clearance
8.6.1 Practical Considerations

Recovery from ARDS requires that the pulmonary edema resolves [66, 67]. The
primary methods to decrease pulmonary edema are the use of loop diuretics, such
as furosemide and/or hemofiltration. The inherent risk of these methods is the
induction of organ hypoperfusion. Monitoring strategies to guide the edema clear-
ance by furosemide or hemofiltration before inducing organ hypoperfusion should
be beneficial for outcomes, although data to support this assertion is limited.
Recently the E/Ea ratio, an ultrasound-derived marker of left ventricular filling
pressure, has been reported to be a discriminating factor for identifying ARDS
patients who will not tolerate negative fluid balance [68]. The FACTT trial demon-
strated that for patients with ARDS that are not in shock, adopting a conservative
fluid management strategy improves pulmonary-related outcome. However, despite
the benefit, the FACTT protocol was complex and practically difficult to implement
in routine clinical practice. The protocol contained a total of 18 different cells with
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Table 8.1 Simplified fluid and catheter treatment trial “FACTT Lite” protocol®

Urine output Urine output
Central venous pressure <0.5 mL/kg/h >0.5 mL/kg/h
>8 Furosemide® Furosemide©
4-8 Fluid bolus® Furosemide®
<4 Fluid bolus® No intervention®

Adapted from Grissom et al. [69]

“Recommended for patients with mean arterial pressure >60 mmHg and off vasopressors for >12 h
"Reassess in 1 h

‘Reassess in 4 h

instructions that include dobutamine infusion, fluid bolus, or furosemide adminis-
tration. To more easily operationalize a fluid restrictive strategy in subsequent trials,
the ARDS Network investigators developed a simplified conservative fluid protocol,
“FACTT Lite” (Table 8.1) [69]. The FACTT Lite provided three possible instruc-
tions determined by the CVP and urine output: furosemide administration, fluid
bolus, or no intervention. As with the original FACTT Conservative protocol,
FACTT Lite contained instructions to withhold furosemide until the patient achieved
a mean arterial pressure greater than 60 mmHg off of vasopressors for at least 12 h.

A retrospective comparison of the performance of FACTT Lite with FACTT
Conservative and FACTT Liberal was recently reported. Fluid management with
FACTT Lite resulted in a significantly greater average cumulative fluid balance
(+2.05 L) over 7 days than FACTT Conservative but a significantly lower average
cumulative fluid balance compared to FACTT Liberal (+5.07 L mL) over the same
time period. In subjects without baseline shock, in whom the fluid protocol was
applied throughout the duration of the study, management with FACTT Lite resulted
in an equivalent cumulative fluid balance to FACTT Conservative and had similar
clinical outcomes of ventilator-free days, ICU-free days, and mortality as FACTT
Conservative and significantly greater ventilator-free days and ICU-free days than
FACTT Liberal. Interestingly, development of new-onset shock during the study
was lower in the FACTT Lite group than in the FACTT Conservative group. This
might be explained by a less aggressive diuresis in the first 2 days in the FACTT Lite
group compared with the FACTT Conservative group.

8.6.2 Enhancing Edema Clearance

8.6.2.1 Modulation of Oncotic Pressure

Endogenous albumin is an important regulator of endothelial integrity [70, 71].
From a hemodynamic point of view, hypoalbuminemia results in a decrease in
plasma oncotic pressure; therefore, pulmonary edema forms at a lower hydrostatic
pressure because the oncotic pressure gradient between plasma and the interstitium
decreases [72]. Administration of albumin to raise oncotic pressure and promote the
water movement from the interstitial to the intravascular space has been suggested
as a method to reduce pulmonary edema. This approach can be combined with the
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use of furosemide to facilitate the removal of the excess fluid from the plasma. The
efficacy of this approach was initially evaluated by Martin et al. in a trial of 37
hypoproteinemic patients with acute lung injury randomized to receive protocolized
albumin replacement and continuous infusion of furosemide versus double placebo
[73]. The patients treated with albumin and furosemide showed improvement of
oxygenation with better hemodynamics and fluid balance compared with controls.
Based on the results of this study, it was estimated that the albumin/furosemide
protocol accelerated the edema clearance, by 3—4 days compared with its natural
evolution [74]. The beneficial effect of albumin administration was subsequently
evaluated in a small trial which compared the efficacy of furosemide and albumin
compared to furosemide alone [75]. This trial suggested that albumin is a critical
component of this regimen, for both maintenance of hemodynamic stability and
improved oxygenation. While these studies suggest promise, it is important to
stress, however, that both studies excluded patients with hemodynamic instability
and/or receiving vasopressor support suggesting that the full-blown phase of ARDS
was already overcome in the enrolled patients. Larger trials are needed to confirm
the findings and define the optimal timing of colloid/diuretic administration.

8.6.2.2 Pharmacologic Therapies

The resolution of alveolar edema does not occur by normalization of vascular pres-
sures alone but is driven by active transport of sodium and chloride ions from the
alveolar luminal space across the epithelial cells, thereby creating an osmotic gradi-
ent for the reabsorption of water. The use of pharmacologic agents to promote
sodium (and water) transport out of the alveoli is an appealing and complementary
way to enhance the edema clearance. Even with severe epithelial injury, alveolar
clearance may be pharmacologically stimulatable [76]. Several experimental stud-
ies have shown that the exogenous administration of cAMP agonists, in particular
B,agonists, accelerates the resolution of edema [77]. The action of B,agonists prin-
cipally occurs through an increase in the quantity and activity of Na/K pumps in the
basal membrane and sodium channels in the pneumocyte apical membrane. The net
effect of these actions is to increase the sodium gradient between the alveoli and the
interstitium and thereby increase the absorption of water.

A randomized trial in 40 ARDS patients by Perkins et al. suggested that the infu-
sion of salbutamol compared with placebo for 7 days was able to significantly
diminish the quantity of pulmonary water measured by transpulmonary thermodilu-
tion without affecting oxygenation and duration of mechanical ventilation [78].
Unfortunately, the suggested benefit was not demonstrated in successive trials. In
fact, a multicenter trial by the same investigators that randomly assigned ARDS
patients to intravenous salbutamol or placebo was terminated early because of
excess mortality in the treatment group [79]. In the related trial which compared
aerosolized albuterol or saline treatment in acute lung injury, there was also no ben-
efit in either ventilator-free days or mortality [80]. A number of possible explana-
tions have been proposed for failure of p,agonist therapy to improve outcomes in
these clinical trials including inadequate aerosol drug delivery, downregulation of
beta-2 receptors, and inability of injured alveolar epithelium to respond to a
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B,agonist. Finally, it is possible that with lung-protective ventilation and a fluid-
conservative hemodynamic strategy, there was little opportunity to further enhance
alveolar fluid clearance with the p,agonist. While some questions remain, such as
whether or not there may be a benefit with a different cAMP agonist or benefit in
specific subpopulations, the available data do not support the use of pragonist to
facilitate edema clearance.

8.7  General Paradigm for Resuscitation in ARDS

In addition to the amount of fluid administered, it is increasingly being recognized
that timing of fluid administration during the course of critical illness is crucial:
both immediate commencements of resuscitation with target end points in the early
phase of critical illness followed by fluid restriction and mobilization when shock
resolves are of utmost importance in achieving best outcomes. This process has
recently been more formally divided into four phases that are distinguishable based
on the time course of critical illness denoted by the acronym “ROSE”: rescue, opti-
mization, stabilization, and evacuation (Table 8.2) [81]. In each of these four stages
of treatment modalities, goals and monitoring tools can substantially differ.
Adaptation of this paradigm to the hemodynamic management of patients with
ARDS may be beneficial for patient management and is described in the following
section and summarized in Table 8.2.

The rescue phase encompasses the period of initial stabilization of the patient
with severe systemic hypotension and evidence of tissue hypoperfusion. In this
phase, the immediate goal is to correct the shock, and intravenous fluids are typi-
cally first line therapy. Fluid administration is expected to increase cardiac pre-
load and, in the case of preload dependence, to increase cardiac output and
eventually improve tissue oxygenation. Evidence is lacking to support the use of
specific resuscitation protocols for patients with ARDS during this period. The
volume of fluid required during this phase must be individualized and will neces-
sarily vary between patients. However, patients with coincident conditions such
as sepsis may benefit from a protocolized approach developed for that condition.
Since the need for intervention is immediate, only those readily available tools
and targets should be considered. Multiple fluid boluses may need to be adminis-
tered to achieve a predefined blood pressure target, often with limited hemody-
namic monitoring such as routine bedside vital signs. During the resuscitative
phase, fluids must be administered in a timely and targeted manner with appropri-
ate limits to fluid administration.

Maintaining the mean arterial pressure above the lower autoregulatory threshold
for perfusion of the most vulnerable organs (heart, brain, kidneys) is essential.
Invasive blood pressure monitoring should be initiated to allow continuous blood
pressure display. Consideration of the patients’ individual premorbid conditions
(e.g., hypertension, CHF) may be more beneficial in establishing resuscitation goals
rather than what is recommended as a universal target in the guidelines. Maintaining
adequate mean arterial pressure in mechanically ventilated patients with permissive
hypercapnia is critical given that impaired cerebral autoregulation can predispose
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Table 8.2 Paradigm for fluid resuscitation/hemodynamic management in patients with ARDS

Patient Hemodynamic Targets and monitoring
Stage characteristics | goals Strategy tools
Rescue Severe Rapid Rapid fluid Clinical signs/symptoms
hypotension correction of bolusing to Macrohemodynamics
Evidence of shock increase cardiac | (MAP, CO)
tissue Maintain preload and CO | Lactate
hypoperfusion | lower Dynamic parameters
autoregulatory (PPV, IVC variation,
limits for fluid bolus, PLR)
organ
perfusion
Optimization | Evidence of Improve Titrate fluids Organ perfusion (MAP,
tissue cardiac output | Continue fluid CO, Scv0,)
hypoperfusion | and oxygen boluses in Fluid responsiveness
delivery responders and | EVLW and PVPI as
Maintain avoid in safety parameters
tissue nonresponders
perfusion Initiate
vasoactive

agents early in
fluid
nonresponders
Inotropic
support

if poor cardiac
performance
coupled with
signs of organ
hypoperfusion

Stabilization

No evidence

Maintain even

Restrict fluids

Daily and cumulative

of tissue to negative fluid balance, body
hypoperfusion | fluid balance weight
Stable or
decreasing
doses of
Vasopressors
Evacuation No evidence Mobilize Administer Negative daily and
of tissue accumulated diuretics cumulative fluid balance,
hypoperfusion | fluid while +/— albumin body weight
No avoiding organ | Extracorporeal | Ultrasound (E/Ea ratio)
requirement hypoperfusion | removal if poor
for response to
Vasopressors diuretics

Adapted from Malbrain et al. [81]

patients with decreased cerebrovascular reserve to cerebral ischemia [82]. Besides,
standard hemodynamic monitors, ultrasonography, and echocardiography may
offer valuable advanced information on heart function, including preload, contrac-
tility, and ventricular performance.

In the optimization phase, the therapeutic goal is to maintain tissue perfusion.
This phase should be monitored using clinical judgment as well as physiologic
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and biochemical parameters individualized to the patient. Conventional indicators
of the adequacy of resuscitation, such as the resolution of oliguria, a decrease in
lactate levels, and improving ScvO,, can be helpful but may not occur in every
patient. However, it is important to acknowledge that none of these indices have
a high enough sensitivity on their own to be used as a target in every patient;
therefore, a “multimodal” approach to optimization may be necessary. Monitoring
of EVLW and PVPI may be valuable to prevent fluid overload. Vasoactive agents
should be initiated early in fluid nonresponders in order to minimize the patho-
logical pooling of blood and help mobilizing the unstressed volume. Providing
inotropic support should be reserved for those patients who after optimizing both
pre- and afterload still show unsatisfactory cardiac performance coupled with
signs of organ hypoperfusion.

Fluid administration is often a necessary component of optimization, but unmoni-
tored volume resuscitation in patients with persistent hypoperfusion increases the
likelihood of fluid overload. The absence of fluid responsiveness or evidence of fluid
overload should be used to determine when to stop giving fluid challenges in patients
who fail to achieve their resuscitation goals. The importance of this approach in
patients with ARDS is demonstrated by a recently published retrospective analysis of
the FACTT trial which examined the effect of fluid bolus administration in the
patients randomized to the pulmonary artery catheter arm of the study [83].
Importantly, less than a quarter of the patients were fluid responders (increase in CI
>15%). Furthermore, fluid boluses were unlikely to result in an increase in urine
output, and only small changes in heart rate or mean arterial pressure after a fluid
bolus were noted. Therefore, routine administration of fluids to patients with shock
or oliguria who were previously resuscitated may not improve organ function.

In the stabilization phase, there is adequate tissue perfusion, and although
patients may still require vasopressor support, the doses of these medications are
stable or decreasing. In the absence of evidence suggesting hypoperfusion, fluid
administration should be restricted. Fluid challenges should not be routinely given,
even in those who are fluid responsive. Maintenance fluids are usually not required
and should be discontinued when possible as critically ill patients frequently receive
sufficient fluids with medications and nutrition to account for insensible losses.

In the evacuation phase, interventions are targeted at fluid removal. There is no
consensus about the optimal timing of fluid removal, and there are limited data to
guide a specific recommendation. In the FACTT and FACTT Lite trials, patients
were required to have been off vasopressor therapy for at least 12 h before diuretics
were administered. A reasonable approach is to begin with restricting fluids when
patients achieve hemodynamic stability and/or normal tissue perfusion and then to
consider initiating diuresis in patients with clinical evidence of fluid overload that
are unable to achieve a negative fluid balance spontaneously. Negative fluid balance
may be achieved by the combined administration of furosemide alone or together
with albumin. However, in some patients the response to diuretics remains poor. In
these cases an active de-resuscitation by extracorporeal means may be considered.
There are concerns about the risk of organ hypoperfusion associated with active
fluid removal, and the data providing guidance for this phase of management are
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still limited. Consequently, fluid removal should be performed cautiously with clear
limits and appropriate safety monitoring to avoid inducing hypovolemia. The use of
hemodynamic indices such as the E/Ea ratio, EVLWI, and PVPI may aid in facilitat-
ing edema clearance without compromising end-organ function.

Conclusion

Fluid overload in patients with ARDS is a preventable complication that is asso-
ciated with increased morbidity and mortality. Two aspects of fluid management
appear to be helpful in preventing fluid overload in patients with ARDS. First,
during resuscitation, excessive fluid administration should be avoided. Second,
removal of excess fluid should be promoted in patients whose shock has been
resolved. A stage-targeted approach to hemodynamic management for patients
with ARDS which combines clinical judgment along with sophisticated monitor-
ing tools may be beneficial to guide management. Rational fluid management
strategies should be implemented during each phase of resuscitation to help miti-
gate the effects of fluid overload and, thereby, improve outcomes. Initial fluid
resuscitation should be guided by an assessment of fluid responsiveness until
stabilization occurs, while later management requires a conservative fluid
approach or even active fluid removal. Whether specific protocol-directed resus-
citation for ARDS-associated shock improves outcome remains to be deter-
mined, while in established ARDS, a fluid-conservative approach is the minimum
requirement. Further research on how to best personalize fluid therapy for the
critically ill patients with ARDS is needed.
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Weaning in ARDS

Ross Freebairn

9.1 Introduction

Depending upon case mix, about one in four ventilated in an ICU has ARDS-
induced respiratory failure [1]. Mechanical ventilation (MV), the mainstay of sup-
port for ARDS and also a driver of intensive care costs, is associated with
complications that pose risks to patients [2, 3]. Increasing the duration of MV
increases that risk [4]. As respiratory function improves, MV needs to be withdrawn
at the earliest possible juncture. Very few randomized trials of MV weaning have
had a primary focus on patients suffering from ARDS. For reasons outlined below,
substituting results acquired from general populations or applying techniques devel-
oped in non-ARDS patient groups may have limitations.

In patients with ARDS, reversal or control of the precipitant of the respiratory
failure is essential before the “weaning” can begin. This entails correction or attenu-
ation of the precipitating cause of the ARDS as well as restoring the respiratory
systems to a stable, functional state. ARDS impact is not confined to the respiratory
system, and thus weaning is not solely ventilator focused. Restoration of cardiovas-
cular, neuromuscular, neurological, and psychiatric homeostasis is required for suc-
cessful weaning [5, 6].

9.1.1 Definitions

Weaning is the successful separation (or liberation) of the patient from the ventila-
tor. Weaning definitions range from being totally free of MV support to just being
free of invasive ventilation [7]. The lack of standard definitions and the varied end
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points for weaning complicate analysis [7, 8]. Prolonged MV also has a myriad of
definitions including MV periods for as brief as 2 days to as long as 29 days [9-11].
A 2004 consensus defined prolonged MV as greater than or equal to 21 consecutive
days of MV, for greater than or equal to 6 h/d [10].

The end of the weaning process also lacks agreed definitions and is variously
defined as first extubation, successful extubation, unassisted breathing for 24 or
72 h, the first spontaneous breathing trial (SBT) or successful SBT, or an ill-defined
“successful weaning” [7, 12—17]. The spectrum of transitioning supportive therapy
such as high-flow nasal cannula (HFNC) as adjuncts to weaning adds further com-
plexity [18-21].

9.1.2 Routine Weaning

Standard weaning should be employed early in the ICU stay. Once the need for
muscle paralysis, deep sedation, prone positioning, and other complex respiratory
interventions is no longer needed, active weaning should commence.

Generally, once the underlying condition is reversed, the majority of patients can
be weaned by simple sequential cessation of neuromuscular blocking agents, seda-
tion, and respiratory support, with wakefulness, spontaneous breathing, and extuba-
tion following without significant delay. However, a smaller number, dependent on
case mix but usually about one third of patient number, require a more complex
process. The truly “difficult-to-wean patient” represents one in six of all MV
patients in the ICU [3, 22, 23].

Respiratory failure is due to ARDS that may be solely due to community-, hospi-
tal-, or ICU-acquired ARDS, or it can be contributed to by coexisting respiratory
conditions, such as chronic lung disease (CLD) [23]. These coexisting conditions all
carry different morbidities and associated mortalities, and influence the duration of
support required, difficulty of weaning, and outcomes achieved [23]. Unfortunately,
ARDS, particularly severe ARDS, while not exclusively confined to one group,
makes up a significant portion of “difficult-to-wean” patients. Of this difficult-to-
wean group, about one third of patients require more than 3 weeks of weaning
makeup representing about one a patient in 20 of all ICU MV patients [10, 24, 25]

9.2  Progress Toward Weaning

Weaning has been extensively studied, but existing data does not include any large
trial where patients with ARDS were the sole or majority of subjects. In the absence
of ARDS-specific trials, the consensus view appears to be that the principles applied
to weaning with other causes of respiratory failure are valid and that unnecessary
prolongation of MV should be avoided by timely recognition of readiness to wean
and readiness to extubate [26, 27].

The first step is the reversal of the underlying condition. ARDS is not a disease
but is precipitated by a pathological condition; both its severity and duration are
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dependent upon that condition [23]. As the underlying condition may influence
the ability to wean, management of the underlying and comorbid pathologies is
crucial but beyond the scope of this review. While it is prudent to consider wean-
ing during early recovery, if the precipitating cause is an ongoing process, such as
unresolved sepsis or recurrent pancreatitis, attempts at early weaning may be
interrupted by recurrence or by nosocomial complication and may represent back-
ward steps in any weaning program [5]. However, the alternative of waiting until
complete resolution of the underlying condition will unduly delay recovery and
precipitate increased debilitation. The earliest return to spontaneous respiratory
effort is important as even short intervals of complete diaphragmatic inactivity
during MV may increase diaphragmatic proteolysis and atrophy of diaphragm
muscle [28, 29].

9.2.1 Weaning Criteria Assessment

The patient’s capacity to breathe spontaneously is often underestimated. With
severe ARDS, early weaning must be balanced against the risks of spontaneous
breathing [30, 31]. Neither clinical assessment nor objective assessments are reli-
able or accurate in assessing readiness to wean. While some patients fail weaning
trials having satisfied weaning criteria, up to one third of patients judged by
criteria “not to be ready to wean” can wean successfully. Under half of patients in
the defining weaning studies were ventilated because of ARDS, and many studies
were limited to those ventilated for less than 2 weeks. Patients with ARDS are
typically ventilated for 8 days with a quarter receiving ventilated for double that
period [1].

Weaning predictors are often incorporated in protocols to predict weaning out-
come for patients on MV. The traditional weaning algorithm was based upon mov-
ing from controlled to other modes over a relatively short period. The addition of
complex modes to the ventilator armamentarium that support weaning means that
the historic criteria are not necessarily relevant and has blurred the line between
“ventilation” and “weaning” [32-34]. One of the most common tools, the fre-
quency-TV ratio (or rapid shallow breathing index), has been shown not to convey
a survival benefit and did not assist in avoiding tracheostomy or extubation failure
[35]. Routine application of weaning predictors is not recommended, but a bedside
assessment checklist for clinicians may be a prompt weaning [4, 36, 37].

The performance of most weaning indices remains below expectation, and there
is a need for a robust predictive tool [38, 39]. Only five assessment tools were asso-
ciated with weaning success or failure [37, 40]:

Negative inspiratory force (maximal inspiratory pressure)
Minute ventilation

Respiratory frequency

Tidal volume

Frequency-TV ratio (f/VT)

Nk
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9.2.2 Spontaneous Breathing Trials

Once it is determined that weaning is possible, and desirable, the next step is usually
a “spontaneous breathing trial” (SBT). A SBT comprises an assessment of a patient’s
capacity to breathe and is advocated as the best method to ascertain extubation
readiness [4, 41].

A SBT generally comprises 30—-60 min on low levels of pressure support ventilation
(PSV) ranging from 0-8 cmH,0 and continuous positive airway pressure (CPAP) deliv-
ered by the ventilator or other CPAP devices or using a T-piece attached to the endotra-
cheal tube. A recent Cochrane systematic review confirms earlier reports that no
difference in overall weaning success is based on the SBT method, although PSV was
more effective than T-tube for successful SBT among patients with simple weaning
[42]. As indicated above, approximately two thirds of patients require minimal to no
weaning and after the first SBT is extubated without difficulty [4, 22]. The remaining
one third require a more graduated approach to reducing the amount of ventilator sup-
port [4]. Both Ezingeard et al. and Cabello et al. found that a PSV trial immediately
after a T-piece trial failure was successful in a number of patients, further reducing the
“difficult-to-wean” pool [43, 44]. After a failed weaning effort, if evidence for fatigue
is evident, then clinicians should provide 24 h of rest on full MV before proceeding
with the next weaning effort [45]. If not, a repeated SBT should be encouraged.

9.2.3 Weaning Protocol

The wake-up and breathe protocol pairs daily spontaneous awakening trials (i.e.,
sedatives interruption) with daily SBT, produces better outcomes than historic
approaches, and has been recommended as routine practice [46]. The general out-
line of the standard wake-up and wean process is displayed in Fig. 9.1 and although
not specifically designed for patients with ARDS is the consensus view on the stan-
dard ventilator management [46].

There is insufficient evidence to evaluate the effectiveness of protocol-directed
sedation regimes as results from the two randomized controlled trials were conflicting
[51, 52]. Patients who are not immediately weaned need further immediate assessment
to identify reversible factors and then usually undergo either a strategy of progressive
reduction of level of assistance, such as pressure support ventilation, or progressively
longer periods of spontaneous breathing, with or without CPAP [26, 27]. There are now
a wide variety of alternative modes and strategy with apparent equivalence in weaning
[53-56]. Partial ventilatory support mode in patients with ALI/ARDS is associated
with physiological benefits, but evidence of an impact on clinical outcomes in ARDS
is lacking [56, 57]. These are outlined below under adaptive ventilation.

9.2.4 Movement to Spontaneous Breathing

In severe ARDS, the value of neuromuscular blockade and prone positioning mean
that spontaneous breathing cannot be recommended in early severe ARDS [58, 59].
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Fig.9.1 Flow diagram for weaning in ARDS; derived from [26, 27, 34, 47-50]

After this initial period, spontaneous breathing supported by modes such as ASV,
APRYV, BIPAP, or pressure support has appealed [30]. In less severe ARDS and as
lungs recover, spontaneous ventilation has potential to improve lung ventilation at
lower levels of airway pressure and traditionally has been encouraged as it requires
less sedation and improves cardiopulmonary function, presumably by recruiting
non-ventilated lung units, requiring a shorter duration of ventilatory support [57,
30]. In animals with severe lung injury, spontaneous breathing could worsen lung
injury, and muscle paralysis might be more protective for injured lungs by prevent-
ing injuriously high trans-pulmonary pressure and high driving pressure [60].
Inspiratory pressure support provided to match the demand for a higher minute
ventilation can lead to large trans-pulmonary pressure swings and TV that exceed
the recommended maximums, both of which are major contributing factors to ven-
tilator-induced lung injury and possibly to weaning failure [31, 61].

Strong spontaneous efforts in animals increase lung injury [31]. In injured lungs,
the lungs’ normal fluidlike behavior is not universally present. With spontaneous
breathing, the negative pleural pressures generated by diaphragmatic excursion are
not uniformly transmitted across lung surfaces but concentrated in dependent regions.
In the supine position, these dependent posterior regions are affected, but following
prolonged prone positioning, this may also affect the ventral regions [62]. Locally
increased pleural pressure variations cause underdiagnosed regional overstretching
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in dorsal (or dependent) lung regions, accompanying alveolar air shift from ventral
to dorsal parts of the lung (i.e., pendelluft) [62]. Excessive spontaneous efforts may
cause local overstretch because of a significant pendelluft effect [63].

Of concern is the cryptic damage due to high trans-pulmonary pressures, and
regional overdistension will postpone successful weaning and increase both mor-
bidity and mortality. Limiting the trans-alveolar pressure by strictly limiting driving
pressures and tidal volumes generated is important [31].

9.3  Barriers to Weaning
The barriers to immediate easy weaning are shown on Diagram 2 [4]. It is notewor-
thy that only a few are reversible directly by manipulation of the ventilation support,

the primary focus on many early “weaning” attempts.

Barriers to weaning

Reduced central respiratory drive
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hdecreased respiratory efficiency |

9.3.1 Increased Respiratory Load

With ARDS the residual shunt, increased dead space, and ongoing poor ventilation-
perfusion matching does not resolve immediately [64]. Weaning patients have
supranormal minute ventilation requirements, increased airway resistance,
decreased pulmonary and/or chest wall compliance changes, and thus a greater
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work of breathing [65]. Decreased pulmonary compliance can arise from reversible
causes like pleural effusions and pulmonary edema. Drainage or diuretics may
improve compliance and oxygenation, decrease trans-pulmonary pressure, and
shorten weaning time [66, 67].

After a week of ventilation, one third of intensive care patients have impaired
inspiratory muscle endurance after successful weaning [68]. Although inspiratory
muscle training improves tidal volumes, it appears to be of no overall benefit
[68-70].

9.3.2 Decreased Respiratory Drive

A central respiratory drive is necessary for ventilatory activity to continue once the
ventilator support is removed. Commonly, there is a reduced respiratory drive with an
inadequate response to either hypercarbia or hypoxemia. Carbon dioxide responsive-
ness is seldom tested formally, although ventilatory response to reduction in pressure
support is used as part of the weaning algorithm. Responsiveness to carbon dioxide
assessed from the 100 ms occlusion pressure has been shown to predict weaning [71].

9.3.3 Excess Sedation and Analgesia

The triad of adequate analgesia, control of delirium, and optimal sedation to facili-
tate tolerable MV is never more important than during weaning [72]. Early sedation
depth predicts delayed extubation [73, 74]. This association is confounded by sever-
ity of illness, and with neuromuscular blockade and prone positioning in severe
ARDS, both precipitating deeper sedation, being recommended therapy for severe
ARDS, it is not surprising that ARDS patients are deeply sedated [58, 59]. Kress
demonstrated that daily interruption of sedative infusions reduced the duration of
MY, but less than one third of the studied group had ARDS or pulmonary edema
[75]. Protocol-directed sedation is controversial as results from the two randomized
controlled trials were conflicting [51, 52].

Prolonged weaning can be a complication of inappropriate dosing sedative/hyp-
notic medication, with delayed clearance in multi-organ failure, a common feature
of ARDS patients [6, 76]. Increased understanding of sedation goals by attending
staff principles may further reduce ventilation duration [77]. Change in sedation
choice may contribute to shorter weaning periods. A fivefold increase in propofol
use and a 70% reduction in midazolam use over 8 years were associated with a
decline in MV duration, tracheostomy rate, and ICU and hospital length of stay
[78]. Sedation techniques, particularly those that include the use of benzodiaze-
pines, may increase delirium, agitation, withdrawal, and other neuropsychiatric
conditions, which either directly or indirectly delay weaning [79, 80].

Withdrawal syndromes were associated with high doses of analgesic, and seda-
tive medications with neuromuscular blockade and prolonged MV means that
patients with ARDS are at increased risk of withdrawal syndrome [81].
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9.3.4 Cardiacload

Cardiac dysfunction is among the most common barriers to weaning [82].

The onset of ARDS respiratory failure may be precipitated by, exacerbate or
importantly mask, congestive and right heart failure. Positive pressure reduces pul-
monary edema, provides increased alveolar pressures, and reduces afterload. With
weaning, spontaneous breathing is reestablished; the process reverses with a nega-
tive pleural pressure during inspiration [83]. This decrease in intrathoracic pressure
increases the systemic venous return pressure gradient, the right ventricular (RV)
preload, the central blood volume, and subsequently the LV preload [84]. A second
effect is a decrease of the LV ejection pressure gradient, increasing the LV afterload
[85]. As a consequence, respiratory and cardiac failure may occur, associated with
increased work of breathing and hypoxemia.

Diagnosis and monitoring, augmented by echocardiography, allow titration of
treatment by diuretics, vasodilators, inotropes, and coronary angioplasty when indi-
cated. Using diuretics guided by brain natriuretic peptide (BNP) measurements
shortens weaning suggesting that negative fluid balance using diuretics could hasten
extubation [16]. The use of a conservative fluid strategy shortened MV in patients
with acute lung injury although poor longer-term cognitive outcomes are concern-
ing [66, 86].

9.3.5 Muscle Atrophy and Weakness

Early muscle changes are driven by inflammation and disuse, with atrophy from
increased protein degradation [28, 87]. Late-phase muscle weakness persists in
many despite resolution of lung injury and cessation of ongoing acute inflamma-
tion [87]. Late-phase muscle dysfunction may reflect a failure of the musculoskel-
etal system to regain homeostatic balance. These differences may require different
therapies. Electrical muscle stimulation for those that cannot exercise has been
suggested although this novel technique in the ICU setting is scarce [88].
Denervation injuries, for which there are no specific therapies, may persist and
delay weaning.

9.3.6 Metabolic Electrolyte and Endocrine Considerations

Metabolic alkalosis, a common disorder in ICU, impedes respiratory drive and can
be caused by diuretic use, hypernatremia, and hypokalemia, all classically associ-
ated with ARDS management [89]. Increased serum bicarbonate is associated with
increased ICU LOS, more days on MV, and higher hospital mortality [90]. Chloride-
restrictive buffered solutions theoretically could increase metabolic alkalosis, but in
an interventional trial, chloride restriction did not increase in ventilation time [91,
92]. Studies of “contraction alkalosis” and effect medications such as acetazolamide
on weaning are needed [93].
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Serum calcium, phosphate, magnesium, and potassium deficiency all cause mus-
cle weakness [94]. Hypothyroidism, hypoadrenalism, and relative or absolute corti-
sol efficiency also contribute to weaning difficulty. Endogenous hormones, and the
exogenous corticosteroids that are often used in critical illness for septic shock,
directly for ARDS, or for other indications may also contribute [95]. The corticoste-
roids and steroid-based neuromuscular blocking agents are associated with muscu-
lar weakness, but their overall effect on weaning remains unclear [96]. Avoidance
and, when present, early correction of electrolyte abnormality as routine care are
crucial to successful weaning [94].

9.3.7 Psychological Dysfunction

Forty-two percent of patients weaning from prolonged MV have depression, and
weaning failure is twice as common in patients with depression [97, 98]. Fatigue,
excessive daytime somnolence, and associated depression also delay weaning [99].

Second-generation antipsychotic and stimulants such as donepezil, modafinil,
and methylphenidate have been used in difficult-to-wean patient depression [99—
103]. Whether their effect is through counteracting depression or anxiety or as a
direct respiratory stimulus is unclear.

Up to 80% of patients in ICU have delirium and are associated with delayed
weaning and higher 6-month mortality [72, 104]. Prevention strategies include an
early and exercise/mobility. Patients exposed to an “ABCDE” bundle spent 3 more
days breathing without assistance and experienced nearly half the delirium, than
patients treated with usual care [77]. Haloperidol is most commonly used for ICU
delirium although evidence is entirely anecdotal [72]. Dexmedetomidine is also rec-
ommended [105]. Olanzapine, risperidone, and quetiapine are also used and may
have some advantages in the critically ill [72].

9.3.8 Consent, Compliance, and Comfort

Prolonged MV could produce suffering. While deeply sedated, with adequate anal-
gesia and ventilatory support, it is unlikely that a patient “suffers.” However, later, as
patient “emerges,” and weaning begins, “suffering” may manifest. Long-term out-
comes from prolonged MV are worse than generally expected by relatives and physi-
cians [106]. In a recent systematic review of studies reporting outcomes of patients
requiring MV for more than 14 days, only half were successfully weaned, one in five
were able to return home, and half were dead in 1 year [107]. ARDS is associated
with exercise limitation, physical and psychological sequelae, decreased physical
quality of life, increased costs, and the use of health-care services although there is a
similar functional recovery in survivors who did and did not develop ARDS [3, 64].
Overly optimistic expectations do not encourage meaningful discussion surrounding
weaning outcomes or end-of-life decision-making. Initiation of weaning is a timely
juncture when the objectives of future treatments are considered.
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9.4  Adjunctive Care

In addition to standard ventilation care, during weaning, some interventions need
further consideration.

9.4.1 Monitoring

A venous CO, threshold of below 45 mmHg is sensitive enough to reliable enough
to exclude hypercarbia in lieu of sequential arterial samples [108]. If hypercarbia is
detected, venous samples are insufficient to determine the degree of hypercarbia.
End-tidal monitoring is less reliable. For end-tidal CO, to accurately reflect arterial
CO,, lung perfusion levels and alveoli CO, must be consistent throughout the lung,
and TV must be at least three times the 2.2 mL/kg anatomic dead space [109]. As
TV of 6 mL/kg is recommended, and CO, is unevenly distributed, the utility of end-
tidal CO, monitoring is limited.

Standard cardiac monitoring of vital signs and rhythm remains minimum require-
ments. More extensive cardiac monitoring is variable; many invasive processes to
estimate cardiac performance have been withdrawn prior to weaning. Repeated
echocardiograms may detect cardiac dysfunction during dys-synchrony, during
weaning failure, or during the transition from controlled to spontaneous modes.
Ultrasound may also detect undetected diaphragmatic dysfunction that contributes
to delayed weaning [110].

9.4.2 Therapy and Mobilization

Early mobilization is beneficial, can be safely initiated, and should be incorporated
into routine daily activities [111]. Active mobilization may improve muscle strength
and the ability to wean by reducing disuse atrophy [111].

9.4.3 Tracheostomy

In some situations, tracheostomy may reduce the work of breathing, lower in-
hospital mortality, and improve weaning [112, 113]. Systemic analysis of random-
ized controlled trials suggests that early tracheostomy generally achieved better
outcomes, including more ventilator-free days, shorter ICU stays, shorter sedation,
and reduced long-term mortality [114, 115].

While early tracheostomy may be desirable for weaning, timing is dependent
upon having safe operating conditions, including low enough FiO, and PEEP set-
tings to allow safe airway manipulation. With ARDS, both the decision to wean and
the identification of a “difficult-to-wean” patient are important decision points, at
which the longer-term prognosis and treatment strategy, including tracheostomy,
should be considered [113, 116].
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9.4.4 Extubation to Noninvasive Ventilation

Noninvasive ventilation (NIV) has been used both in an attempt to prospectively
reduce “invasive ventilation” time, through “early extubation,” and as a rescue ther-
apy for patients on the threshold of failing an extubation attempt.

Early trials of NIV in post-extubation respiratory failure produced conflicting
outcomes. Subsequent trials of “prophylactic” use of immediate post-extubation in
patients who “fail” a SBT have been found to be beneficial [17, 117—-125]. Systematic
reviews have evaluated this technique and are support its clinical use in appropriate
clinical circumstances [126, 127].

Extrapolating this data to ARDS requires considerable caution [128, 129].
Firstly, patients studied were predominantly suffering from chronic lung disease
(CLD). Noninvasive ventilation has the capacity to reduce intubation rates and
lower the length of stay and mortality, in patients with CLD when used before inva-
sive MV. In contrast on patients with moderate to severe ARDS, NIV used prior to
invasive ventilation had high intubation rates, had delivered high tidal volumes, and
had a high mortality with NIV failure [61, 129].

With NIV, oxygenation is increased by a raised mean alveolar pressure, a reduc-
tion in tidal de-recruitment of alveoli, and/or a provision of high oxygen concentra-
tions through a semi-closed system [130]. After extubation, a less than perfect NIV
mask seal may produce air entrainment and airway pressures below airway “clos-
ing” pressure more frequently than during invasive ventilation [131].

While entrainment can be managed by mask adjustment, or increasing oxygen,
the decreased airway pressure may result in small airway collapse with
de-recruitment.

NIV may assist patients suffering from respiratory failure where work of breath-
ing rather than hypoxia predominates. These patients are less sensitive to short peri-
ods of mask removal or leaks. In patient recovering from ARDS although NIV
supports the work of breathing, there is a risk of tidal de-recruitment [130]. At lower
levels of support requirement, high-flow nasal cannula (HFNC) is likely to provide
better oxygenation than venturi mask and is as least effective as, and better tolerated
than, NIV for treatment of post-extubation respiratory failure [19, 20]. HFNC role
in ARDS is as yet undefined [21]. NIV is not recommended and if used for weaning
must be used with caution [61, 128].

9.4.5 Adaptive and Automated Weaning Systems (AWS)

While transition to pressure support or T-piece has traditionally been used, more
recently “adaptive modes” have been advocated for weaning. Available “adaptive
modes” are listed in Table 9.1.

The first adaptive modes with feedback were volume-targeted pressure control
modes such as “pressure-regulated volume control” which titrated pressures to
achieve a TV. Subsequent iterations targeted MV. Adaptive support ventilation
(ASV) is a partially automated mode available from Hamilton Medical. ASV targets
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Table 9.1 Available advanced “adaptive” modes used in weaning

Name Company Principles Ref.
Mandatory Driger Medical, | Closed loop control of the mandatory breath [132]
minute Liibeck, rate while considering the patient’s spontaneous
ventilation Germany breath rate based on a prescribed minute
(MMV) ventilation
SmartCare/ Driger Medical, | Closed loop control of pressure support based [12]
PSTM Liibeck, on monitoring of respiratory rate, tidal volume,
Germany and end-tidal carbon dioxide. Tests for
extubation readiness using a 1-h spontaneous
breath trial adaptive
Adaptive Hamilton Closed loop control to maintain preset [133]
support Medical, minimum minute ventilation by adjusting
ventilation Bonaduz, inspiratory pressure and mandatory breath rate
(ASV) Switzerland on a breath-by-breath basis. Pressure support
ventilation based on respiratory rate and tidal
volume. Adjusts I:E ratio based on RC
IntelliVent- Hamilton Extension of ASV that uses closed loop control | [134]
ASV® Medical, to adjust minute ventilation using end-tidal
Rhiziins, carbon dioxide and oxygenation by adjusting
Switzerland PEEP and inspired O, concentration. Conducts
automated SBT
Automode Siemens, Solna, PC, PRVC, or VC switches to a support mode [135]
Sweden such as (either VS or PS ventilation) on
detection of patient-initiated ventilation of two
consecutive breaths
Neurally Maquet, Solna, Partial ventilatory support proportional to [136]
adjusted Sweden inspiratory diaphragmatic electrical activity
ventilatory measured via an esophageal catheter
assist
Proportional The University Adjusts airway pressure based on measurement | [137]
assist of Manitoba, of compliance and resistance throughout the
ventilation Canada inspiratory cycle to maintain an clinician
(PAV) selected % degree of support
Proportional Driger Medical, | Germany pressure support is provided [137]
pressure Liibeck, proportionately to changes in airway resistance
support (PPS) | Germany and lung compliance. PPS is based on the PAV
algorithm
Mandatory Taema-Horus Closed loop control to titrate pressure support [138]
rate ventilation | Ventilator® Air based on a set respiratory rate target
(MRV) Liquide, France

minute ventilation with an algorithm using the “Otis equation,” to target the least
work of breathing. Studies comparing ASV weaning to standard care found that
ASV could shorten weaning in post-cardiac surgery or chronic lung disease patient.
When ASV was compared to assist control in patients with ARDS, no differences
were found [133]. Of concern is that ASV allows TV of up to 22 mL/kg and in
ARDS delivered median tidal volumes greater than the recommended 8 mL/kg [55,
133-135, 139, 140].



9 Weaningin ARDS 145

The most recent fully AWS incorporates feedback loops that titrate to ventilation
and oxygenation targets and provides interesting opportunities. Two AWS are cur-
rently available the SmartCare® from Driger Medical and Intelli Vent from Hamilton
Medical [141, 142].

While they differ slightly, the principles of the AWS are to establish ventilation
through titration of adaptive ventilation: when stable, the sequential application of a
SBT and then if successful conversion to titrated pressure support weaning. An early
study of SmartCare® found that closed-loop weaning resulted in more rapid weaning,
whereas a similar study carried out in an extremely well-staffed unit demonstrated no
benefit [12, 142]. Differences in the nursing intensity and clinical governance may be
explain this discrepancy. This development highlights two possibilities:

Firstly, a more consistent weaning system, which if calibrated correctly, could
provide rapid weaning.

Compared to nonautomated weaning methods, these systems demonstrated posi-
tive advantages in weaning time, time to successful extubation, and possibly assisted
in reducing ICU length of stay and the number of patients requiring prolonged MV
[54, 143] However, most patients studied received relatively short-term ventilation
after surgery or ventilation for exacerbation of COPD. Clinical evidence from
patients who have suffered ARDS is scarce [144, 145].

Secondly, when skilled personnel are scarce, equivalent outcomes may be achieved
with less clinician input. Adaptive weaning systems follow a computerized protocol
and as such could be viewed as being identical to a “manual” weaning protocols, with
more assured compliance. If “weaning protocols” are non-inferior to standard care, an
automated form of these should also demonstrate at least equivalent outcomes.

While the automated weaning systems show promise and some evidence of effi-
cacy, proprietary systems are generally available only on a single manufacturer’s ven-
tilator, and for multiple reasons, these systems have not been widely adopted [54].

9.5 Summary

Weaning patients with ARDS from ventilatory support present a challenge, with
patient presenting disease, comorbidity, and severity of the ARDS all influencing
the success rate. Most knowledge in the area is derived from trials in mixed popula-
tions or excluded ARDS patient; the evidence supporting the use of specific tech-
niques is very rare. General attention to nutrition, physiotherapy, mobilization, and
psychological support is pragmatically useful. Automated systems offer some
promise, but clinical evidence of benefit in patients who have suffered from ARDS
remains scarce.

References

1. Bellani G, Laffey JG, Pham T, Fan E, Brochard L, Esteban A et al (2016) Epidemiology, pat-
terns of care, and mortality for patients with acute respiratory distress syndrome in intensive
care units in 50 countries. JAMA 315(8):788-800



146

R. Freebairn

2.

3.

10.

11.

15.

16.

17.

18.

20.

21.

Cox CE, Carson SS, Govert JA, Chelluri L, Sanders GD (2007) An economic evaluation of
prolonged mechanical ventilation. Crit Care Med 35(8):1918-1927

Herridge MS, Tansey CM, Matté A, Tomlinson G, Diaz-Granados N, Cooper A et al (2011)
Functional disability 5 years after acute respiratory distress syndrome. N Engl J Med
364(14):1293-1304

. Boles JM, Bion J, Connors A, Herridge M, Marsh B, Melot C et al (2007) Weaning from

mechanical ventilation. Eur Respir J 29(5):1033-1056

. Ambrosino N, Gabbrielli L (2010) The difficult-to-wean patient. Exp Rev Respir Med

4(5):685-692

. Dhanireddy S, Altemeier WA, Matute-Bello G, O’Mahony DS, Glenny RW, Martin TR et al

(2006) Mechanical ventilation induces inflammation, lung injury, and extra-pulmonary organ
dysfunction in experimental pneumonia. Lab Investig 86(8):790-799

. Blackwood B, Clarke M, McAuley DF, McGuigan PJ, Marshall JC, Rose L (2014) How out-

comes are defined in clinical trials of mechanically ventilated adults and children. Am J Respir
Crit Care Med 189(8):886-893

. Contentin L, Ehrmann S, Giraudeau B (2014) Heterogeneity in the definition of mechanical

ventilation duration and ventilator-free days. Am J Respir Crit Care Med 189(8):998-1002

. Zilberberg MD, De Wit M, Pirone JR, Shorr AF (2008) Growth in adult prolonged acute

mechanical ventilation: implications for healthcare delivery. Crit Care Med 36(5):1451-1455
Maclntyre NR, Epstein SK, Carson S, Scheinhorn D, Christopher K, Muldoon S (2005)
Management of patients requiring prolonged mechanical ventilation: report of a NAMDRC
consensus conference. Chest 128(6):3937-3954

Combes A, Costa MA, Trouillet JL, Baudot J, Mokhtari M, Gibert C et al (2003) Morbidity,
mortality, and quality-of-life outcomes of patients requiring >14 days of mechanical ventila-
tion. Crit Care Med 31(5):1373-1381

. Rose L, Presneill JJ, Johnston L, Cade JF (2008) A randomised, controlled trial of conven-

tional versus automated weaning from mechanical ventilation using SmartCare™/PS. Intensive
Care Med 34(10):1788-1795

. Schédler D, Engel C, Elke G, Pulletz S, Haake N, Frerichs I et al (2012) Automatic control of

pressure support for ventilator weaning in surgical intensive care patients. Am J Respir Crit
Care Med 185(6):637-644

. Thomas NJ, Guardia CG, Moya FR, Cheifetz IM, Markovitz B, Cruces P et al (2012) A pilot,

randomized, controlled clinical trial of lucinactant, a peptide-containing synthetic surfactant,
in infants with acute hypoxemic respiratory failure. Pediatr Crit Care Med 13(6):646-653
Mehta S, Burry L, Cook D, Fergusson D, Steinberg M, Granton J et al (2012) Daily sedation
interruption in mechanically ventilated critically ill patients cared for with a sedation protocol:
a randomized controlled trial. JAMA 308(19):1985-1992

Dessap AM, Roche-Campo F, Kouatchet A, Tomicic V, Beduneau G, Sonneville R et al (2012)
Natriuretic peptide-driven fluid management during ventilator weaning: a randomized con-
trolled trial. Am J Respir Crit Care Med 186(12):1256-1263

Girault C, Bubenheim M, Abroug F, Diehl JL, Elatrous S, Beuret P et al (2011) Noninvasive
ventilation and weaning in patients with chronic hypercapnic respiratory failure: a randomized
multicenter trial. Am J Respir Crit Care Med 184(6):672-679

Kang BJ, Koh Y, Lim CM, Huh JW, Baek S, Han M et al (2015) Failure of high-flow nasal can-
nula therapy may delay intubation and increase mortality. Intensive Care Med 41(4):623-632

. Yoo JW, Synn A, Huh JW, Hong SB, Koh Y, Lim CM (2016) Clinical efficacy of high-flow

nasal cannula compared to noninvasive ventilation in patients with post-extubation respiratory
failure. Korean J Intern Med 31(1):82-88

Maggiore SM, Idone FA, Vaschetto R, Festa R, Cataldo A, Antonicelli F et al (2014) Nasal
high-flow versus venturi mask oxygen therapy after extubation: effects on oxygenation, com-
fort, and clinical outcome. Am J Respir Crit Care Med 190(3):282-288

Chiumello D, Coppola S, Froio S, Gregoretti C, Consonni D (2013) Noninvasive ventilation in
chest trauma: systematic review and meta-analysis. Intensive Care Med 39(7):1171-1180



Weaning in ARDS 147

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Funk GC, Anders S, Breyer MK, Burghuber OC, Edelmann G, Heindl W et al (2010) Incidence
and outcome of weaning from mechanical ventilation according to new categories. Eur Respir
J35(1):88-94

Kao KC, Hu HC, Hsieh MJ, Tsai YH, Huang CC (2015) Comparison of community-acquired,
hospital-acquired, and intensive care unit-acquired acute respiratory distress syndrome: a pro-
spective observational cohort study. Crit Care. 19(1):384

Topfer L, Menk M, Weber-Carstens S, Spies C, Wernecke KD, Uhrig A et al (2014) Influenza
A (HIN1) vs non-HIN1 ARDS: analysis of clinical course. J Crit Care 29(3):340-346
Gracey DR, Viggiano RW, Naessens JM, Hubmayr RD, Silverstein MD, Koenig GE (1992)
Outcomes of patients admitted to a chronic ventilator-dependent unit in an acute-care hospital.
Mayo Clin Proc 67(2):131-136

Brochard L, Rauss A, Benito S, Conti G, Mancebo J, Rekik N et al (1994) Comparison of three
methods of gradual withdrawal from ventilatory support during weaning from mechanical
ventilation. Am J Respir Crit Care Med 150(4):896-903

Esteban A, Frutos F, Tobin MJ, Alia I, Solsona JF, Valverdu I et al (1995) A comparison of four
methods of weaning patients from mechanical ventilation. N Engl J Med 332(6):345-350
Levine S, Nguyen T, Taylor N, Friscia ME, Budak MT, Rothenberg P et al (2008) Rapid
disuse atrophy of diaphragm fibers in mechanically ventilated humans. N Engl J Med
358(13):1327-1335

Hussain SNA, Mofarrahi M, Sigala I, Kim HC, Vassilakopoulos T, Maltais F et al (2010)
Mechanical ventilation-induced diaphragm disuse in humans triggers autophagy. Am J Respir
Crit Care Med 182(11):1377-1386

Yoshida T, Papazian L (2014) When to promote spontaneous respiratory activity in acute respi-
ratory distress patients? Anesthesiology 120(6):1313-1315

Freebairn R, Hickling K (2005) Spontaneous breathing during mechanical ventilation in
ARDS. Crit Care Shock 8(3):61-66

Okamoto K, Iwamasa H, Dogomori H, Morioka T (1990) Evaluation of conventional weaning
criteria in patients with acute respiratory failure. J Anesth 4(3):213-218

Jeganathan N, Kaplan CA, Balk RA (2015) Ventilator liberation for high-risk-for-failure
patients: improving value of the spontaneous breathing trial. Respir Care 60(2):290-296
Frutos-Vivar F, Esteban A (2013) Weaning from mechanical ventilation: why are we still look-
ing for alternative methods? Med Int 37(9):605-617

Tanios MA, Nevins ML, Hendra KP, Cardinal P, Allan JE, Naumova EN et al (2006) A ran-
domized, controlled trial of the role of weaning predictors in clinical decision making. Crit
Care Med 34(10):2530-2535

Walsh TS, Dodds S, McArdle F (2004) Evaluation of simple criteria to predict success-
ful weaning from mechanical ventilation in intensive care patients. Br J Anaesth 92(6):
793-799

Maclntyre NR (2001) Evidence-based guidelines for weaning and discontinuing ventilatory
support: a collective task force facilitated by the American college of chest physicians; the
American association for respiratory care; and the American college of critical medicine.
Chest 120(6 Suppl):375S-395S

De Souza LC, Guimardes FS, Lugon JR (2015) Evaluation of a new index of mechanical ven-
tilation weaning: the timed inspiratory effort. J Intensive Care Med 30(1):37-43

Nemer SN, Barbas CSV, Caldeira JB, Carias TC, Santos RG, Almeida LC et al (2009) A new
integrative weaning index of discontinuation from mechanical ventilation. Crit Care. 13(5):R152
Meade M, Guyatt G, Cook D, Griffith L, Sinuff T, Kergl C et al (2001) Predicting success in
weaning from mechanical ventilation. Chest 120(6 Suppl):400S—-424S

Perren A, Brochard L (2013) Managing the apparent and hidden difficulties of weaning from
mechanical ventilation. Intensive Care Med 39(11):1885-1895

Ladeira MT, Vital FM, Andriolo RB, Andriolo BN, Atallah AN, Peccin MS (2014) Pressure
support versus T-tube for weaning from mechanical ventilation in adults. Cochrane Database
Syst Rev 5:CD006056



148 R. Freebairn

43. Cabello B, Thille AW, Roche-Campo F, Brochard L, Gémez FJ, Mancebo J (2010)
Physiological comparison of three spontaneous breathing trials in difficult-to-wean patients.
Intensive Care Med 36(7):1171-1179

44. Ezingeard E, Diconne E, Guyomarc’h S, Venet C, Page D, Gery P et al (2006) Weaning from
mechanical ventilation with pressure support in patients failing a T-tube trial of spontaneous
breathing. Intensive Care Med 32(1):165-169

45. Laghi F, D’ Alfonso N, Tobin MJ (1995) Pattern of recovery from diaphragmatic fatigue over
24 hours. J Appl Physiol 79(2):539-546

46. Girard TD, Kress JP, Fuchs BD, Thomason JW, Schweickert WD, Pun BT et al (2008) Efficacy
and safety of a paired sedation and ventilator weaning protocol for mechanically ventilated
patients in intensive care (Awakening and Breathing Controlled trial): a randomised controlled
trial. Lancet 371(9607):126—-134

47. Yang KL, Tobin MJ (1991) A prospective study of indexes predicting the outcome of trials of
weaning from mechanical ventilation. N Engl J Med 324(21):1445-1450

48. Ely EW, Baker AM, Dunagan DP, Burke HL, Smith AC, Kelly PT et al (1996) Effect on the
duration of mechanical ventilation of identifying patients capable of breathing spontaneously.
N Engl J Med 335(25):1864-1869

49. Esteban A, Alia I, Gordo F, Fernandez R, Solsona JE, Vallverdu I et al (1997) Extubation out-
come after spontaneous breathing trials with T-Tube or pressure support ventilation. Am
J Respir Crit Care Med 156(2 Pt 1):459-465

50. Esteban A, Alia I, Tobin MJ, Gil A, Gordo F, Vallverdu I et al (1999) Effect of spontaneous
breathing trial duration on outcome of attempts to discontinue mechanical ventilation. Am
J Respir Crit Care Med 159(2):512-518

51. Aitken LM, Bucknall T, Kent B, Mitchell M, Burmeister E, Keogh S (2016) Sedation protocols
to reduce duration of mechanical ventilation in the ICU: a Cochrane Systematic Review. J Adv
Nurs 72(2):261-272

52. Bucknall TK, Manias E, Presneill JJ (2008) A randomized trial of protocol-directed sedation
management for mechanical ventilation in an Australian intensive care unit. Crit Care Med
36(5):1444-1450

53. Luo J, Wang MY, Liang BM, Yu H, Jiang FM, Wang T et al (2015) Initial synchronized
intermittent mandatory ventilation versus assist/control ventilation in treatment of moderate
acute respiratory distress syndrome: a prospective randomized controlled trial. J Thorac Dis
7(12):2262-2273

54. Rose L, Schultz MJ, Cardwell CR, Jouvet P, McAuley DF, Blackwood B (2014) Automated
versus non-automated weaning for reducing the duration of mechanical ventilation for criti-
cally ill adults and children. Cochrane Database Syst Rev 6:CD009235

55. Sulzer CF, Chioléro R, Chassot PG, Mueller XM, Revelly JP (2001) Adaptive support ventila-
tion for fast tracheal extubation after cardiac surgery: a randomized controlled study.
Anesthesiology 95(6):1339-1345

56. McMullen SM, Meade M, Rose L, Burns K, Mehta S, Doyle R et al (2012) Partial ventilatory
support modalities in acute lung injury and acute respiratory distress syndrome-a systematic
review. PLoS ONE. 7(8):e40190

57. Putensen C, Zech S, Wrigge H, Zinserling J, Stiiber F, Von Spiegel T et al (2001) Long-term
effects of spontaneous breathing during ventilatory support in patients with acute lung injury.
Am J Respir Crit Care Med 164(1):43-49

58. Guérin C, Reignier J, Richard JC, Beuret P, Gacouin A, Boulain T et al (2013) Prone position-
ing in severe acute respiratory distress syndrome. N Engl J Med 368(23):2159-2168

59. Papazian L, Forel JM, Gacouin A, Penot-Ragon C, Perrin G, Loundou A et al (2010)
Neuromuscular blockers in early acute respiratory distress syndrome. N Engl J Med
363(12):1107-1116

60. Yoshida T, Uchiyama A, Matsuura N, Mashimo T, Fujino Y (2013) The comparison of spon-
taneous breathing and muscle paralysis in two different severities of experimental lung injury.
Crit Care Med 41(2):536-545



Weaning in ARDS 149

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Carteaux G, Millan-Guilarte T, De Prost N, Razazi K, Abid S, Thille AW et al (2016) Failure
of noninvasive ventilation for de novo acute hypoxemic respiratory failure: role of tidal vol-
umes. Crit Care Med 44(2):282-290

Yoshida T, Torsani V, Gomes S, Santis RRD, Beraldo MA, Costa ELV et al (2013) Spontaneous
effort causes occult pendelluft during mechanical ventilation. Am J Respir Crit Care Med
188(12):1420-1427

Yoshida T, Roldan R, Beraldo MA, Torsani V, Gomes S, de Santis RR et al (2016) Spontaneous
effort during mechanical ventilation: maximal injury with less positive end-expiratory pres-
sure. Crit Care Med. 44(8):e678-e688

Biehl M, Kashyap R, Ahmed AH, Reriani MK, Ofoma UR, Wilson GA et al (2015) Six-month
quality-of-life and functional status of acute respiratory distress syndrome survivors compared
to patients at risk: a population-based study. Crit Care 19(1):356

Tobin MJ, Perez W, Guenther SM, Semmes BJ, Mador MJ, Allen SJ et al (1986) The pattern
of breathing during successful and unsuccessful trials of weaning from mechanical ventilation.
Am Rev Respir Dis 134(6):1111-1118

Dessap AM, Katsahian S, Roche-Campo F, Varet H, Kouatchet A, Tomicic V et al (2014)
Ventilator-associated pneumonia during weaning from mechanical ventilation: role of fluid
management. Chest 146(1):58-65

Razazi K, Thille AW, Carteaux G, Beji O, Brun-Buisson C, Brochard L et al (2014) Effects of
pleural effusion drainage on oxygenation, respiratory mechanics, and hemodynamics in
mechanically ventilated patients. Ann Am Thorac Soc 11(7):1018-1024

Bissett B, Leditschke IA, Neeman T, Boots R, Paratz J (2015) Weaned but weary: one third
of adult intensive care patients mechanically ventilated for 7 days or more have impaired
inspiratory muscle endurance after successful weaning. Heart Lung J Acute Crit Care 44(1):
15-20

Caruso P, Denari SD, Ruiz SA, Bernal KG, Manfrin GM, Friedrich C et al (2005) Inspiratory
muscle training is ineffective in mechanically ventilated critically ill patients. Clinics (Sao
Paulo, Brazil) 60(6):479-484

Condessa RL, Brauner JS, Saul AL, Baptista M, Silva ACT, Vieira SRR (2013) Inspiratory
muscle training did not accelerate weaning from mechanical ventilation but did improve
tidal volume and maximal respiratory pressures: a randomised trial. J Physiother 59(2):
101-107

Montgomery AB, Holle RHO, Neagley SR, Pierson DJ, Schoene RB (1987) Prediction of suc-
cessful ventilator weaning using airway occlusion pressure and hypercapnic challenge. Chest
91(4):496-499

Reade MC (2010) Optimal sedation for the ventilation of critically ill patients. Curr Respir
Med Rev 6(4):292-299

Shehabi Y, Bellomo R, Reade MC, Bailey M, Bass F, Howe B et al (2012) Early intensive care
sedation predicts long-term mortality in ventilated critically ill patients. Am J Respir Crit Care
Med 186(8):724-731

Tanaka LMS, Azevedo LCP, Park M, Schettino G, Nassar AP, Re’a-Neto A et al (2014) Early
sedation and clinical outcomes of mechanically ventilated patients: a prospective multicenter
cohort study. Critical Care. 18(4):R156

Kress JP, Pohlman AS, O’Connor MF, Hall JB (2000) Daily interruption of sedative infusions
in critically ill patients undergoing mechanical ventilation. N Engl J Med 342(20):1471-1477
Valta P, Uusaro A, Nunes S, Ruokonen E, Takala J (1999) Acute respiratory distress syndrome:
frequency, clinical course, and costs of care. Crit Care Med 27(11):2367-2374

Balas MC, Vasilevskis EE, Olsen KM, Schmid KK, Shostrom V, Cohen MZ et al (2014)
Effectiveness and safety of the awakening and breathing coordination, delirium monitoring/
management, and early exercise/mobility bundle. Crit Care Med 42(5):1024-1036

Jarman AM, Duke GJ, Reade MC, Casamento A (2013) The association between sedation
practices and duration of mechanical ventilation in intensive care. Anaesth Intensive Care
41(3):311-315



150 R. Freebairn

79. Devlin J, Fraser G, Ely EW, Kress J, Skrobik Y, Dasta J (2013) Pharmacological management
of sedation and delirium in mechanically ventilated ICU patients: remaining evidence gaps and
controversies. Semin Respir Crit Care Med 34(2):201-215

80. Porhomayon J, El-Solh AA, Adlparvar G, Jaoude P, Nader ND (2016) Impact of sedation on
cognitive function in mechanically ventilated patients. Lung 194(1):43-52

81. Cammarano WB, Pittet JF, Weitz S, Schlobohm RM, Marks JD (1998) Acute withdrawal
syndrome related to the administration of analgesic and sedative medications in adult intensive
care unit patients. Crit Care Med 26(4):676-684

82. Thille AW, Boissier F, Ghezala HB, Razazi K, Mekontso-Dessap A, Brun-Buisson C (2015)
Risk factors for and prediction by caregivers of extubation failure in ICU patients: a prospec-
tive study. Crit Care Med 43(3):613-620

83. Lemaire F, Teboul JL, Cinotti L, Giotto G, Abrouk F, Steg G et al (1988) Acute left ventricular
dysfunction during unsuccessful weaning from mechanical ventilation. Anesthesiology
69(2):171-179

84. Pinsky MR (2012) Breathing as exercise: the cardiovascular response to weaning from
mechanical variation. In: Applied physiology in intensive care medicine 2: physiological
reviews and editorials. Springer, Heidelberg, pp 323-325

85. Buda AJ, Pinsky MR, Ingels NB Jr, Daughters lind GT, Stinson EB, Alderman EL (1979)
Effect of intrathoracic pressure on left ventricular performance. N Engl J Med 301(9):
453-459

86. Mikkelsen ME, Shull WH, Biester RC, Taichman DB, Lynch S, Demissie E et al (2009)
Cognitive, mood and quality of life impairments in a select population of ARDS survivors.
Respirology 14(1):76-82

87. Files DC, Sanchez MA, Morris PE (2015) A conceptual framework: the early and late phases
of skeletal muscle dysfunction in the acute respiratory distress syndrome. Crit Care 19(1):266

88. Edwards J, McWilliams D, Thomas M, Shah S (2014) Electrical muscle stimulation in the
intensive care unit: an integrative review. J Intensive Care Soc 15(2):142—149

89. Mzhle K, Haug B, Flaatten H, Nielsen EW (2014) Metabolic alkalosis is the most common
acid-base disorder in ICU patients. Crit Care 18(2):420

90. Liborio AB, Noritomi DT, Leite TT, de Melo Bezerra CT, de Faria ER, Kellum JA (2015)
Increased serum bicarbonate in critically ill patients: a retrospective analysis. Intensive Care
Med 41(3):479-486

91. Krajewski ML, Raghunathan K, Paluszkiewicz SM, Schermer CR, Shaw AD (2015) Meta-
analysis of high- versus low-chloride content in perioperative and critical care fluid resuscita-
tion. Br J Surg 102(1):24-36

92. Young P, Bailey M, Beasley R, Henderson S, Mackle D, McArthur C et al (2015) Effect of a
buffered crystalloid solution vs saline on acute kidney injury among patients in the intensive
care unit: the SPLIT randomized clinical trial. JAMA 314(16):1701-1710

93. Mazur JE, Devlin JW, Peters MJ, Jankowski MA, Iannuzzi MC, Zarowitz BJ (1999) Single
versus multiple doses of acetazolamide for metabolic alkalosis in critically ill medical patients:
a randomized, double-blind trial. Crit Care Med 27(7):1257-1261

94. Barron R, Freebairn R (2010) Electrolyte disorders in the critically ill. Anaes Intensive Care
Med 11(12):523-528

95. Peter JV, John P, Graham PL, Moran JL, George 1A, Bersten A (2008) Corticosteroids in the
prevention and treatment of acute respiratory distress syndrome (ARDS) in adults: meta-
analysis. BMJ 336(7651):1006—-1009

96. Hermans G, Van den Berghe G (2015) Clinical review: intensive care unit acquired weakness.
Critical Care. 19(1):274

97. Myhren H, Tgien K, Ekeberg O, Karlsson S, Sandvik L, Stokland O (2009) Patients” memory
and psychological distress after ICU stay compared with expectations of the relatives. Intensive
Care Med 35(12):2078-2086

98. Jubran A, Lawm G, Kelly J, Duffner LA, Gungor G, Collins EG et al (2010) Depressive disor-
ders during weaning from prolonged mechanical ventilation. Intensive Care Med 36(5):
828-835



9 Weaningin ARDS 151

99

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

. Gajewski M, Weinhouse G (2016) The use of modafinil in the intensive care unit. J Intensive
Care Med 31(2):142-145

Rothenhausler HB, Ehrentraut S, Von Degenfeld G, Weis M, Tichy M, Kilger E et al (2000)
Treatment of depression with methylphenidate in patients difficult to wean from mechanical
ventilation in the intensive care unit. J Clin Psychiatry 61(10):750-755

Johnson CJ, Auger WR, Fedullo PF, Dimsdale JE (1995) Methylphenidate in the ‘hard to
wean’ patient. J] Psychosom Res 39(1):63-68

Abbasi S, Farsaei S, Fazel K, Golzari SE, Mahmoodpoor A (2015) Can donepezil facilitate
weaning from mechanical ventilation in difficult to wean patients? An interventional pilot
study. DARU J Pharmaceut Sci 23(1):23

Rosenthal LJ, Kim V, Kim DR (2007) Weaning from prolonged mechanical ventilation using
an antipsychotic agent in a patient with acute stress disorder. Crit Care Med 35(10):2417-2419
Jeon K, Jeong BH, Ko MG, Nam J, Yoo H, Chung CR et al (2016) Impact of delirium on
weaning from mechanical ventilation in medical patients. Respirology 21(2):313-320
Shehabi Y, Botha JA, Ernest D, Freebairn RC, Reade M, Roberts BL et al (2010) Clinical appli-
cation, the use of dexmedetomidine in intensive care sedation. Crit Care Shock 13(2):40-50
Cox CE, Martinu T, Sathy SJ, Clay AS, Chia J, Gray AL et al (2009) Expectations and out-
comes of prolonged mechanical ventilation. Crit Care Med 37(11):2888-2894

Damuth E, Mitchell JA, Bartock JL, Roberts BW, Trzeciak S (2015) Long-term survival of
critically ill patients treated with prolonged mechanical ventilation: a systematic review and
meta-analysis. Lancet Respir Med 3(7):544-553

McCanny P, Bennett K, Staunton P, McMahon G (2012) Venous vs arterial blood gases in the
assessment of patients presenting with an exacerbation of chronic obstructive pulmonary
disease. Am J Emerg Med 30(6):896-900

Downs JB (2011) PaCO2, PETCO2, and gradient. In: Capnography, vol 2nd. Cambridge
University Press, New York, pp 225-230

Kim WY, Suh HJ, Hong SB, Koh Y, Lim CM (2011) Diaphragm dysfunction assessed by
ultrasonography: influence on weaning from mechanical ventilation. Crit Care Med
39(12):2627-2630

LiZ, Peng X, Zhu B, Zhang Y, Xi X (2013) Active mobilization for mechanically ventilated
patients: a systematic review. Arch Phys Med Rehabil 94(3):551-561

Lin WC, Chen CW, Wang JD, Tsai LM (2015) Is tracheostomy a better choice than transla-
ryngeal intubation for critically ill patients requiring mechanical ventilation for more than
14 days? A comparison of short-term outcomes. BMC Anesthesiol 15:181

Lim CK, Ruan SY, Lin FC, Wu CL, Chang HT, Jerng JS et al (2015) Effect of tracheostomy
on weaning parameters in difficult-to-wean mechanically ventilated patients: a prospective
observational study. PLoS ONE. 10(9):e0138294

Hosokawa K, Nishimura M, Egi M, Vincent J-L (2015) Timing of tracheotomy in ICU
patients: a systematic review of randomized controlled trials. Crit Care 19(1):1-12
Szakmany T, Russell P, Wilkes AR, Hall JE (2015) Effect of early tracheostomy on resource
utilization and clinical outcomes in critically ill patients: meta-analysis of randomized con-
trolled trials. Br J Anaesth 114(3):396-405

Bice T, Nelson JE, Carson SS (2015) To trach or not to trach: uncertainty in the care of the
chronically critically ill. Semin Respir Crit Care Med 36(6):851-858

Su CL, Chiang LL, Yang SH, Lin HI, Cheng KC, Huang YCT, Wu CP (2012) Preventive use
of noninvasive ventilation after extubation: A prospective, multicenter randomized controlled
trial Respiratory Care, 57(2):204-210.

Du LL, Han H, Zhang XJ, Wei L (2009) Randomized control study of sequential non-invasive
following short-term invasive mechanical ventilation in the treatment of acute respiratory
distress syndrome as a result of existing pulmonary diseases in elderly patients. Chinese Crit
Care Med 21(7):394-396

Fauroux B, Leboulanger N, Roger G, Denoyelle F, Picard A, Garabedian EN et al (2010)
Noninvasive positive-pressure ventilation avoids recannulation and facilitates early weaning
from tracheotomy in children*. Pediatr Crit Care Med 11(1):31-37



152

R. Freebairn

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Ferrer M, Sellarés J, Valencia M, Carrillo A, Gonzalez G, Badia JR et al (2009) Non-invasive
ventilation after extubation in hypercapnic patients with chronic respiratory disorders: ran-
domised controlled trial. Lancet 374(9695):1082—-1088

Hess DR (2012) The role of noninvasive ventilation in the ventilator discontinuation process.
Respir Care 57(10):1619-1625

Laiq N, Khan RA, Malik A (2013) Non-invasive positive pressure ventilation facilitates early
extubation in post operative cardiac patients. J Postgradu Med Inst 27(4):361-365

Plant N, Walker R (2009) Immediate extubation to noninvasive ventilation can reduce post-
operative morbidity and need for PICU in children with neuromuscular disorders. Paediatr
Anaesth 19(5):549-550

Samra T, Borthakur B, Pawar M, Deepak D, Yadav A (2010) Non-invasive ventilation is help-
ful in early weaning and early extubation in HINT1 infected, ventilated patients: a case series.
Anaes Pain Intensive Care 14(1):35-37

Trevisan CE, Vieira SR (2008) Noninvasive mechanical ventilation may be useful in treating
patients who fail weaning from invasive mechanical ventilation: a randomized clinical trial.
Crit Care 12(2):R51

Burns KE, Meade MO, Premji A, Adhikari NK (2013) Noninvasive positive-pressure ventila-
tion as a weaning strategy for intubated adults with respiratory failure. Cochrane Database
Syst Rev 12:CD004127

Glossop AJ, Shepherd N, Bryden DC, Mills GH (2012) Non-invasive ventilation for wean-
ing, avoiding reintubation after extubation and in the postoperative period: a meta-analysis.
BrJ Anaesth 109(3):305-314

Agarwal R, Aggarwal AN, Gupta D (2010) Role of noninvasive ventilation in acute lung
injury/acute respiratory distress syndrome: a proportion meta-analysis. Respir Care
55(12):1653-1660

Antonelli M, Conti G, Esquinas A, Montini L, Maggiore SM, Bello G et al (2007) A multiple-
center survey on the use in clinical practice of noninvasive ventilation as a first-line interven-
tion for acute respiratory distress syndrome. Crit Care Med 35(1):18-25

Freebairn R (2008) Noninvasive ventilation, a thing of beauty! Crit Care Med 36(2):
630-631

Vignaux L, Vargas F, Roeseler J, Tassaux D, Thille AW, Kossowsky MP et al (2009) Patient-
ventilator asynchrony during non-invasive ventilation for acute respiratory failure: a multi-
center study. Intensive Care Med 35(5):840-846

Davis S, Potgieter PD, Linton DM (1989) Mandatory minute volume weaning. Anaesth
Intensive Care 17(2):170-174

Agarwal R, Srinivasan A, Aggarwal AN, Gupta D (2013) Adaptive support ventilation for
complete ventilatory support in acute respiratory distress syndrome: a pilot, randomized con-
trolled trial. Respirology 18(7):1108-1115

Arnal JM, Garnero A, Novonti D, Demory D, Ducros L, Berric A et al (2013) Feasibility
study on full closed-loop control ventilation (IntelliVent-ASV™) in ICU patients with acute
respiratory failure: a prospective observational comparative study. Crit Care. 17(5):R196
Gruber PC, Gomersall CD, Leung P, Joynt GM, Ng SK, Ho KM et al (2008) Randomized
controlled trial comparing adaptive-support ventilation with pressure-regulated volume-
controlled ventilation with automode in weaning patients after cardiac surgery. Anesthesiology
109(1):81-87

Carteaux G, Cordoba-Izquierdo A, Lyazidi A, Heunks L, Thille AW, Brochard L (2016)
Comparison between neurally adjusted ventilatory assist and pressure support ventilation
levels in terms of respiratory effort. Crit Care Med 44(3):503-511

Bosma KJ, Read BA, Bahrgard Nikoo MJ, Jones PM, Priestap FA, Lewis JF (2016) A pilot
randomized trial comparing weaning from mechanical ventilation on pressure support versus
proportional assist ventilation. Crit Care Med. 44(6):1098-1108

Taniguchi C, Eid RC, Saghabi C, Souza R, Silva E, Knobel E et al (2009) Automatic versus
manual pressure support reduction in the weaning of post-operative patients: a randomised
controlled trial. Crit Care. 13(1):R6



9 Weaningin ARDS 153

139.

140.

141.

142.

143.

144.

145.

Veelo DP, Dongelmans DA, Binnekade JM, Paulus F, Schultz MJ (2010) Adaptive support
ventilation: a translational study evaluating the size of delivered tidal volumes. Int J Artif
Organs 33(5):302-309

Dongelmans DA, Veelo DP, Paulus F, De Mol BAJM, Korevaar JC, Kudoga A et al (2009)
Weaning automation with adaptive support ventilation: a randomized controlled trial in car-
diothoracic surgery patients. Anesth Analg 108(2):565-571

Sulemanji DS, Marchese A, Wysocki M, Kacmarek RM (2013) Adaptive support ventilation
with and without end-tidal CO2 closed loop control versus conventional ventilation. Intensive
Care Med 39(4):703-710

Lellouche F, Mancebo J, Jolliet P, Roeseler J, Schortgen F, Dojat M et al (2006) A multicenter
randomized trial of computer-driven protocolized weaning from mechanical ventilation. Am
J Respir Crit Care Med 174(8):894-900

Burns KE, Lellouche F, Nisenbaum R, Lessard MR, Friedrich JO (2014) Automated weaning
and SBT systems versus non-automated weaning strategies for weaning time in invasively
ventilated critically ill adults. Cochrane Database Syst Rev 9:CD008638

Dojat M, Harf A, Touchard D, Laforest M, Lemaire F, Brochard L (1996) Evaluation of a
knowledge-based system providing ventilatory management and decision for extubation. Am
J Respir Crit Care Med 153(3):997-1004

Antonelli M, Bonten M, Chastre J, Citerio G, Conti G, Curtis JR et al (2012) Year in review
in Intensive Care Medicine 2011: III. ARDS and ECMO, weaning, mechanical ventilation,
noninvasive ventilation, pediatrics and miscellanea. Intensive Care Med 38(4):542-556



Lung Imaging in ARDS 1 0

Silvia Coppola, Sara Froio, and Davide Chiumello

10.1 Introduction

The definition of acute respiratory distress syndrome (ARDS) has been recently
revised with the new Berlin definition [1]. According to this latest definition, the
diagnosis is based on the onset of the hypoxemia and of bilateral radiological opaci-
ties within 1 week. Three mutually exclusive categories of ARDS based on the
degree of hypoxemia were identified (mild, <300 mmHg PaO,/FiO, > 200 mmHg;
moderate, <200 mmHg PaO,/FiO,>100 mmHg; severe, PaO,/Fi0, <100 mmHg
with a positive end-expiratory pressure >5 cmH,0) associated with increased mor-
tality and associated with median length of mechanical ventilation in survivors. The
new definition updated the following concepts:

* The specific time frame identifying the acute onset as “ARDS developing within
1 week of a known clinical insult or new/worsening respiratory symptoms”

e The origin of edema judging ARDS, a respiratory failure not fully explained by
cardiac failure or fluid overload

e The chest radiological criterion specifying that it should include bilateral opaci-
ties not fully explained by effusion, lobar lung collapse on chest radiograph, or
on CT scan if available
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Table 10.1 Lung imaging techniques: clinical role and technical limitations

Imaging technique

Clinical role

Technical limitations

X-ray

Lung assessment

Poor contrast diagnostic resolution
Quality of the exam affected by ICU
conditions

Radiation exposure

Computed tomography

Lung assessment
Lung recruitment
Overdistension
evaluation

Lung perfusion
analysis

Risk of critically ill patient’s transport
Radiation exposure

Lung ultrasound

Lung assessment
Lung recruitment

Operator-dependent technique
Physical shape such as obesity,
subcutaneous emphysema, large rib cage

Positron emission
tomography

Lung assessment

Risk of critically ill patient’s transport
Time-consuming
Short half-life of tracers

Electrical impedance
tomography

Lung assessment
Lung recruitment
Lung perfusion
analysis

Indirect acquisition
Detection of relative changes in
functionally active structure

Magnetic resonance
imaging

Lung assessment

Risk of critically ill patient’s transport
Required dedicated assistance,
monitoring, and devices
Time-consuming

From a pathophysiological point of view, ARDS can be considered an acute, dif-
fuse inflammatory lung injury that leads to increased pulmonary vascular permea-
bility, increased lung weight, and loss of aerated lung tissue. In this context of
parenchymal abnormalities, lung imaging plays a role in the diagnosis and follow-
up and can provide prognostic information.

Therefore, the aim of this chapter is to summarize the role of the different imag-
ing techniques that have been developed throughout the years to better understand
ARDS and to monitor ARDS patients. In particular we would focus on the role of
each lung imaging technique in the diagnosis and in the evaluation over the time of
lung recruitment, overdistension, and perfusion (Table 10.1).

10.2 Diagnostic Assessment
10.2.1 Chest X-Ray

For almost 20 years, chest X-ray has represented the main tool to evaluate the exten-
sion and the distribution of ARDS lung opacities.

However, in the first 24 h following the insult, chest X-ray can be quite normal.
During the following 2-3 days, the chest X-ray can show bilateral opacities due to
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exudation of inflammatory fluid into the interstitium and air spaces independent of
its etiology [2, 3]. It has been demonstrated that chest radiography can be insuffi-
cient to detect lung alteration in the initial stages of the disease; in fact up to 50% of
patients with acute respiratory failure within the first 3 days do not present any lung
abnormalities on chest X-ray [4]. Currently, it has been also reported a lower accu-
racy in detecting pleural effusions, alveolar consolidation, and alveolar-interstitial
syndrome compared to lung ultrasound [5]. In fact a recent meta-analysis concluded
that a systematic but unselective daily routine chest radiographs might probably be
eliminated without increasing adverse outcomes in ICU adult patients [6].

10.2.2 Computed Tomography

Computed tomography (CT) scan has substantially improved our understanding of
the inhomogeneous pattern of ARDS. Differently from chest X-ray, it avoids the
superimposition of different structures and also allows accurate measurement of the
extent of the abnormalities and of their density [7].

The classical morphological CT description includes the recognition of normally
aerated lung, poorly inflated areas, characterized by increased density but with still
recognizable vessels (ground-glass opacifications) and not-inflated areas with
increased density and no recognizable vessels (consolidation) [8]. The increase in
lung tissue and the reduction in lung gas volume due to the combination of alveolar
flooding (edema), interstitial inflammation, and compression atelectasis are typical
of the acute phase of ARDS.

In the early phase, ground-glass opacity has quite a distribution over the entire
lung field, whereas consolidation is more prevalent in the dependent ones. In the late
phase, over 2 weeks after the first insult, the reticular pattern is the single most fre-
quent pattern and is more represented in the nondependent regions [9]. More than
70% of patients present with CT abnormalities at 6 months follow-up, characterized
by fibrosis, air cysts, and bullae mainly located in the ventral, nondependent regions.
They are more evident at CT scan than at chest radiography [10].

Furthermore, differences in pathophysiology between ARDS secondary to direct
pulmonary insult and ARDS secondary to extrapulmonary disease reflect different
CT morphological patterns. The former presents asymmetrical focal areas of con-
solidation, while extrapulmonary ARDS shows a symmetrical pattern with preva-
lence of ground-glass areas [11].

In the past decades, the CT quantitative analysis of poorly/normally aerated lung
regions has led to the discovery that the ARDS lung is not stiff but “small” (the
“baby lung”) and that the residual inflated lung is nearly normal. Moreover, it was
showed that ARDS lung is very heavy, weighing 2-3 times that of a normal lung
with a content of air decreased to values 20-30% of normal [12].

Then, CT proved that the acute exudative lesions in ARDS have a gravitationally
dependent gradient of distribution, with more consolidation in the posterobasal
regions, as a result of compressive gravitational forces [13]. In conclusion regional
analysis of CT scan has allowed to demonstrate a nonhomogeneous distribution of
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densities since the gas content progressively decreases from top to bottom because
each alveolus is compressed by the weight of the superimposed structures [14].
Accordingly this physical model, in order to inflate the collapsed lung regions and
to maintain open these regions, mechanical ventilation should overcome the super-
imposed pressure generated by the lung mass and pleural pressure.

10.2.3 Lung Ultrasound

Nowadays there is a great interest in the application of lung ultrasound in intensive
care unit (ICU). In particular lung ultrasound (LUS) is a reproducible noninvasive
bedside technique [15]. It has been shown to be superior to auscultation and chest
radiography in the detection of the main ARDS pathology entities (alveolar-
interstitial syndrome, pleural effusions, and lung consolidation) when considering
CT scan as the reference method for a correct diagnosis [5]. Recently, evidence-
based and expert consensus recommendations for LUS with a focus on emergency
and ICU settings were provided [16]. To summarize, four patterns corresponding to
various degrees of lung aeration can be described [16]:

1. Artifactual horizontal A lines parallel to the pleural line that characterize normal
pulmonary aeration

2. Multiple and well-separated hyperechoic vertical lines, arising from pleural line
(B lines) corresponding to moderate decrease in lung aeration resulting from
interstitial syndrome

3. Coalescent B lines less than 3 mm apart corresponding to more severe decrease
in lung aeration resulting from partial filling of alveolar spaces by pulmonary
edema or confluent bronchopneumonia [17]

4. Lung consolidation containing white points characterized by dynamic broncho-
grams corresponding to complete loss of lung aeration with persisting aeration
of distal bronchioles

Alveolar-interstitial syndrome (moderate or severe) and consolidation are pres-
ent in all ultrasound examinations of ARDS patients. In fact the heterogeneous LUS
pattern including well-separated or coalescent B lines and the presence of posterior
lung consolidations with dynamic bronchograms is typical of ARDS [18, 19] and
allows its early distinction from acute cardiogenic pulmonary edema [20].

10.2.4 Positron Emission Tomography

Positron emission tomography (PET) is a functional imaging technique based on
the administration of a molecule labeled with a radioactive isotope, which decays
with the emission of a positron. Any molecule virtually can be labeled without
altering its properties so that PET scan can be useful to investigate any physio-
logical process characterized by the kinetics of a given molecule. Hundreds of
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tracers have been developed and applied, and depending on which tracer is used,
we can study the in vivo imaging of several organic functions. PET with
18-fluoride-2-deoxy-D-glucose (18-FDG) has been used to study cellular meta-
bolic activity, reflecting the activity of inflammatory cells [21, 22]. In fact,
18-FDG is an analogue of glucose that is taken up by cells at the same rate of the
glucose, so its accumulation is proportional to the intensity of the glycolytic
metabolism of the cells. The uptake of 18-FDG is principally related to the acti-
vation of neutrophils [21, 22].

In patients with ARDS, PET with 18-FDG revealed an increased metabolic
activity; however, the inflammation is not confined to regions with parenchymal
abnormalities at CT scan but also involved normally aerated regions, suggesting
that no pulmonary region is spared from inflammatory process [23]. It was demon-
strated that in subjects who subsequently developed ARDS, a diffuse 18-FDG
uptake was identified 1-3 days before the clinical manifestation of disease [24].

Moreover, recent studies focused on the possible influence of ventilation strate-
gies on metabolic activity. Bellani et al. found that the metabolic activity (i.e., FDG
uptake) of normally aerated regions was higher at an airway plateau pressure higher
than 26 cmH,0O, whereas no association was found between cyclic recruitment/
derecruitment and increased metabolic activity [25].

In conclusion, although its role in the daily clinical practice is not feasible, it
represents a precious tool to better understand the relationship between lung imag-
ing and lung injury and the link between ventilator-induced lung injury and ventila-
tory strategies and to measure the effect of anti-inflammatory interventions [26].

10.2.5 Electrical Impedance Tomography

Electrical impedance tomography (EIT) is a noninvasive, radiation-free, bedside
lung imaging technique, which tracks changes in regional electrical resistivity of the
lung tissue, corresponding to changes in regional gas content in relation to a refer-
ence state. Only functionally active lung structures are displayed, whereas struc-
tures — either normal or pathological (e.g., stable pneumothoraces or pleural
effusions) — that do not change over time are functionally mute and cannot be rep-
resented as an image [27].

10.2.6 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a functional technique that can provide
information about ventilation-perfusion heterogeneity, pulmonary end-capillary
diffusion of oxygen, and lung microstructure. According to the physical proper-
ties of the noble gas used as contrast agent, it can provide different information;
in fact *helium remains into the airways and alveolar spaces, and '*xenon follows
the diffusion pathway of oxygen. An experimental study showed the redistribu-
tion of alveolar gas due to the application of recruitment maneuvers and PEEP



160 S. Coppola et al.

using 3 helium in mechanically ventilated rats with atelectasis [28]. At now, MRI
data on ICU patients are limited; however, this technique could offer the possibil-
ity to match information about regional lung microstructure, function, and venti-
lation [27].

10.3 Recruitment

Lung recruitment is the amount of lung-collapsed tissue that can be reopened by
applying high transpulmonary pressure for an adequate period of time. The decrease
of the lung gas volume with the development of non-aerated regions mainly in the
more dependent part is typical of the ARDS because of the increase of lung edema
and of lung weight.

10.3.1 Computed Tomography

Quantitative CT scan analysis is the reference method for computing lung recruit-
ment. It requires dedicated software and manual delineation of the perimeter of the
lungs in each CT image.

It can be computed as the amount of non-inflated tissue that regains inflation
[29], or as the increase in gas volume in the poorly and non-aerated tissue [30] at
two different levels of pressures (Fig. 10.1). However, these two methods are not
interchangeable; in fact the first method underestimated lung recruitment compared
to the second one probably because it did not take into account lung recruitment in
the poorly aerated lung regions. Due to the different amount of lung edema, the lung
recruitability, estimated by lung CT scan, was found in whole population of ARDS
patients, to range from 0% up to 70% of the total lung weight [19].

In clinical practice, to quantify lung recruitability may be important for assessing
the severity of ARDS, planning recruitment maneuvers, and setting adequate PEEP
levels during mechanical ventilation. In fact, lung recruitability affects the response
to the applied PEEP levels: the higher is the lung recruitability, the higher will be the
end-expiratory alveolar collapse that PEEP can prevent.

Recently Chiumello et al. compared CT scan-based and respiratory mechanics-
based methods to assess the lung recruitment, and they found that they measure
different phenomena related to the pressure increase: the CT scan measures the
amount collapsed tissue which regains inflation, while the respiratory mechanics-
based methods measure gas entering in already open pulmonary units which
improve their mechanical properties at higher PEEP that is the overall improvement
of inflation [31].

Obviously, quantitative analysis of the whole lung is labor-intensive and time-
consuming. To increase the feasibility of the use of CT, Chiumello and colleagues
demonstrated that visual anatomical analysis of lung CT had a good accuracy in
detecting patients with high or low recruitability, although this method is unable to
estimate the hyperinflation [32].
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45 cmH,O

Fig. 10.1 Computed tomography and lung recruitment. The use of computed tomography scan-
ning to identify potential for lung recruitment. Differences in aerated and non-aerated tissue at
different pressure levels are presented. Panel (a) shows CT scan performed at end-expiration at
5 ecmH,0 of PEEP; Panel (b) shows the CT scan of the same lung slice performed at inspiratory
plateau pressure of 45 cmH,O

10.3.2 Lung Ultrasound

It was demonstrated that an improvement in lung aeration might be detected by cor-
responding changes in LUS patterns. If the whole lung is examined, LUS using
scores based on number of B lines can monitor extension of pulmonary edema, the
amount of extravascular lung water, and the corresponding decrease in lung
aeration.

Stefanidis and colleagues [33] estimated the size of non-aerated tissue in depen-
dent lung regions at different PEEP levels, considering only not-inflated regions.
Moreover, Bohaemad et al. realized a reaeration score to quantify the PEEP-induced
lung recruitment that was demonstrated reliable as the pressure-volume curve
method [34].

The LUS reaeration score should be performed on 12 regions of interest, includ-
ing upper and lower posterior regions. In each region examined, changes in ultra-
sound pattern following the application of PEEP are detected, and numbers are
attributed as follows:

e One point from multiple B lines to normal, from coalescent B lines to multiple B
lines, and from consolidation to coalescent B lines

e Three points from coalescent B lines to normal or from consolidation to multiple
B lines

 Five points from consolidation to normal

Interestingly in this study, the essential of recruitment results from the reaeration of
poorly aerated lung regions. It means that coalescent B lines are transformed into
separated B or A lines, and separated B lines are transformed into A lines. The
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reaeration of non-aerated lung regions remains marginal; in fact consolidations trans-
formed into coalescent or separated B lines, or A lines, are a rarely observed event,
occurring mostly in the lower parts of anterior, lateral, and posterior lung regions.

A high correlation was found between LUS reaeration score and CT reaeration.
However, further studies using CT of the whole lung as gold standard are required
to evaluate ability of LUS to reliably estimate PEEP-induced lung recruitment [35].

10.3.3 Electrical Impedance Tomography

In ARDS patients, the amount of potentially recruitable lung volume and the differ-
ence between the open, fully recruited, and the not recruited lung volume at
40 cmH,0 was computed as 26% + 11% (range 11-47%) using EIT [36]. Thanks to
its dynamic analysis, EIT has also allowed to identify alveolar opening of collapsed
regions, the overdistension of opened areas, the collapse of previously opened
regions, and the recovery of previously overdistended alveoli, during stepwise
changes of mean airway pressure [37]. In particular, it was used to further study the
regional intratidal gas distribution during the lung recruitment at different PEEP
levels. For these purposes, EIT image can be divided in four anteroposterior quad-
rants (dorsal and ventral regions for the left and right lungs), and a regional analysis
can be performed for each quadrant.

The study of the dynamic behaviors of the lung during slow recruitment maneu-
vers, in particular the delay time needed for the regional impedance in each quad-
rant to reach a certain threshold value of the maximal local impedance change, has
allowed to construct maps of regional delays in ventilation that correlate with the
amount of recruited lung and lung inhomogeneity and showed that distribution of
gas started in the nondependent lung regions and ended in the dependent lung
regions [38, 39].

The advantage of EIT is that the image might change following recruitment
maneuvers, physiotherapy, or prone positioning, indicating a response to such treat-
ments. In this context, EIT can open new scenarios to guide the PEEP titration
strategy aimed at a decrease of the regional ventilation inhomogeneity, minimizing
tidal collapse and hyperinflation.

10.4 Overdistension
10.4.1 Computed Tomography

The application of high levels of PEEP in patients with low lung recruitability can
lead to overdistention of regions that are already aerated without opening the col-
lapsed tissue (i.e., strain) [19]. CT scan is a unique tool to differentiate between
recruitment and hyperinflation. Overdistension is defined by quantitative lung CT
analysis as lung regions with a density threshold below — 900 Hounsfield units [18].
However, the quantitative computation of lung overdistension can be affected by the
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size of the voxel or the CT section thickness and by the type of reconstruction filter.
In fact, a thick CT section (10 mm) underestimates the overinflated lung volume by
3-5% compared to thin CT sections (1.5 mm) [18]. The evaluation of hyperinflation
can give information about the safety of our mechanical ventilation. In fact Terragni
et al. have found that one-third of ARDS patients with large not aerated lung regions
presented a substantial tidal hyperinflation, even when airway plateau pressure was
between 28 and 30 cmH,O [40].

Recently Cressoni et al. have quantified the lung inhomogeneities by CT scan.
They found that the extent of lung inhomogeneities increased with the severity of
ARDS, correlated with the physiologic dead space, and it was associated with over-
all mortality. Interestingly they also demonstrated that in most of the patients, lung
inhomogeneities decrease by increasing PEEP or airway pressure, suggesting a
more homogeneous lung at higher pressure. However, in a small part of patients,
lung inhomogeneity extent increased, instead of decreased while increasing PEEP
or plateau pressure. This was due to the increase of poorly aerated tissue and increas-
ing pressures, while in most patients where lung inhomogeneities decreased increas-
ing pressure, the poorly aerated tissue also decreased [41].

Once again CT scan has provided physiological information to better understand
the complex interaction between mechanical ventilation and ventilator-induced
lung injury.

10.5 Lung Perfusion

As known, arterial oxygenation results from the coupling between alveolar ventila-
tion and perfusion. In fact in ARDS patients, hypoxemia is closely related to the
consolidation or collapse of lung regions, which increases the intrapulmonary shunt.
Accordingly, an important objective in the setting of mechanical ventilation is to
optimally match ventilation with lung perfusion in order to improve gas exchange
[27, 42]. Different imaging techniques such as computed tomography and electrical
impedance tomography have been used to investigate the distribution of aeration
and/or ventilation in ARDS. The understanding of the regional lung perfusion can
be useful for the daily clinical practice for different reasons. Firstly, the response in
oxygenation to different ventilatory strategies can be due to redistribution of lung
perfusion and not to lung recruitment or derecruitment. Consequently, the level of
PEEP should be titrated on respiratory mechanics changes and not on oxygenation.
Then intravenous antibiotics cannot reach the affected regions because of the unpre-
dictable distribution of blood flow.

10.5.1 Computed Tomography
CT scan studies have allowed analyzing the distribution of parenchymal consolida-

tion and tissue perfusion in healthy and ARDS patients [43]. While in healthy sub-
jects lung perfusion shows a gravitational bias, in ARDS patients it has an
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inhomogeneous distribution, and a great proportion of blood was directed toward
collapsed areas. Obviously this shunt was related to the severity of hypoxemia.
Unfortunately, CT scan does not provide real-time information [42].

10.5.2 Electrical Impedance Tomography

A promising method to quantify lung perfusion (pulsatile and non-pulsatile compo-
nents) is by the injection of hypertonic saline that causes a decrease in the imped-
ance signal as it travels through the right heart and the lungs to the left heart during
a 10 s breath-hold. Through mathematical calculations of first-pass kinetics of the
impedance-time dilution curve, it has been possible to estimate regional lung perfu-
sion by electrical impedance tomography in a piglet model of lung collapse [44].
Although this is a real-time method, the evaluation of perfusion cannot happen con-
tinuously but only during the injection of a bolus of saline at high concentration.
Moreover, the frequency of the measurements is limited by the potential side effects
caused by the use of saline at high concentration.

10.6 Technical Advantages and Limitations
10.6.1 Chest X-Ray

Chest X-ray represents an inexpensive imaging technique, routinely and ubiqui-
tously applied. The role of chest radiography is still actual, radiological findings are
integral part of the diagnostic process, and X-ray images are still useful to detect
malposition of tubes, catheters, and associated complications [10]. All patients
admitted to an ICU receive at least one chest X-ray.

Nevertheless, the ICU features and the mandatory bedside application of radiog-
raphy in these patients affect the quality of images. This technique has poor contrast
diagnostic resolution, and in addition to this, the anterior-posterior view, the nonco-
operation of patients, and the presence of several lines in the field (e.g., endotracheal
tube, arterial and central venous catheter, electrocardiogram monitoring, nasogas-
tric tube, etc.) affect the quality of final imaging (Fig. 10.2).

10.6.2 Computed Tomography

Computed tomography represents the gold standard technique for the management
of ARDS patients and provides several advantages: since from the 1980s, it has been
used to study the inhomogeneous pattern of lung abnormalities in ARDS [45].

As described before, computed tomography allows to investigate the response to
different types of ventilation in terms of lung morphology, lung recruitment, and
overdistention.
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Fig.10.2 Bedside application of chest X-ray in intensive care unit patients

Moving from these considerations, the use of CT scan analysis has spread in
spite of risks of transferring critically ill patients outside the ICU to radiological
department and of the risk of X-ray radiation exposure.

The radiation dose applied to perform a CT exam is related to image definition;
the higher the dose, the lower the image noise; nevertheless, it is known that expo-
sure to radiation could be associated with an increased incidence of cancer [46—49].
Moreover, a dose-effect relationship was observed [50], and the exposure to radia-
tion during CT scans even if not able to cause immediate damage could be associ-
ated with subsequent sequelae [51].

Currently, no consensus for optimal acquisition is available; in the literature, a
wide range of radiation dose is reported (tube current-time products from 100 to
350 mAs). Since from the 1990s, the use of low-dose chest CT was described to
underline the possibility to visualize lung parenchyma reducing the effective mAs
[52]. Recently Chiumello et al. aimed to evaluate the accuracy of quantitative analysis
and the accuracy of visual anatomical analysis using low-dose chest CT to estimate
lung recruitability in 45 ARDS patients [46]. Of note, the reduction of radiation dose
(up to 30 mAs of the applied tube current-time product) did not affect the accuracy of
quantitative analysis, and visual anatomical evaluation of lung recruitability was suf-
ficiently accurate (Fig. 10.3). This study can open the prospective to potentially moni-
tor ARDS patients by CT scan with a substantial reduction of radiation exposure.

10.6.3 Lung Ultrasound

The main advantages of lung ultrasonography include the possibility of avoiding
patient’s transport to the radiological department, of guiding lifesaving emergency
procedures, and of decreasing radiation exposure [10]. Certainly, performing and
interpreting ultrasound images require training to acquire the necessary skills and
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Low dose Standard dose

B2

Fig.10.3 Different radiation dose applied to perform chest computed tomography

Two consecutive scans of the lung are presented, performed during the same breath-hold in two
ARDS patients (Panel a, patient 1; Panel b, patient 2). For couple of scans, two different mAs (tube
current-time product) were applied. Panel (a) shows the image obtained with a reduced dose of 60
mAs (left), and the same image obtained with a standard dose of 110 mAs (right). Panel (b) shows
the image obtained with a reduced dose of 60 mAs (left) and the same image obtained with a stan-
dard dose of 110 mAs (right). All other parameters of the CT scanner were kept unaltered during
scan acquisition

knowledge. In addition to this operator-dependent limitation, some ultrasound
patient-dependent limitations exist. Obese patients and patients with subcutaneous
emphysema or large thoracic dressing are frequently difficult to examine. These
features preclude the propagation of ultrasound beams to the lung periphery.

10.6.4 Positron Emission Tomography

One of the most relevant advantages of PET analysis concerns the detection of
functional information. In fact, it is a flexible technique that allows the in vivo imag-
ing of organic functions [21]. PET usefulness is further increased when associated
with CT scan analysis, in order to provide an accurate anatomical localization of the
functional studied process.

Depending of which tracer is selected, different pulmonary functions could be
investigated, for example, regional blood volume [53], glycolytic metabolic activity
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and neutrophils’ activation during inflammation [23, 54], regional perfusion and gas
exchange [21], and endothelial permeability [55].

Unfortunately technical and clinical limitations exist in using this technique in
daily clinical practice. The application of PET analysis is rather complex, tracers
have short half-life, and patients should stay away from ICU for the length of the
study procedure (hours), requiring dedicated assistance during transport and during
permanence in the PET facility.

10.6.5 Electrical Impedance Tomography

Electrical impedance tomography provides bedside and noninvasive lung images
available for continuous monitoring in daily ICU practice. However, EIT data can
only indirectly quantify relative changes in lung impedance, and only structures that
are functionally active are visualized (e.g., ventilated lung structures). Of note, EIT
has a restricted spatial resolution (10-20 cm?).

Finally, even if changes in end-expiratory lung impedance detected with EIT
technique seem to correlate with changes in end-expiratory lung volume, this linear
correlation is definitely dependent on electrode position.

10.6.6 Magnetic Resonance Imaging

MRI of the lung could offer the advantage of a functional technique and could be
a valuable technique when radiation exposure or iodinated contrast is contraindi-
cated. In spite of this, it is rarely used in ICU daily practice, because it is time-
consuming, expensive, and limited by the low proton density of aerated lung
tissue [10]. In addition, it requires patient’s transport outside ICU, dedicated
assistance and proper monitoring, and other patient-support devices during MRI
procedures.

10.6.7 From Bedside to the Radiology Department: Risks
of Patient’s Transport

Among all described techniques, CT, PET, and MRI cannot be provided in the ICUs
and require the transport of patients to the radiologic department. Critically ill
patients that require transfer within the hospital are at risk of deterioration and at
risk of adverse events caused by transfer. Although tube or line displacements are
uncommon, they represent potentially serious events. Transfers are associated with
small but significant rare adverse events, often related to deterioration of clinical
condition or problems with equipment or patient’s devices. Still today, adverse
events have been found to occur from 8% to 68% [56]. Cases of major events such
as major physiological derangement (15%) or cardiac arrest (3%) are uncommon
but still described [57].
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Therefore, risk of transport must be assessed, the possible benefits obtained by
the diagnostic information should be higher compared to the possible adverse events
caused by transfer, and finally patients should be transferred by an appropriately
trained team with appropriated equipment [58, 59].

As recommended in the “transfer medicine” section of the recent Guidelines for
Provision of Intensive Care Services 2015, the reason for transfer should be well
documented and patients, where possible, must be informed [58]. Staff members of
appropriate experience, with dedicated equipment and accurate monitoring to cope
with any deterioration in clinical conditions, should transfer critically ill patients,
especially when intubated and ventilated.

A recent study showed an occurrence of life-threatening adverse events of 6.7%
in critically ill patients during intra-hospital transport required to perform CT scans
[60]. Despite significant improvement in intra-hospital transport, the equipment
failure, the lack of supervision, and the severity of patient’s illness [60] are signifi-
cant predictors for the occurrence of adverse events during transfer from ICU to
radiology department.
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Acute Respiratory Distress Syndrome: 1 1
Metabolic Support

Michele Umbrello, Danilo Radrizzani,
and Gaetano lapichino

11.1 Stress Response and Critically Ill Patients’ Metabolic
Requirements

Nutritional support to ARDS patients either shares metabolic concepts common to
critically ill patients or generates particular concern due to the limitation of oxygen
supply and the difficulties of carbon dioxide disposal. Metabolic response to injury
and sepsis is characterized by the increased secretion of pro-inflammatory cytokines
(IL-1, IL-6, and TNF) [1], catabolic hormones (cortisol, glucagon, and catechol-
amines) [2], as well as increased insulin resistance [3]. All these lead to glycoge-
nolysis, increased gluconeogenesis and lipolysis, and enhanced muscle protein
breakdown ensuring both energy and amino acids for wound repair and immune
function.

Particularly, glucose is an indispensable substrate for host response in damaged
tissues and immune cells. Endogenous glucose production from amino acids,
lactate, and glycerol is necessary because glycogen stores are limited. Lipolysis is
also necessary because of the energy required by gluconeogenesis. In fact this
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cycling of substrates costs in terms of ATP and is responsible in part of the increased
energy expenditure. Amino acid from muscle protein is in part converted to
glutamine and alanine and then to glucose and urea. This is mainly the fate of
branched chain amino acids. Despite the increased protein synthesis of acute phase
protein, the dissimilarity of different amino acids’ catabolism explains the large
amount of wasted muscle tissue (500-1000 g per day) [4].

The stress response can only be reversed by resolution of the triggering event as
infection control, wound healing, and so on. However, the rate of muscle tissue loss
can be reduced by an adequate amount of energy and protein intake. This is impor-
tant because body wasting impacts on tissue functions and hence on the recovery
that can be delayed or even prevented by the loss of functional tissue.

For this reasons, metabolic support would comprise energy and protein/amino
acids. Substrates can be administered either parenterally or by the enteral route.
Parenteral nutrition can be given via the central or peripheral vein according to the
osmolality; enteral tract can be accessed at the gastric or jejunal level either by nasal
tubes or ostomies. Jejunal approach is preferred when the stomach fails to empty
adequately. The relationship of gastric residual volume and diet tolerance is not
completely understood; however, gastric residuals up to 500 mL can be tolerated,
providing that in the end, the diet progresses to the jejunum [5]. Ostomies are indi-
cated for long-term support.

Enteral nutrition is preferred because it maintains the absorptive function and the
integrity of the intestinal barrier and leads to fewer complications, and also because
it costs much less than parenteral nutrition. Enteral nutrition can be contraindicated
(complete intestinal obstruction) or problematic (severe inflammation, high-output
fistula) and sometimes is difficult to cover all the nutritional needs with the enteral
administration. In these cases, it is necessary to substitute or integrate the enteral
diet with parenteral nutrition in order to fulfill the requirements. The timing and the
amount of this substitution/integration is a matter of debate [6, 7]; what is certain is
that sooner or later, protein and energy deficits have negative effects on prognosis
and that the negative effects are in some way proportional to the severity of the
patient [8-10].

If some is good, more is not always better, and even if lack of energy and protein
has negative effect, an excess of diet can be dangerous as well, both because of diet-
induced thermogenesis (DIT) that furtherly increases energy expenditure and
because excess substrates have to be stored or disposed giving way to waste product
that can challenge organ functions of critically ill patients. For ARDS patients,
energy excess can be particularly difficult to manage as will be explained ahead.

In the absence of the measurement of energy expenditure by indirect calorimetry,
current guidelines suggest 20-30 kcal/kg/day [11-13]. The recommended protein/
amino acid intake has increased in the last years up to 2 g/kg/day [14]. When nutri-
tional support is administered enterally, the diet composition is predetermined. A
standard diet is characterized by a ratio of 50:30:20 that represents the proportion of
carbohydrates (CHO), fats, and protein in calories. Diets may differ for concentration
(hypo- or hypercaloric) or composition. Differences in composition can depend
upon relative quantity (high protein or fat) with respect to standard diet or upon
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quality of nutrients. Proteins’ quality regards the source (casein, whey protein, soy,
egg) and the degree of hydrolysis (from whole protein to single amino acid passing
through oligopeptides). Lipid quality is represented by the length of chain and by
the content of polyunsaturated fatty acid with double bond on carbon w3 or wob.
CHO generally consist of maltodextrins, and their content varies to allow the varia-
tion of protein or lipid content.

The differences for parenteral nutrition are more or less the same; however, pro-
tein content consists of synthetic amino acids and, allowing chemical stability, can
be varied in many ways. Lipid content can be really different comprising w9 poly-
unsaturated fatty acid. CHO are represented by glucose that as we have seen before
is an indispensable substrate in critical illness.

Apart from the concentration that allows different water loads, detailed descrip-
tion of the indication of different diets is beyond the purpose of this chapter; how-
ever, any difference in composition of interest for ARDS patients will be discussed
later.

Whichever the source of CHO, they are mainly metabolized to glucose that is the
primary source of easily available energy for all tissues. However, stress hypergly-
cemia may have deleterious effect on outcome. For this reason, glycemic control,
after many years of conflicting studies, stands yet as a significant target in critically
ill patients. The key questions are the appropriate target ranges in different patients’
population and the way to obtain it; both these goals should satisfy safety and feasi-
bility. Glucose control is obtained by standardized i.v. insulin infusion. Protocols
can either consist of intuitive rules or they can be paper-based or computerized
algorithms; however, they generally do not take into account factors such as the
degree of patient stress, i.e., insulin sensitivity, and the amount of nutritional sup-
port. Recently, a pathophysiology-based glucose control protocol which takes into
account patient CHO load intake and patient insulin resistance has been proposed
[15]. Computerization allows increasing complexity of the decisional tree, while
diminishing the work effort; moreover, it performs better in terms of glucose control
either as time in target or preventing hypoglycemia [16]. The more complex com-
puter programs are able to react to or to anticipate glucose changes; future develop-
ment in this field will probably be a closed-loop insulin infusion sustained by
continuous glucose monitoring.

Critically ill patients receiving nutritional support may develop depletion of vita-
mins or trace elements; in some cases they can be already depleted. Usually, an
adequate intake of calorie by the enteral route ensues the needs of microelements
and vitamins; in case of inadequate intake or of parenteral support, trace elements
and vitamins have to be supplemented.

Pharmakonutrition (i.e., nutritional support enriched with anti-inflammatory or
immunomodulating substrates) is supported by many biochemical studies. It
includes w3 polyunsaturated fatty acids, glutamine, arginine, and antioxidants.
Larger clinical studies have demonstrated deleterious effect particularly of the
amino acids glutamine and arginine as well as of antioxidants [17, 18]. These
results have to be interpreted cautiously because of excessive dosage or due to
different actions in different patient population (e.g., trauma vs septic shock
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patients). Particular effect of pharmakonutrients on ARDS patients will be dis-
cussed ahead.

11.2 Consequences of Acute Respiratory Failure on Patients’
Stress Reaction

ARDS is a heterogeneous syndrome of acute onset of respiratory insufficiency,
characterized by increased pulmonary permeability and subsequent pulmonary
edema. Patients with ARDS typically have altered lung and respiratory system elas-
tance and an increased shunt fraction and dead space; as a result, gas exchange is
severely impaired, with refractory hypoxemia and hypercapnia [19]. The cause
underlying the development of ARDS is generally infectious (pneumonia, sepsis
with secondary development of pulmonary lesions), or infections can arise as a
complication of the first diagnosis (trauma, pancreatitis, visceral sepsis).

From a metabolic point of view, ARDS is characterized by a pro-inflammatory
response associated with hypercatabolism that could lead to significant nutritional
deficits [20], which can modify respiratory muscle function, ventilatory drive, and
lung defense mechanisms [21-23].

In these critically ill patients, elevated resting energy expenditure (REE), reach-
ing up to 126% of that predicted by their body size, means increased oxygen con-
sumption (VO,) and carbon dioxide production (VCQO,), i.e., increased cardiac work
and increased respiratory exchange demand, in spite of impaired lung and some-
times cardiac function.

11.3 Characteristic Features of Artificial Nutrition in Acute
Respiratory Failure

Similar to other critically ill patients, some days of starving or hypoalimentation
lead to caloric deficit; this is even more relevant in ARDS. Nutrition support is then
necessary to prevent cumulative caloric deficits, malnutrition, loss of lean body
mass, and deterioration of respiratory muscle strength [13, 24-26].

Several aspects of energy consumption physiology and of substrate supply,
disposal and transformation, oxidation, or storage, generally not considered in the
absence of respiratory failure, may have a relevant impact and have to be carefully
taken into account when feeding critically ill patients with severe respiratory failure.

The human body extracts the energy that is needed to comply to processes
requiring mechanical (muscular contraction), chemical (biosynthesis), and osmotic
(active transport) work by oxidizing a mixture of CHO, lipids, and protein to
produce carbon dioxide (CO,), water, and nitrogen. Part of the energy packed in
substrates is in fact utilized to generate adenosine triphosphate (ATP), while the
remainder is converted to heat used to maintain body temperature. The energy
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ingested in excess to the expenditure is inevitably stored [27, 28]. As only small
amounts of energy can be derived by phosphorylation at substrate level (glycoly-
sis), energy is mainly released from substrate oxidation, so that VO, and REE are
closely correlated.

11.3.1 Physiologic Effects of Substrate Metabolism

11.3.1.1 The Determinants of Energy Consumption
For a wider review of the present topic, see the paper by Iapichino et al. [27, 28].

The complete oxidation of one mole of CHO, lipids, or proteins requires very
different amount of O, (134, 515, 114 L, respectively), so that to obtain 1 kcal oxi-
dizing CHO, lipids, and proteins, we need 200, 212, and 239 mL of O,, respectively.
It means that cardiac work, demanded for oxygen supply, is greater burning lipids
and minimal burning CHO. By contrast, 1 kcal from CHO produces 200 mL of CO,,
less from lipids (157 mL) and proteins (191 mL). It means that the respiratory work
is minimal for lipids.

Moreover, each mole of produced ATP costs 3.7 L O, for CHO, 3.9 L O, for
lipids, and 5 L O, for protein. Then, the ATP yield per liter of O, is maximal oxidiz-
ing CHO. Therefore, the most efficient way to use the available oxygen is burning
CHO, while the most efficient way to reduce VCO, is lipid oxidation.

However, the energy released per gram of substrate oxidized is also different:
4.18 kcal/g for mixed CHO (3.72 kcal/g glucose, 4.31 kcal/g for glycerol);
9.44 kcal/g for mixed lipids (8.34 kcal/g for medium chain triglycerides (MCT));
4.69 and 3.48 kcal/g for f-hydroxybutyric and acetoacetic acid, respectively [29];
and 4.7 kcal/g for protein oxidation.

11.3.1.2 Diet-Induced Termogenesis (DIT)

DIT refers to the amount of energy required to absorb, process and store nutrients
and accounts for an increase in energy expenditure (EE) with respect to postabsorp-
tive state [30]. Moreover, DIT depends upon the amount of substrate supply and
disposal, and it is different among the different substrates. Jequier [30] investigated
the thermic effect of nutrients. The authors found that when given intravenously,
glucose (under euglycemic-hyperinsulinemic glucose clamp condition) induces an
increase of EE of 7% of energy infused, whereas lipid infusion stimulates EE by 3%
of energy infused. The stimulation of EE due to amino acid infusion in depleted
patients is 30—40% of the energy infused as amino acids. The cost of nutrient stor-
age for glucose was 12% of the energy content of the stored nutrient, while it was
found to be 4% for lipids [30]. Eventually, as far as lipids are concerned, it has to be
taken into account that the cost for the oxidation/storage of MCT is significantly
higher when compared to palmitate [31], as the former need first to be elongated and
then they can be oxidated.
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11.3.1.3 Disposal, Transformation, and Storage of Nutrients

When CHO availability is increased by exogenous supply, endogenous and
exogenous glucose have theoretically the same oxidation chances, i.e., in the
presence of a total body glucose consisting of 50% infusion and 50% production,
the net amount of the oxidized glucose (indirect calorimetry) will be constituted in
equal parts by the two glucose pools. Only when hepatic glucose production is
totally suppressed, the energy drawn by CHO totally comes from exogenous source.

Regarding fat oxidation, the nonprotein respiratory quotient (RQnp) does not
indicate the source of the lipid that is oxidized (fat stores vs fat from diet). It is
known that glucose availability reduces lipid oxidation. However, it is not sure
whether the increased exogenous fat availability could result in a decrease of endo-
or exogenous glucose oxidation. A further very interesting physiological aspect of
fat disposal is whether the exogenous fat can supply an immediate energy need
and, if any, the proportion between immediate oxidation and storage of an exoge-
nous load.

The result is that the amount of oxidized exogenous substrates of either long-
chain triglycerides (MCTs are a different story) or glucose (when hepatic neo-
glucogenesis is not suppressed) is less than that indicated by RQnp. The meaning is
that to accomplish with REE, a part of exogenous substrates, equal or less than the
need, are stored, and necessarily the oxidation of endogenous substrates continues
even in feed state.

11.3.2 Resting Energy Expenditure

Despite the many predictive equations that have been proposed to estimate energy
expenditure, their use fails to match the measured expenditure in >75% of patients
[32, 33], and it tends to overestimate the needs [34]. Many factors are responsible
for these errors in critically ill patients, and the use of predictive equation possibly
leads to overnutrition and to its deleterious effects. The issue is relevant, as several
studies reported an association between the amount of calories prescribed and a
positive clinical outcome [8-10, 35, 36], as well as between protein intake and sur-
vival [37-40].

Nevertheless, measurement of energy expenditure is feasible using indirect calo-
rimetry, a technique which relies on the principle that the amount of substrates
involved in oxidative processes can be calculated on the basis of VO,, VCO,, and
nitrogen excretion [27]. As matter of fact, energy production for a given time (i.e.,
REE) can be easily calculated by the simplified Weir equation [41]:

REE (kcal) =3.9*] O,consumed +1.1*/ CO, produced

The correction due to protein catabolism is negligible (about 2.2 kcal for each g
of excreted nitrogen) accounting for less than 1 kcal/kg/day in severely catabolic
patients.

When patients are mechanically ventilated with FiO, > 0.5 or in ECMO, having
measured cardiac output, and assuming a median RQnp of 0.94, VO, x 7 yields the
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amount of kcal/24 h. Otherwise, measuring CO, production rate, and assuming a
RQnp of 0.94, the formula gives kcal/24 h.

The lack of precision in the measurement of oxygen concentration above 60%
[42] represents the main technical restriction to the use of this technique. Unsteady
state is another limitation because of different transit time of oxygen and carbon
dioxide. Further restrictions arise when the rates of gluconeogenesis or ketogenesis
are elevated or net lipogenesis occurs; in these cases disappearance and oxidation of
substrates follow different pathways [43]. Despite these restrictions, due to techni-
cal limits and basic assumption, indirect calorimetry is a sound method to estimate
EE for the metabolic treatment of critically ill patients [28].

In summary, one should always keep in mind that the calculations adopted to
estimate energy expenditure are far from being unbiased and precise independently
from the complexity of the equations. To avoid any illusion of unrealistic accuracy,
we suggest adopting the ESPEN guideline recommendation of 20-25 kcal/kg/day
[11] that does not seem to differ in precision and, possibly, do better than more
complex equations for patients’ outcome [44, 45].

11.3.3 Possible Adverse Effects of Single Macronutrient
on the Lung Tissue of Patients with ARDS

11.3.3.1 Carbohydrates and Lipids

High levels of intravenous CHO in TPN nutritional support increase body tempera-
ture [46], respiratory quotient, and VCO2, which in turn increase ventilatory
demand, as seen in a small uncontrolled study [47] and in a small RCT [48]. It is
nowadays becoming clearer that these effects are due to hyperalimentation, i.e., an
excessive calorie load compared to metabolic needs (see later 11.4).

However, a prevalent CHO enteral feeding was associated with improved clinical
outcomes [49] and with better muscle protein accretion compared with an isonitrog-
enous isocaloric high-fat feeding [50]. Then carbohydrates appear to be the prefer-
ential substrate in critical illness [51], because of a poor utilization of fat secondary
to an impaired oxidation and inefficient transport between pools [52, 53].

Indeed, in healthy people, high-fat diets have been related to potential develop-
ment of endotoxemia by causing changes to gastrointestinal barrier function or
microbiota composition [54]. Hence, being patients with ARDS especially exposed
to infectious complications, these considerations would argue against the use of
high-fat diet in this population of patients.

Fatty acid chains differ by length, often categorized from short to long.
Polyunsaturated fatty acids contain more than one double bond; depending on the
location of the first double bond, they can be classified into w3, w6, or w9. Their
relevance depends on their specific biological activity. More in details, long-chain
w6 fatty acids (such as linoleic acid, LA, and gamma-linolenic acid, GLA) have
been associated with pro-inflammatory phenotypes particularly dangerous in criti-
cally ill patients [55, 56]. Their supply also resulted in increased synthesis of vaso-
dilating prostaglandins [57]; moreover, they can interfere with lung hemodynamics
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and with the V/Q regulation, which in turn may lead to worsened gas exchange due
to resolution of hypoxic vasoconstriction in hypoventilated areas of a damaged lung
[58, 59].

It has been reported that fatty acids from the w3 family (eicosapentaenoic, EPA,
and docosahexaenoic acid, DHA), unlike w6, can modulate inflammatory processes
[56]. Their use was associated with reduced availability of arachidonic acid, with a
consequent shift in the production of cytokines from the highly pro-inflammatory
four-series leukotrienes and dienoic prostaglandins to the less inflammatory five-
series leukotrienes and trienoic prostaglandins [60]. Experimental w3 fatty acid
supplementation was also associated with a restored permeability of injured
alveolar-capillary membrane and with lower levels of tissue inflammation and
apoptosis [61].

As for MCT, their higher DIT when compared to long-chain fats has already
been mentioned, while we lack evidence as for any potential negative effect of w9
polyunsaturated fatty acids.

11.3.3.2 Proteins

Protein administration increases minute ventilation more than expected for the
increase in REE, suggesting a specific activity on ventilatory drive [62] that has to
be taken into account when dealing with a patient with limited possibilities to
increase work of breathing. In case of development of severe sepsis, particular
attention has to be given to the risks of an enhanced supply of arginine, due to its
pro-inflammatory characteristics [18].

11.4 Peculiar Characteristics of Metabolic Control
of Critically Ill Patients with ARDS

The goal of nutritional support remains to provide sufficient amount of calories to
satisfy both the basal metabolic rate and the demands for the synthesis of protein to
maintain lean body mass. National and international guidelines suggest administra-
tion of nutritional support to all patients suffering from ARDS and undergoing
mechanical ventilation [11, 13]. An observational trial [37] and three RCTs [63-65]
in critically ill mechanically ventilated patients tested the effect of energy prescrip-
tion based on indirect calorimetry, and all reported clinical benefits.

However, all the abovementioned limitation needs to be considered when dealing
with nutritional support in an ARDS scenario. As a result, adequate metabolic sup-
port of this category of patients is challenging. A first strategy is the reduction of
REE that can be achieved in different ways.

At first, the reduction in the amount of physical activity (including the work of
breathing), the control of body temperature, and the use of sedation are essential
strategies.

Secondly, a daily amount of energy intake (EI) greater than needed need to be
carefully avoided, as the impact of substrate disposal on REE (DIT increase) is
certainly dangerous [27, 28, 66—68]. When circulatory function is suboptimal, this
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results in difficult heat dispersion, with hyperthermia [69], and in an increased ven-
tilator and cardiocirculatory demand [22, 70]. Of interest, the increase in caloric
provision per se, rather than excessive carbohydrate substrate, correlated more
closely with VCO, [71]. Then, the recommended daily supply is 25 kcal/kg; how-
ever, when gas exchange is severely impaired, calorie load can be reduced to 20 kcal/
kg, at least for the first phase of illness. In this scenario, be particularly aware of the
likely development of an energy-protein deficit.

Third, the use of continuous feeding is protective. In fact, DIT is minimal during
enteral feeding, both in health and disease [72, 73], provided that energy supply is
less than 1-1.3 times the REE, while it increases to up to 20% of total EE when
energy supply approaches two times the REE. This was interpreted as a lower
energy cost of digestion and absorption of nutrients in comparison with the cost of
nutrient storage. Indeed, oral administration of nutrients (i.e., as a bolus) induces a
larger thermogenic response than continuous enteral administration [72, 73], due to
the necessity of storing the ingested substrate until their utilization. During critical
illness, moreover, VO, and VCO,, and consequently DIT, are effectively blunted
even with continuous TPN, provided that EI = REE [74].

Fourth, the composition of macronutrients can be altered. This can help mini-
mize the requirements for mechanical ventilation, taking the pharmacological effect
of nutrients into account and the possibility to manipulate DIT and VO,/VCO,.
Indeed, macronutrient composition is much less likely to affect CO, production
when the design of the nutrition support regimen approximates energy requirements
[13, 67, 68, 71]. Then, the traditional suggestion that up to 50% of the nonprotein
portion of caloric intake consists of lipid, to be able to limit VCO, and minute ven-
tilation, should be abandoned. Instead, a more physiological composition (60%
CHO/40% lipids) should be delivered, to allow the anabolic effects of insulin to take
place. The use of EN formula can generally solve this problem, while careful atten-
tion should be paid to the nonprotein composition of the standardized commercially
available PN formulas.

This said, a relevant issue is that of the type of lipids provided with artificial
nutrition. Intravenous administration of high amounts of the w6 linoleic acid, even
at slow rates of infusion, appears to be undesirable in patients with severe pulmo-
nary failure [13, 75, 76], due to the pro-inflammatory effects and the interference
with hypoxic pulmonary vasoconstriction.

To reduce this problem, several studies in patients with ARDS have shown that
the use of w3 fatty acids, specifically EPA and GLA, possibly coupled with antioxi-
dants, may confer biochemical and clinical advantage in ARDS by preventing oxi-
dative cellular injury, modifying the metabolic stress response, and modulating
immunity and inflammation [76-84]. Other authors [85, 86] and a recent meta-
analysis [87] found that such an immunomodulatory diet did not show any signifi-
cant reduction in the risk of all-cause mortality in ARDS patients, nor it increased
the ventilator- and ICU-free days.

Actually, many of these studies have significant heterogeneity, and the majority
share biases on the study design: the comparator diet provided in the control group
often supplies a relatively high amount of w6 fatty acids, rather than the usual
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amount provided with commonly used balanced formulas, or they provide different
amount of proteins among groups. As a consequence, the more-recently published
guidelines on nutrition support [13] do not recommend the use of any enteral for-
mula with an anti-inflammatory lipid profile and antioxidants in ARDS patients.
Instead, the recommended strategy is the provision of an enteral/parenteral formula
in which the w6 content is balanced by the presence of w3 and w9 long-chain fatty
acids.

However, this strategy can often be vanished by the often underlooked issue of
the energy contained in (w6) lipids used for sedation (i.e., propofol), which may
represent up to 15% of the total energy administered and may lead to a profound
unbalance in the composition of the diet [88]. The use of high-concentrated emul-
sion coupled with sedation strategies that use other compounds, such as enteral
drugs [89], may give the advantage of reducing/eliminating this issue.

However, the sometimes necessary EI reduction during EN may result in a
“caloric shortfall” and, even more dangerously, in a protein shortfall [37-40].
Bearing in mind that protein retention can improve by increasing either protein
(main determinant) or even energy intake [90], if kidney function is normal, the
protein shortfall can be limited by the use of a protein-strengthened enteral formula,
yielding a supply of at least 0.8—1 g/kg. Still, under these circumstances, the early
provision of adequate nutritional support is deeply relevant, so as to limit the
unavoidable energy deficit. The role of enteral/parenteral glutamine supplementa-
tion is highly controversial [13], and in case of caloric shortfall, it should not be
used at the expense of an optimal amount of proteins.

Fluid accumulation is a common and relevant issue in patients with
ARDS. Restrictive fluid management can improve lung function and shorten the
duration of mechanical ventilation and intensive care stay [91], so that water intake
due to nutritional support has to be carefully considered. Fluid restriction is easier
with PN solutions due to the calorie density of glucose (up to 2.8 kcal/mL) and
lipids (up to 3 kcal/mL), but is feasible also with energy-dense enteral formulas (up
to 2 kcal/mL). To adequately monitor the fluid status, daily and cumulative water
and sodium balance and their relationship had to be monitored.

Conclusions

In summary, we suggest that nutritional support to patients with ARDS is pro-
vided early once patients are fluid resuscitated and hemodynamically stable
(even if under vasoactive), and blood gas is acceptable.

Energy given in amounts equal to REE (possibly measured by indirect calo-
rimetry) or not >25 kcal/kg with a balanced formula possibly coupled with insu-
lin should be delivered. Indeed, if the kidney is normally functioning, an adequate
(1-1.5 g/kg ideal body weight) amount of protein should be delivered, even if its
cost in terms of VO,/VCO, is significant.

This approach is not able to completely inhibit the utilization of endogenous
stores and does not possess the same protein sparing action of diets with greater
energy content; however, it significantly reduces the wasting of substrates as
compared to starving condition, and it does not cause any dangerous increase in
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the cardiorespiratory demand. Such a strategy, mainly provided by continuous
enteral mode, has successfully been employed even in the most severe ARDS
patients under extracorporeal assistance for more than 30 years at our institution
[92] and was recently confirmed as valid and feasible [93].
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Pharmacological Interventions: 1 2
Neuromuscular Blocking Agents

Samuel Lehingue, Sami Hraiech, and Laurent Papazian

12.1 Introduction

Several pharmacological treatments have been tested and found to improve the
prognoses of patients presenting with acute respiratory distress syndrome (ARDS).
Among these treatments, only the use of neuromuscular blocking agents (NMBAs)
has been proven to be associated with increased survival in a randomized controlled
trial (RCT). However, considering the current lack of clear recommendations, the
role and appropriate place of NMBAs in ARDS treatment deserve to be clarified.
The aims of this chapter are therefore to summarize the evidence supporting their
use in this indication, to present elements of the pathophysiology to increase under-
standing of their beneficial role and to precisely delineate for which patients and in
what conditions NMBAs should be administered.

12.2 Clinical Practice and Historical Context

Despite their frequent use, the guidelines concerning NMBAs have not been revised
since 2002 [1]. NMBAs are frequently used in intensive care units (ICUs) [2] , spe-
cifically during episodes of ARDS. From 25% to 85% of patients with ARDS
enrolled in contemporary multicentre randomized controlled trials (RCTs) received
NMBAs [3-6]. In a recent large survey [7], 37.8% of patients with severe ARDS
were treated with continuous neuromuscular blockade.
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Indeed, protective ventilation objectives, i.e. the prevention and the treatment of
patient/ventilator asynchronies and the use of prone positioning, often require neu-
romuscular blockade [6, 8, 9].

The accurate place of NMBAs in ARDS treatment has been clarified in the last
decade. The first publications concerning NMBAs were case reports and small non-
randomized studies that reported controversial results concerning improvements in
oxygenation [10-12]. The absence of strong scientific evidence demonstrating a
benefit to the prognosis and potential adverse events, especially ICU-acquired
weakness, were often responsible for a distrust of paralytics. Lagneau opened the
path towards the era of RCTs and demonstrated that the continuous infusion of
NMBAs for 2 h improves the PaO,/FiO, ratio in a study that included 102 patients
who presented with moderate to severe ARDS [13].

12.3 Randomized Controlled Trials

Three multicentre prospective randomized controlled trials published in the “era of
the low tidal volumes strategy” [3] have addressed the use of NMBAs in the early
phase of ARDS. All of these studies used continuous infusion of cisatracurium over
a 48-h period in addition to sedation that was titrated to obtain a Ramsay score of 6
with no spontaneous triggering activity.

In the first study [14], the authors evaluated the effects of 48 h of cisatracurium
infusion on gas exchange as evaluated over a 120 h time period. A sustained
improvement in the PaO,/FiO, ratio was delayed in time and appeared only from the
48th hour after randomization to the end of the study observation period. This
improvement was associated with a decrease in the plateau pressure over time.
Notably, the investigators reported strong trends towards greater numbers of
ventilator-free days and lower mortality rates at both days 28 and 60.

In a second study [15], the same group evaluated the effects of 48 h of cisatra-
curium infusion on pulmonary and systemic inflammation. Bronchoalveolar
lavage (BAL) was performed, and blood samples were collected at inclusion and
48 h after randomization to analyse the tumour necrosis factor-o (TNF,), interleu-
kin (IL)-1B, IL-6 and IL-8 levels. At 48 h, the authors reported lower concentra-
tions of IL-1p, IL-6 and IL-8 in the lung epithelial lining fluid in the patients in
the NMBA group compared with the control group. The serum concentrations of
IL-8 and IL-6 also decreased. The results accorded with those of a previous study
[14] regarding the beneficial effects of NMBAs on the PaO,/FiO, ratio and the
decrease in plateau pressure. Again, the same trend towards a lower mortality rate
was reported.

The trends towards lower mortality rates reported in these two studies were the
rationale for the design of the ACURASYS study [16], which was a multicentre
double-blinded randomized controlled trial involving 20 ICUs in France. To date,
this is the only trial that has investigated the use of NMBAs on the survival of
patients with ARDS.
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Fig. 12.1 Probability of survival according to the PaO,/FiO, ratio in the ACURASYS study
(Reproduced with permission from Papazian et al. [16], Appendix 2)

In this study, 339 adult patients who presented with ARDS with a PaO,/FiO,
ratio <150 (at a tidal volume of 6—8 mL/kg of ideal body weight and a positive end-
expiratory pressure (PEEP) > 5 cmH,0) for less than 48 h were randomized into
two groups; one group received a constant dose of 37.5 mg/h of cisatracurium
besylate (177 patients), and the other group received a placebo (162 patients). Prior
to either infusion, the patients were sedated to a Ramsay sedation score of 6. During
the intervention period of 2 days, the volume-assisted controlled mode according to
the low tidal volume strategy described in the ARDS Clinical Network Mechanical
Ventilation Protocol was applied [3]. Open-label 20-mg boluses of cisatracurium
(maximum of two per 24-h period) were allowed if the plateau pressures remained
>32 ¢cmH,0 despite increased sedation and despite decreased PEEP and decreased
tidal volumes. The monitoring of paralysis via peripheral nerve stimulation was not
permitted.

Notably, the weaning protocol was encouraged from day 3 after inclusion as
soon as the FiO, reached <0.6.

Regarding mortality, the NMBA group exhibited an improvement in the adjusted
90-day survival rate compared with the placebo group. The hazard ratio for death
after adjustments for the baseline PaO,/FiO, ratio, SAPS II and plateau pressure was
0.68 (95% confidence interval [CI] 0.48-0.98; p = 0.04). The results suggested that
the reduction in the 90-day mortality in the cisatracurium group was confined to the
patients with a PaO,/FiO, ratio <120 (Fig. 12.1). Additionally, the mortality rate at
day 28 was 23.7% in the NMBA group versus 33.3% with the placebo (p = 0.05).
The cisatracurium group also exhibited a significantly greater number of ventilator-
free days, days outside the ICU and days free of organ failure (other than the lung).
Pneumothorax also developed more often and earlier in the placebo group than in
the cisatracurium group.
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12.4 Summary of the Evidence-Based Data and Limitations

Two recent meta-analyses based on these three trials [17, 18] have investigated the
role of NMBA use for ARDS. The meta-analysis conducted by Alhazzani and col-
leagues [17] concluded that the use of cisatracurium besylate for a short period in
the early phase of ARDS consistently reduced the risk of death at 28 days, reduced
the times to ICU discharge and hospital discharge (number needed to treat = 9),
reduced the risk of barotrauma, increased the number of ventilator-free days and did
not affect the risk of ICU-acquired weakness. The study conducted by Neto and
colleagues [18] strongly confirmed all of these results and stated that the use of
NMBAs was associated with decreases in the PEEP and plateau pressure over time
in the group of paralysed patients, which reflected improved ventilation.

The main criticism that could be levied is that these two meta-analyses were
based on only three randomized controlled trials that were conducted by the same
group, which may have introduced bias into the conclusions. However, as noted by
Neto and colleagues, the main study on which these meta-analyses were based
included 20 different ICUs, which reduced the risk of bias.

12.5 Physiopathology
12.5.1 Short-Term Effects of NMBAs

The majority of the studies that have reported the effects of NMBA-induced paraly-
sis were conducted in very short periods of time (<24 h) during anaesthesia (i.e. in
“normal lungs”) with muscle paralysis and mechanical ventilation without PEEP
[19-21]. Tokics and colleagues demonstrated that patients displayed atelectasis.
Shunt was placed in gravity-dependent lung regions that corresponded to the atelec-
tatic areas. There were considerable V'/Q" ventilation-to-perfusion mismatches that
resulted in ventilation primarily of the ventral lung regions and perfusion of the dor-
sal lung regions [20]. Hedenstierna and colleagues demonstrated that due to the
reduction of the cross-sectional chest area and the cephalic ascension of the dia-
phragm, the thoracic volume was reduced. This reduction was accompanied by a
decrease in the functional residual capacity (FRC) that was attributed (at least in part)
to the loss of muscular tone [21, 22] and was thought to be a major cause of post-
operative hypoxaemia. However, few studies have reported the effects of anaesthesia
and NMBA-induced paralysis on lung mechanics. In healthy subjects, Brismar and
colleagues found no further reduction in FRC or modification of the elastic proper-
ties of the lung or the chest wall following the addition of paralysis to anaesthesia
[23]. In the intensive care setting, Conti and colleagues conducted a study of 13
patients affected by diseases involving both lungs and the chest wall who required
mechanical ventilation for acute respiratory failure and were heavily sedated (Ramsay
scores of 5) and failed to demonstrate any further modification of either the chest
wall or lung elastance following paralysis. CT scans and analysis of the pressure-
volume curves revealed that derecruitment was reduced after the application of a
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Fig. 12.2 Potential physiopathological effects that explain the benefits of NMBAs in the most
severe forms of ARDS. V/Q ventilator/perfusion ratio, FRC functional residual capacity

PEEP of 10 cmH,0 [21, 24]. In summary, no data support any additional deleterious
role of NMBAs in the onset of atelectasis in sedated ARDS patients.

12.5.2 Pathophysiological Hypothesis of the Beneficial Effects
of NMBAs

The results of the three available RCTs about the use of NMBAs during the early
phase of ARDS indicate that the effect of the treatment on oxygenation becomes
significant after 24 h. Moreover, in the ACURASYS trial, the Kaplan-Meier sur-
vival curves did not separate until 18 days of treatment. These observations together
with the available knowledge regarding the use of NMBAs for shorter periods in
patients with healthy lungs raise hypotheses regarding the manners in which
NMBAs could be beneficial (Fig. 12.2) during the acute phase of severe
ARDS. Several mechanisms may be involved and are most likely interrelated.
Slutsky [25] proposed a summary of the effects of NMBAs that included the follow-
ing main points:

¢ Patient-to-ventilator dyssynchronies are reduced, and the control of tidal volume
is improved, which leads to decreases in baro- and volutrauma as well as a
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decrease in atelectrauma due to the inhibition of active expiration and the
improved control of the PEEP. This latter effect is associated with decreases in
lung blood flow and alveolar-capillary permeability.

* NMBA use is associated with a decrease in respiratory drive that is classically
associated with hypoxaemia and permissive hypercapnia.

¢ NMBA use leads to a decrease in biotrauma, an inhibition of the translocation of
inflammatory mediators from the alveolar space to the circulation and a decrease
in associated organ failure. These suppositions are supported by the decreased
production of pro-inflammatory cytokines in both the lung and blood observed
by Forel et al. [15]. Moreover, a direct anti-inflammatory role of cisatracurium
via nicotinic acetylcholine receptor-o 1 has recently been demonstrated in
in vitro and murine models [26].

* NMBA use results in a progressive increase in the functional residual capacity and
a decrease in intrapulmonary shunting. The improvement in the ventilation-
perfusion ratio may also be related to the more uniform distribution of the pulmo-
nary perfusion due to the application of lower pulmonary pressure, which favours
the perfusion of ventilated areas and decreases intrapulmonary shunting.

* NMBA use results in decreases in muscle oxygen consumption and cardiac out-
put [27]; however, similar findings have not been reported by other authors [28]
and may depend on ARDS severity, sedation deepness and work of breathing
before paralysis [29].

12.5.3 Deleterious Effects of Spontaneous Breathing in the Acute
Phase of ARDS

The beneficial effects of NMBAs in the most hypoxaemic patients in the initial phase
of ARDS may also be due to the prevention of the deleterious role of spontaneous
breathing (SB). In the early phase of ARDS, the high respiratory drive that results
from hypoxaemia may result in elevated and uncontrolled transpulmonary pressure
(TPP) with over-distension, particularly in the dependant vertebro-diaphragmatic
zones, which results in major ventilator-induced lung injury (VILI) [30]. In these
cases, the maintenance of a plateau pressure below 30 cmH,0O might not be sufficient
to ensure protective ventilation, particularly in patients with the most severe forms of
ARDS, as suggested by recent experimental work from Yoshida et al. [31]. In a rabbit
model of ARDS, these authors demonstrated that the preservation of ventilatory effort
lacked the same effects on oxygenation, pulmonary ventilation and lung injury
depending on the severity of the ARDS (i.e. mild or severe). The preservation of SB
induced improvements in pulmonary ventilation and oxygenation in mild ARDS sub-
jects but resulted in increased TPP and VILI in a group of animals with severe
ARDS. These deteriorations of the ventilatory and histological parameters were pre-
vented by abolishing SB via the administration of NMBAs in the severe ARDS group.
In summary and in contrast to what occurs in patients with mild to moderate
ARDS, in the initial phase of severe ARDS, the prevention of VILI and the optimiza-
tion of alveolar recruitment appear to be based on controlled protective ventilation and
the use of NMBAs and the consequent abolition of spontaneous ventilatory effort.
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12.6 Adverse Events
12.6.1 NMBAS and ICU-Acquired Weakness (ICUAW)

NMBAs have been dispraised due to a supposed association with ICUAW.

ICUAW is defined by a generalized muscle weakness that develops during the
course of an ICU admission and for which no cause other than the acute illness or
its treatment can be identified [32]. ICUAW is present among approximately 60%
of ARDS patients at the time of awakening [33] and 36% at the time of hospital
discharge [34]. ICUAW is associated with prolonged ICU and hospital stays, pro-
longed mechanical ventilation duration and increased ICU and hospital mortalities
[35-38]. Risk factors have been discussed widely in the literature, and independent
risk factors, such as female sex, multiple organ dysfunctions (>2), the duration of
mechanical ventilation, hyperglycaemia [39] and the administration of corticoste-
roids [36], have been identified.

The prolonged use of neuromuscular blocking agents (more than 48 h) [40, 41],
their simultaneous administration with corticosteroids [42] and steroid NMBAs
may contribute to ICUAW [43, 44], but there is actually no evidence that non-steroid
NMBA:ss increase the risk of ICUAW when used for short durations and without the
simultaneous administration of corticosteroids [32]. In a meta-analysis [17] of
RCTs evaluating the effects of the use of NMBAs during ARDS, the incidence of
ICU-acquired paresis (assessed via clinical evaluations of quadriparesis or by the
Medical Research Council (MRC) score at day 28 or at ICU discharge) was not
higher among the treated patients than in the control group.

12.6.2 Insufficient Sedation and Memorizing

The continuous use of NMBA infusion highlights the problem of inadequate seda-
tion. Hardin et al. [45] demonstrated that patients receiving NMBAs were awake for
22% of the sleep period over a time span of 24 h. Neuromonitoring via continuous
electroencephalography or with a device such as the bispectral index (BIS, Aspect
Medical Systems, Natick, MA, USA) can reduce the risk of consciousness in para-
lysed patients [46]. However, studies evaluating the reliabilities of such devices in
the monitoring of the level of sedation of paralysed patients have found contradic-
tory results [47, 48].

12.7 Perspectives:The Appropriate Place of NMBAs in ARDS
Treatment

Clear recent recommendations concerning the use of NMBAs for ARDS are lack-
ing. The most recent guidelines from 2002 [1] reduce the role of NMBAs to “facili-
tating mechanical ventilation when sedation alone is inadequate”. These guidelines
were created before the RCTs were conducted and appear to be obsolete. The recent
data on the beneficial effects of NMBAs on mortality have modified their use. In a
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recent large international survey conducted in 50 countries, NMBAs were found to
be the most frequently used adjunctive measure in severe ARDS [7]. NMBAs were
also extensively used in the PROSEVA study, which demonstrated the beneficial
effect of prone positioning on mortality [6]. Overall, that NMBAs have a crucial
role in the management of ARDS seems to no longer be questionable. However, the
available literature conveys the following “rules” with respect to the use of NMBAs:

» First, NMBAs should be used to paralyse patients in the early phase of the evolu-
tion of ARDS.

e Second, short courses of treatment should be administered to limit the occur-
rence of ICUAW. Forty-eight-hour treatments were used in the ACURASYS
study [16], but shorter treatments (24 h) might be sufficient if the evolution is
rapid and favourable. In contrast, in the most severe cases, a longer period may
be required (72-96 h), particularly for patients who require several days of PP
(as in the PROSEVA study) and those who require extracorporeal life
support.

e Third, NMBAs should be reserved for the most hypoxaemic patients (including
severe ARDS and the most hypoxaemic cases of moderate ARDS). A PaO,/FiO,
ratio cut-off of 120 can be proposed based on the ACURASYS study data [16],
but a ratio of 150 might also be used. This cut-off is proposed in the most recent
guidelines of the Surviving Sepsis Campaign, which support the use of short-
course treatment with NMBAs during sepsis-related ARDS [49]. Moreover,
NMBAs are almost always associated with PP [6], and PP has been demon-
strated to be beneficial for patients with a PaO./FiO, ratio below 150. The
Reevaluation Of Systemic Early Neuromuscular Blockade (ROSE study
NCT02509078) study is currently recruiting patients with PaO,/FiO, ratios
below 150 and will hopefully help to form a conclusion.

* Fourth, NMBAs should be integrated into ventilatory strategies that allow for
spontaneous ventilation as soon as the ventilatory parameters improve
(Fig. 12.3). Indeed, in the ACURASYS study, following the initial 48-h period,
NMBAs were discontinued, sedatives were reduced and pressure support venti-
lation was introduced in all patients with FiO, values less than or equal to 0.6.
This concept was also present in the PROSEVA study; in this trial, when the
Pa0O,/FiO, ratio was >150 mmHg, the PEEP was <10 cmH,0 and the FiO, was
<60%, the PP sessions, sedation and paralysis were stopped to allow for spon-
taneous efforts.

Adhering to these conditions might ensure the acquisition of the beneficial
effects of NMBAs while preventing their deleterious side effects.

However, several questions remain to be answered. The potential anti-
inflammatory properties of cisatracurium [15, 26] and the efficacies of other mole-
cules need to be investigated, the appropriate dose needs to be identified (in the
ACURASYS study, high and constant doses were used to preserve the blinding for
both groups), NMBA efficacy needs to be examined with train-of-four monitors and
the appropriate target paralysis depth needs to be clarified.
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Conclusion

NMBAs are the most frequently used pharmacological treatment for
ARDS. Recent strong evidence indicates that NMBAs improve survival in the
most severe patients. Moreover, early and short-term administration is not asso-
ciated with neuromuscular side effects and should be followed with a ventilator
strategy that allows for spontaneous breathing as soon as gas exchange improves.
Further studies will help to precisely identify the appropriate place of NMBAs in
the treatment of moderate ARDS, the doses that should be used and the monitor-
ing that must be performed.
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13.1 Introduction

The vast majority of critically ill patients undergo invasive mechanical ventilation
(MV) during their stay in the intensive care unit, and patients with ARDS are almost
invariably managed by invasive mechanical ventilation. Despite extensive research
over nearly half a century, no effective pharmacological therapies exist for ARDS,
and supportive care with mechanical ventilation remains the cornerstone of treat-
ment [1]. Indeed, mechanical ventilation, per se, does not substitute the function of
the lungs: indeed, it is a substitute for the activity of respiratory muscles. Moreover,
mechanical ventilation is a procedure that aims to improve the gas exchange, and,
since it does not act either on the etiology or on the pathophysiology of ARDS, it is
a measure to buy time for healing to take place [2]. On the other side, mechanical
ventilation is not devoid of side effects and, namely, the hemodynamic instability
secondary to the increased intrathoracic pressures and the mechanical trauma to the
lung structure. Indeed, mechanical ventilation can further damage the lung, activat-
ing a biological inflammatory response and promoting the development of the so-
called ventilator-induced lung injury (VILI). The present chapter will focus on the
latter aspect, i.e., VILIL. The classic distinction among factors related to the lung
parenchyma, factors related to the mechanical ventilator, and extrapulmonary fac-
tors will be employed to classify the causes of VILI. The recently introduced theory
of mechanical power, as a unifying hypothesis for all the mechanical ventilator-
associated causes, will also be presented and discussed.

M. Umbrello (>4) » P. Formenti

Unita Operativa di Anestesia e Rianimazione, Ospedale San Paolo-Polo Universitario,
ASST Santi Paolo e Carlo, Via A. Di Rudini, 8, 20142 Milan, Italy

e-mail: michele.umbrello @asst-santipaolocarlo.it; paolo.formenti @asst-santipaolocarlo.it

© Springer International Publishing Switzerland 2017 201
D. Chiumello (ed.), Acute Respiratory Distress Syndrome (ARDS),
DOI 10.1007/978-3-319-41852-0_13


mailto:michele.umbrello@asst-santipaolocarlo.it
mailto:paolo.formenti@asst-santipaolocarlo.it

202 M. Umbrello and P. Formenti

13.2 The Concept of VILI

VILI arises from repeated application of high mechanical forces that either directly
tear a weak tissue or initiate a signaling process that culminates in a pro-inflammatory
state [3], in the context of an altered lung and in the presence of extrapulmonary fac-
tors which may potentially increase the damage. Soon after the times in which inva-
sive mechanical ventilation was effectively introduced as a supportive therapy, i.e.,
the 1952 polio epidemic in Denmark, the potential harm from mechanical ventilation
was noted and started to raise concerns, as the term “respirator lung syndrome” [4]
was used to label the injury observed in ventilated patients. It was then discovered
how mechanical ventilation itself could cause a structural damage to the lung, char-
acterized by diffuse alveolar infiltrates and hyaline membranes that were found on
postmortem examination [5], although the major factor causing injury was thought to
be the high fractional concentrations of oxygen used in many ventilated patients.

Webb and Tierney [6] conducted one of the first comprehensive studies in intact
animals, unambiguously demonstrating that mechanical ventilation can cause pul-
monary edema. In their seminal investigation, the authors ventilated rats with very
high peak airway pressures (and therefore overdistention) and zero positive end-
expiratory pressure (PEEP). Hypoxemia developed in the animals, and postmortem
examination revealed perivascular and alveolar edema. Edema did not develop in
animals that underwent ventilation with the same peak airway pressure but with the
addition of a PEEP of 10 cm of water, showing an interaction between overdisten-
tion and low end-expiratory lung volume with respect to lung injury.

Although the term used throughout this chapter is VILI, the mechanisms of
injury are related to factors which can also occur during spontaneous ventilation.
Indeed, in their proof-of-concept investigation, Mascheroni et al. [7] injected
sodium salicylate into the cisterna magna of spontaneously breathing, otherwise
healthy sheep, causing a marked increase in minute ventilation and alveolar overdis-
tention with each breath. All the animals developed hypoxemia, along with an
increased respiratory elastance and severe morphologic pulmonary alterations at
postmortem examination, consistent with lung injury commonly observed during
mechanical ventilation. Indeed, such effects did not develop in animals that were
similarly treated with sodium salicylate, but underwent controlled ventilation which
prevented unsafe lung stretching. Hence, a better term than VILI might be
ventilation-induced lung injury. Nevertheless, experimental evidence provides con-
sistent laboratory observations and clinical trials regarding the factors which, alone
or in conjunction, lead to the development of VILI. As a consequence of adverse
patterns of ventilation, both airway and alveolar injury occur, causing a damage that
prevails in anatomically dependent zones. Indeed, VILI can resemble ARDS itself,
and it is often difficult to diagnose in humans because its appearance can be similar
to the underlying disease for which MV was instituted [8].

The consequences of our better understanding of the mechanisms related to VILI
are significant in terms of lives saved. Indeed, the incidence and mortality of ARDS
have declined steadily over the past decades. A pivotal study by Li et al. [9] found
that the decline in the incidence was primarily due to a decrease in nosocomial
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ARDS. Moreover, as documented by the first trial of extracorporeal membrane oxy-
genation, the mortality rate of patients with ARDS was close to 90% in the late 1970s
[10]. Mortality in studies of ARDS has then fallen impressively from 48 to 59%
between 1983 and 1991 to 25-26% since 2000 [11], and data from patients enrolled
in the ARDS Network randomized controlled trials document a further significant
trend toward improvement in mortality during the following period [12]. It is tempt-
ing to believe that, among the several major advances in critical care practice, the
widespread use of lung-protective ventilation and a reduced incidence of VILI may
significantly have contributed to this trend. Indeed, although it still remains unclear
how inflammatory mediators exert their detrimental effects on distal organs, experi-
mental studies and clinical trials in ARDS have shown that the application of protec-
tive ventilator strategies is associated with decreased serum cytokine levels [13],
decreased extrapulmonary organ dysfunction [14], and decreased mortality [15].

13.3 Factors Related to Development of VILI

For an injury secondary to mechanical ventilation to develop, an interaction among
different factors need to occur, in particular between what the ventilator delivers to the
lung parenchyma and how the lung parenchyma accepts it, that is, the combined
action of mechanical forces, lung pathoanatomy, and non-ventilatory characteristics
[16]. In other words, one can identify factors related to the mechanical ventilator (i.e.,
the way that pressures and volumes are delivered), as well as factors related to the lung
(such as decreased lung dimensions, increased lung inhomogeneity, presence of stress
risers, and cyclic collapse and decollapse). Dynamic characteristics, such as respira-
tory frequency, flow rate, and strain rate, have recently been emphasized as key deter-
minants of whether the “static” variables may or may not inflict injury [17, 18]. In
addition to direct structural damage, mechanical stretch can trigger a complex array of
inflammatory mediators associated with activation of the immune response, further
adding to injury and potentially causing remote injury to other organs, which may
result in multiple system organ dysfunction and ultimately in death; this is termed
“biotrauma” [19]. Moreover, extrapulmonary factors such as perfusion, pH, gas ten-
sions, and temperature may play a role in the development of VILIL

13.4 Lung-Dependent Factors of VILI: Stress, Strain,
and Stress Raisers

The logical sequence of events in progression of VILI caused by inappropriate mechan-
ical ventilation would seem to be mechanical damage to pulmonary tissue caused by
excess stress- induced strain as the primary injury, followed by biotrauma in response
to physical damage caused by excessive strain [20, 21]. Gattinoni’s group applies engi-
neering concepts as a novel approach to analyze the pathologic impact of mechanical
ventilation on normal pulmonary tissue and to determine what adjustments in the
mechanical breath can block progressive acute lung injury and thus reduce ARDS
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incidence [22, 23]. In their most recent paper, their goal was to identify the volumetric
threshold for VILI and determine if PEEP was directly or indirectly protective in nor-
mal pigs [24]. Unlike many experiments in which the role of tidal volume (TV), pla-
teau pressure (P,,), and PEEP were correlated with VILI, the authors analyzed the
mechanism of VILI under two main categories with two respective subcategories: (1)
global strain (dynamic and static strain) and (2) energy load (dynamic and static) within
the volumetric constraints of the lung, which is the inspiratory capacity.

Strain is the response to an applied stress, which in the case of the lung are TV
and PEEP. Thus, global strain is the result of TV + PEEP volume. Dynamic strain is
the amount the volume change caused by the TV over the functional residual capac-
ity (FRC), and static strain is the volume change from PEEP over the FRC. Global
energy load is a combination of the static component due to PEEP (conceptually
equivalent to potential energy) and the dynamic cyclic component due to the driving
pressure, defined as TV above PEEP (conceptually equivalent to kinetic energy).

Stress and strain are frequently used terms to describe the effect of external force
acting on a subject. Stress is defined as the internal distribution of forces per unit of
area of a specific material by an external force. The resulting change in shape of the
material by the stress applied is called strain. Lung stress describes the distribution
of forces due to PEEP and tidal volume, whereas strain describes the resulting
change in lung volume. Calculations of strain require measurements of
FRC. Traditional FRC measurements needed tracer gases such as helium, and
expensive and bulky equipment [25] and modern device use the nitrogen multiple
breath washout technique [26]. For the calculation of stress, the specific elastance
should be known, or transpulmonary pressure measurements are required.

Ultimately, this mechanical insult results in the release of inflammatory media-
tors that exacerbate the primary mechanical damage resulting in a secondary bio-
trauma as mentioned above [27]. These studies are supported by physiological
evidence that high static strain, which should be sufficient to cause overdistension-
induced tissue damage, is benign unless this strain is dynamic [28]. However, if
PEEP is reduced, thereby creating excessive dynamic strain, significant lung dam-
age will occur at the identical peak static strain. Thus, it appears that dynamic strain,
or atelectrauma, is the primary mechanical mechanism of injury to the pulmonary
parenchyma. Volutrauma is also important because it can cause stress failure in
small airways leading to pneumothoraces, but it does not cause pulmonary edema
or histopathology to the pulmonary parenchyma.

More recently, another mechanical VILI mechanism has been identified.
Evidence has shown that the damage to the pulmonary parenchyma can be caused
by heterogeneous ventilation, which occurs at the junction between collapsed or
edema-filled alveoli and air-inflated alveoli [29]. This heterogeneity causes stress
concentrators that can significantly magnify the amount of alveolar and alveolar
duct strain for any given stress and thus appears to be another mechanism of
mechanical injury to the pulmonary tissue [30]. The main pathological cause for
both heterogeneous ventilation and altered alveolar and small airway mechanics is
airway flooding with edema fluid and altered surfactant function. Ventilator-induced
loss of surfactant function exacerbates edema formation [31]. This leads to alveolar
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instability, which increments in vascular permeability, causing more edema and
deactivating more surfactant in a cycle that repeats until established ARDS is recog-
nized [32]. However, if a mechanical breath can be preemptively applied to main-
tain homogeneous lung ventilation (eliminate stress concentrators) and prevent
alveolar collapse and reopening during ventilation (eliminate dynamic strain), it
would ameliorate all components of the pathological tetrad and theoretically reduce
ARDS incidence. Thus, physiological evidence suggests that progressive VILI may
be blocked by applying a preemptive mechanical breath directed to maintain homo-
geneous lung inflation and not allowing alveoli to collapse during expiration.

13.5 Ventilator-Dependent Factors

It is now known, in general terms, that the mechanisms of VILI are alveolar over-
distension (volutrauma), alveolar instability leading to alveolar collapse and reopen-
ing with each breath (atelectrauma), and the secondary inflammation caused by
these mechanical injuries which is known as biotrauma [9].

Times ago, Lachmann [33] proposed that the optimal lung-protective strategy
would be to “open the lung and keep it open.” He hypothesized that heterogeneous
lung inflation, which is a hallmark of ARDS pathology, plays a major role in driving
mechanical ventilation-induced progressive acute lung injury. The corollary to this
hypothesis is that keeping the lung open would result in a homogeneously ventilated
lung, minimizing VILI and reducing ARDS mortality. If the approach of opening
the ARDS lung and keeping it open can significantly reduce injury, then protective
mechanical ventilation should be applied early in patients at a high risk of develop-
ing ARDS, in an attempt to “never let the lung collapse” and significantly reduce
ARDS incidence [34]. As we will see in the next paragraphs, barotrauma, volu-
trauma, atelectrauma, and biotrauma are considered as undisputable truth and rep-
resent the background for the development and universal acceptance of the so-called
lung-protective strategy.

13.5.1 Barotrauma and Volutrauma

Barotrauma was the first to be recognized as a form of stress at rupture, leading to
pneumothorax, pneumoperitoneum, pneumomediastinum, and subcutaneous
emphysema [35]. Although most frequently encountered in patients with the ARDS,
it can occur in any patient receiving mechanical ventilation [14]. In addition, baro-
trauma can occur in patients with a wide range of underlying pulmonary conditions
(i.e., asthma, chronic obstructive pulmonary disease, interstitial lung disease, pneu-
mocystis pneumonia). In clinical medicine, barotrauma is used to describe the man-
ifestations of extra-alveolar air during mechanical ventilation. Early descriptions of
barotrauma refer to rupture of the lung after forceful exhalation against a closed
glottis [27]. Although nonmechanically ventilated patients may have barotrauma,
most cases occur in patients receiving mechanical ventilation.
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The clinical presentation can vary, ranging from absent symptoms with the sub-
tle radiographic findings of pulmonary (or perivascular) interstitial emphysema to
respiratory distress or cardiac arrest due to a large tension pneumothorax [36]. Other
manifestations include subcutaneous emphysema, pneumopericardium, pneumo-
mediastinum, and even pneumoperitoneum, singly or in combination. Barotrauma
was once the most frequent and easily recognized complication of mechanical ven-
tilation. It is now evident, however, that barotrauma represents only one of the
mechanisms underlying the broad category of VILI. As the term suggests, the lung
injury associated with barotrauma is mediated by increased alveolar pressures.

It is important to recognize that lung involvement in persons with ARDS is het-
erogeneous and that some portions of the lungs are more adversely affected than
others. This involvement can lead to misdistribution of mechanically delivered tidal
volume, with some alveoli subjected to more distention than others. Pressures
between adjacent alveoli may initially equilibrate, but alveolar pressures eventually
increase, creating a pressure gradient between the alveoli and adjacent sheath. This
gradient may result in rupture of the alveoli adjacent to the perivascular sheath and
proximal dissection into the mediastinum (i.e., interstitial emphysema) [37]. In this
circumstance, alveolar air is further decompressed by dissecting along lines of least
resistance. These pathways include subcutaneous tissues, where the air produces
subcutaneous emphysema, or along tissue planes, resulting in pneumopericardium,
pneumoperitoneum, or subpleural air cysts. In the mediastinum, air can track along
tissue planes, creating a pneumomediastinum, whereas increased pressures that rup-
ture through the mediastinal pleura produce a pneumothorax. This is the most
dreaded manifestation of barotrauma, and continued accumulation of air during
mechanical ventilation can progress to a tension pneumothorax, sometimes with
catastrophic consequences [38]. In view of the preceding description, alveolar over-
distention is the key element in the development of barotrauma. In this sense, “baro-
trauma” is a misnomer, because the term suggests the presence of elevated pressures
in its pathogenesis. Current concepts suggest that high tidal volume ventilation pro-
duces the alveolar disruption that triggers the aforementioned chain of events.

Therefore, VILI seen with high tidal volume is most accurately termed “volu-
trauma’ [3], and it has been the basis for recent clinical trials that have established
a low tidal volume approach to mechanical ventilation. On the other hand, transal-
veolar pressure, a measure of alveolar distention, provides another indication of the
risk of barotrauma. The concept is the same, with overdistended alveoli leading to
disruption in the alveolar epithelium and decompression of air as previously out-
lined. Although there has been some debate about the primary force that causes
injury, both volume and pressure are two sides of the same coin — the transpulmo-
nary pressure, the difference between airway pressure (P,,) and pleural pressure
(Py1) [39]. In fact, the airway pressure is the pressure required to distend to the same
extent not only the lung but also the chest wall. When the chest wall is free to
expand, the pleural pressure is relatively low but high airway pressures are now
associated with high transpulmonary pressures that may lead to a lung structural
damage. In other words, for a given airway pressure, the development of VILI will
depend on the resulting transpulmonary pressure. Chiumello et al. [20] recently
demonstrated that a specific lung elastance is present in subjects with healthy lungs
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as well as in patients with ARDS. This means that even during lung injury, barotrau-
mas (stress) and volutrauma (strain) bear the same constant relationship observed in
normal subjects. The distinction between volutrauma and barotrauma then vanishes
where at the cellular level, stretching the lung beyond its capacity ruptures alveolar
cell membranes [40], and the resulting cell death induces inflammation. Moreover,
subtler injuries to the cytoskeleton or extracellular matrix trigger inflammation
through intracellular signals [41].

13.5.2 Atelectrauma and PEEP Effects

The second mechanism of injury, cyclic changes in non-aerated lung, was deduced
from the observation of lung injury during ventilation with low end-expiratory lung
volume (EELV) or in the absence of PEEP. In this case, the mechanisms at the cel-
lular level are less clear. Air bubbles flowing through a collapsed or fluid-filled air-
way might induce damage to the epithelium by VILI consists of tissue damage and
a biological response resulting from the application of inappropriate mechanical
forces to the lung parenchyma [42].

Parenchymal stability resulting from the interplay of respiratory parameters such
as tidal volume, PEEP, or respiratory rate can explain the results of different clinical
trials and experimental studies that do not fit with the classic barotraumas/volu-
trauma model. A consequence of low EELV can be a heterogeneous lung where that
the forces exerted on alveolar walls or septa in the interfaces between collapsed and
aerated lung tissues can be amplified, leading to cell injury [43]. The application of
PEEP is almost invariably associated with a decrease in VILI in different experi-
mental models of lung injury, such as high TV ventilation or surfactant depletion
[44, 45]. The focus of investigative attention regarding VILI has been on the indi-
vidual tidal cycle — as defined by PEEP and tidal volume. However, it stands to
reason that the number of damaging cycles delivered per unit time (closely corre-
lated with minute ventilation, independently of mode) would accentuate the injury
inflicted by the individual tidal cycle [46].

PEEP tends to reduce the number of lung units placed at high risk by critical
junctional interfaces between expanding and reluctantly expanding tissues. For the
same tidal volume, PEEP also elevates the mean airway pressure and with it the
average tissue stress. In the absence of compensatory recruitment or reduction in
tidal volume, PEEP therefore also tends to increase right ventricular afterload.
Without a simultaneous reduction in driving pressure, raising PEEP will place the
lung at higher risk for stretch-related injury. Tidal volume itself may not injure the
ventilated lung, but rather, the causative variable relates to the ratio of the tidal vol-
ume to the capacity of the lung to accept it [47]. The transalveolar pressure and the
swings of transalveolar pressure (transalveolar driving pressure) determine the
damaging energy forces imparted to delicate tissue [48].

Experimental designs combining high PEEP with low TV make it impossible
to clarify the contributions of each factor to the outcome. In intact lungs PEEP
reduces VILI. One study showed that adding PEEP in intact rats ventilated with
very high TV could reduce injury [44], and a randomized trial showed in patients
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without lung injury that ventilation with PEEP did not worsen outcome, but
improved oxygenation and decreased the risk of ventilator-associated pneumonia
[49]. The effect of TV on healthy lungs is also controversial. A classic experiment
from Mascheroni and colleagues [7] demonstrated that, even in spontaneously
breathing animals, chemically induced hyperventilation could trigger substantial
lung damage. This work highlights the importance of tissue deformation, repre-
sented by increased transpulmonary pressures, even during negative pressure ven-
tilation (absence of high alveolar pressure, more homogeneous inflation).

Low EELV has proved safe in both animals and patients, and this approach has
sometimes been termed permissive atelectasis. In a recent study using an isolated
lung model, Fanelli and colleagues [50] demonstrated that permissive atelectasis
caused the same amount of lung injury as the open lung strategy and only subtle
differences in apoptosis and ultrastructural changes favoring the open lung strategy.
In the clinical setting, mortality rates in descriptive studies for patients managed
with a low-pressure strategy are similar to those in clinical trials [51]. Taken
together, these data contradict the volutrauma/atelectrauma model, suggesting that
other mechanisms could be responsible for VILI.

13.5.3 Biotrauma

The concepts of VILI already discussed are based on the biophysical injury induced
when applied forces cause mechanical destruction of the anatomical lung structure.
Alveolar overdistention, lung strain (the associated deformation of a structure to an
external load in relation to its resting state), and atelectasis are key inciting features of
VILI. However, numerous studies have demonstrated that there can be a more subtle
form of injury, with release of various mediators into the lung, pulmonary recruitment
of leukocytes, and local initiation of inflammatory processes. This biological response
to mechanical forces has been called “biotrauma” [19, 27]. The biotrauma hypothesis
postulates that the circulating mediators can cause local lung injury, and if they trans-
locate into the systemic circulation, they may lead to distal organ dysfunction and
death [52]. One of the pioneristic papers that investigated the effects of mechanical
ventilation in an animal model [13] found that isolated nonperfused rat lungs venti-
lated for 2 h with large tidal volumes without PEEP had large increases in lavage
concentrations of tumor necrosis factor (TNF)-a, interleukin (IL)-1b, IL-6, and mac-
rophage inflammatory peptide 2. The potential for ventilation-induced inflammation
in humans was examined in patients with ARDS who were randomized to receive
traditional or lung-protective ventilation [14]. BAL and plasma concentrations of sev-
eral pro-inflammatory cytokines were lower in patients receiving protective ventila-
tion, as were other indices of plasma and alveolar fluid inflammation, compared with
patients receiving traditional tidal volumes and lower PEEP.

The main concept of these observations is that the healthy lung is a homoge-
neously ventilated organ that is structurally resistant to mechanical damage during
ventilation. The shared walls of each alveolus with a two-fiber support system (i.e.,
the axial system anchored to the hilum and extending into the alveolar ducts and the
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peripheral system anchored to the visceral pleura distending into the central portion
of the lung) are structurally very stable and resistant to either overdistension or col-
lapse. As mentioned before, the concept of this alveolar interdependence was first
introduced by Mead [43] and describes the structural mechanisms by which alveoli
resist either collapse or hyperinflation. In addition, they also demonstrated how het-
erogeneous collapse of alveoli created stress concentrators in the areas between
open and collapsed alveoli. These stress concentrators greatly amplify the mechani-
cal damage to tissue in the transitional zone between open and collapsed or edema-
filled alveoli [31].

Figure 13.1 summarizes the different pathophysiologic steps of lung injury
developing as a consequence of barotrauma/volutrauma, atelectrauma, and bio-
trauma. Table 13.1 summarizes the most relevant studies which investigated the
pathophysiology of VILI.
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Fig. 13.1 From barotrauma/volutrauma to biotrauma. Ventilator-induced lung injury progresses
from the primary mechanical injury to secondary atelectrauma, encouraged by both barotrauma
and volutrauma. Atelectrauma resulting from alveolar interdependence is showed in panel 3,
where at the interface between collapsed/consolidated (A) and overdistended lung units, the tissue
may be injured by excessive shear stress and stretching caused by the uneven expansion of sur-
rounding zone (C). Panel 4 shows the stress concentration between an air-filled and edematous
alveolus (a model of forces between air-filled and air-filled alveoli where all forces are in balance —
A; a model of forces between an air-filled and edematous alveolus where a greater pressure drop
across the alveolar interface causing and excessive strain). The progression of lung damage is seen
through inflammatory mediators (panel 5), eventually resulting in distal tissue damage. Mechanical
stretch impairs alveolar epithelial integrity, causing a loss of tight junction structure and cell
attachment associated with a production of pro-inflammatory cytokines
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13.6 Mechanical Power

Very recently, a new way of looking at the ventilator side of VILI, i.e., the mechani-
cal power, has been introduced [18] . According to this approach, every ventilator
component already known to be associated with the development of VILI (tidal
volume, driving pressure, respiratory rate, inspiratory-to-expiratory ratio and flow),
with the addition of the effect of PEEP, contributes, each one to his proper extent, to
the total amount of energy delivered to the respiratory system (and hence to the
lung). The mechanical power concept does not introduce any new component to the
field of ventilator-related causes of VILI; instead, it proposes and validates a math-
ematical description of machine power responsive to the relative contributions of its
bedside-adjustable components. Starting from the classical equation of motion, an
equation was developed that enables to calculate the mechanical power by some
easily obtainable ventilator variables [53]. In fact, the initial trigger of stress and
strain is the force applied to the lung extracellular matrix times its displacement,
which equals the product of pressure times delta-volume. The cyclic energy loads
applied at a given frequency (power) then triggers the development of VILI, which
may be seen in this context as a sort of “fatigue” of the extracellular matrix [24]. If
the lung is subject to an “excess” of energy, the unrecovered energy may be expected
to be sufficient to break the molecular bonds of the polymers of the extracellular
matrix [54, 55], to detach endothelial [56] and epithelial [57] cells from the base-
ment membrane, and to fracture the capillary walls [58]. Alteration of the extracel-
lular matrix, combined with capillary micro-fractures, may then activate an
inflammatory reaction [59] and micro-hemorrhage, leading to the extracellular
edema typical of VILI.

Indeed, the tidal change in lung volume is associated with a cyclic energy load
delivered by the ventilator to the respiratory system. The energy load to the respira-
tory system (Fig. 13.2) is composed of a static component, due to PEEP and PEEP
volume (conceptually equivalent to potential energy), and a dynamic cyclic compo-
nent, due to driving pressure and tidal volume above PEEP (conceptually equivalent
to kinetic energy), plus the additional, resistive and inertial component generated by
the pressure spent for gas movement, the surface tension forces, and tissue resis-
tances to motion. Energy is equal to the pressure applied times the change in vol-
ume, summed along the inspiratory volume-pressure curve. In contrast, once PEEP
is applied, no further cyclic energy load is imposed on the system, as the volume is
constant. As a matter of fact, PEEP plays a complex role in the context of the energy
provided by the ventilator, as it provides increased continuous tension to the extra-
cellular matrix which then accumulates potential energy. Further energy is added
when cyclic tidal ventilation is superimposed to reach a given end-inspiratory vol-
ume. Therefore, if the end-inspiratory volume is the same, with or without PEEP,
the energy is lower in the presence of PEEP than without it. Computed in this way,
the energy/power load provided a single explanation of the different phenomena
related to development of VILI.

In a recent paper, Gattinoni et al. [60] demonstrated how the “power equation,”
as derived from the classical equation of motion with the addition of PEEP (while
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Fig.13.2 Mechanical power and mechanical power equation. Mechanical energy provided during
tidal ventilation and graphical representation of the power equation. The graphic is composed of a
triangle on the lower left-hand side of the image, representing the elastic static component, i.e., the
energy delivered just once when PEEP is applied, and of a larger trapezoid, representing the elastic
dynamic component, whose area equals the elastic energy delivered at each tidal breath, to which
a parallelogram is added on the right, representing the resistive component

inertial forces were neglected), proved to yield comparable values of mechanical
power when compared to data obtained experimentally through the pressure—vol-
ume curve analysis. The advantage of such a mathematical description of the
mechanical power is that it enables the quantification of the relative contribution of
its different components, thus allowing to anticipate the effects of their changes.

As far as mechanical ventilation is provided with PEEP, the static energy to reach
the PEEP volume corresponds to the triangle equal to 1/2 x PEEP x PEEP volume.
However, this energy is provided only once (as long as the same amount of PEEP is
maintained), since during tidal ventilation the PEEP volume equals zero. However,
in the presence of PEEP, more energy is required to inflate the lung. The energy
needed for TV to reach P,, corresponds to the trapezoid equal to (peak
pressure — PEEP) x TV/2 + (PEEP x TV).
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From the classical equation of motion in which PEEP is also considered [61], at
any given time, the pressure (P) in the whole respiratory system is equal to

P=TV-E_+R,, -V, +PEEP

where E is the respiratory system elastance, R,, is the total respiratory system
resistance, and V; is the inspiratory flow.

The energy provided by the ventilator per breath can be calculated by multiply-
ing each pressure in the motion equation by the volume variation (i.e., TV); after
substituting V; with TV/T;,,, (the inspiratory time) and then expressing T, as a
function of respiratory rate (RR) and inspiratory-to-expiratory (I:E) ratio and con-
verting the value to J/min, the following equation may be derived:

1+1:E
POWER = 0.098-RR -TV? (Em ~l+RR ( )

~———L.R,, |+TV-PEEP
2 60-1:E

In the same paper [60], the authors demonstrated how, both in patients with
healthy lungs and in patients with ARDS, the mechanical power measured directly
through the pressure—volume curve analysis was strictly correlated with the one
computed via the power equation.

Recently, in a secondary analysis of patients enrolled in two previously pub-
lished randomized controlled trials [62], Guerin and colleagues [63] found how
mechanical power (computed as DP x TV x RR, where DP is the airway driving
pressure) was higher in ARDS non-survivors than in survivors. A dose—response
effect was found, with higher values of power associated with increased mortality,
and a threshold of 12 J/min was identified, which was associated with significant
distinct probabilities of survival. Despite the equation proposed by the authors is
simpler than that derived from the equation of motion, it represents only the product
of respiratory rate times twice the dynamic energy component due to tidal volume,
thus neglecting both the role of PEEP and that of the resistive load.

Since VILI originates from the interaction between the mechanical power trans-
ferred to the ventilable lung parenchyma and the anatomo-pathological characteris-
tics of the latter, it is possible that different combinations of the components of
mechanical power, resulting in a value greater than a given threshold, may produce
similar damage. This was recently confirmed by animal experiments in which dif-
ferent combinations of tidal volume and respiratory rate were applied to detect the
threshold for VILI [18]. The authors found how up to a mechanical power of
approximately 12 J/min, the computed tomography scans showed mostly isolated
densities, whereas when mechanical power was above the 12 J/min threshold, all
piglets developed whole-lung edema.

Since airway pressure represents the pressure applied to the respiratory system
as a whole, its interpretation is influenced by alterations in the mechanical proper-
ties of the chest wall [20, 64]; a more informative parameter could be the computa-
tion of the mechanical power selectively applied to the lung, either via the
transpulmonary pressure—volume curve analysis or via a rearrangement of the equa-
tion of motion. The mechanical power delivered to the lung (POWER)) implies the



216 M. Umbrello and P. Formenti

use of the transpulmonary pressure (P)) instead of airway pressure at Py, and at
PEEP. The relationship between P, and P,, (either P, or PEEP) is expressed by
P, =P,, x (E/E,), where E| is the elastance of the lung [65].

Therefore, substituting in the equation:

60-1:E

rs

1+1:E
POWER, =0.098~RR-{TV2 [%El -+RR~Q-RHWJ+TV-PEEP-§}

Eventually, it must be stressed that the mechanical power is just one part of the
problem. The other part is represented by the lung’s conditions. The same mechani-
cal power may have different effects depending on dimensions of the lung, the pres-
ence of inhomogeneity, the extent of the stress risers, and the vessels’ filling state,
all factors which condition an uneven distribution of the delivered energy. Therefore,
to be clinically meaningful, the mechanical power must be normalized, at least to
the lung volume [66].

13.7 Extra-Parenchymal Factors

Nonmechanical background factors have repeatedly been proven important in the
process of VILI generation, and, for any given ventilation pattern that applies poten-
tially damaging stress, they may determine whether or not VILI is expressed [67].
These background factors, which may synergize with each other, include the prein-
jury and inflammatory state, the temperature at which ventilation occurs [68, 69],
the amplitudes of vascular pressures and flows [56, 70], PaCO,/pH [71, 72], and
FiO, [73, 74].

In an experimental study aimed at investigating whether thermal stress could
modulate the development of VILI, Suzuki et al. [68] randomized three groups of
anesthetized rabbits to be ventilated for 2 h at core body temperatures of 33, 37, or
41° while ventilated with a noninjurious or a potentially injurious strategy. The
hyperthermic group compared with the hypothermic animals developed a signifi-
cantly higher degree of hypoxia and had increased lung edema and an altered pres-
sure—volume relationship. To correct for potential effects arising from cardiac
output fluctuations or from extrapulmonary organs, an isolated lung model was
used for a confirmatory study, with similar findings. In a similarly designed study
on rats, Akinci et al. [69] found how concomitant hyperthermia increased systemic
inflammatory response, as assessed by higher levels of serum chemokines and
cytokines, and a worse histology, during an injurious, high-pressure ventilation
strategy.

Despite the great majority of studies of VILI which have specifically investi-
gated the airspace mechanics, i.e., factors as tidal volume, plateau pressure, and
PEEP, one must consider that the pulmonary alveolus is an interface between gas
and blood. Indeed, because the intraluminal pressures applied to the airway epithe-
lium also impact on the vascular endothelium, the potential for pressures and flows
within blood vessels to influence the development and/or evolution of VILI has
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also been taken into account. The vascular structure of the pulmonary circulation
is composed of both intra-alveolar and extra-alveolar vessels, whose behavior dur-
ing lung inflation is fundamentally different. In fact, inflation compresses wall-
embedded capillaries but dilates extra-alveolar microvessels. Under the
high-permeability conditions of ARDS, even small increases in pulmonary micro-
vascular pressure lead to increased edema formation. Moreover, unlike in health
tissue in which the blood—gas barrier is intact, there is no clear pressure threshold
for edema formation in the lung tissue of ARDS patients [75]. It is a well-known
phenomenon that mechanical forces that tear the delicate alveolar—capillary mem-
brane can originate on either side of the boundary, when the application of adverse
ventilatory patterns to previously healthy lungs not only causes formation of pro-
teinaceous edema, but it also stimulates neutrophil aggregation and hemorrhage
[76]. The complementary issue, that is, the vascular contribution to VILI, was
investigated in a series of studies conducted by the group of Marini using isolated,
ventilated, and perfused lungs. When isolated rabbit lungs were exposed to perfu-
sion levels that were equivalent to greater or less than the normal resting blood flow
of in vivo animals, while ventilated with airway pressures that proved damaging
in vivo, the authors demonstrated that perfusion amplitude contributed to the
reduced lung compliance and promoted both lung edema and hemorrhage [77]. In
a subsequent experiment [78], the authors found a significant relationship between
the magnitude of pulmonary arterial pressure and the length of time over which it
was sustained with the extent of VILI. Subsequent studies showed how lungs
exposed to cyclic elevations in pulmonary artery pressure in the absence of ventila-
tion formed less edema and exhibited less perivascular and alveolar hemorrhage
than did ventilated lungs exposed to similar peak and mean pulmonary artery pres-
sures and mean airway pressure [70]. Taken together, the studies demonstrated that
when the mechanical stresses of the tidal cycle are high, an increase in precapillary
vascular pressure or a reduction in postcapillary vascular pressure each could influ-
ence the severity of VILI inflicted by an unchanging adverse pattern of ventilation
[56]. These observations imply that the gradient of transalveolar vascular pressure
may be instrumental in inflicting damage when airway stresses are high. Figure 13.3
shows the possible mechanisms by which hemodynamic parameters may induce or
exacerbate VILI.

In an attempt to reduce the total amount of stress delivered by the mechanical
ventilator, a strategy of reduced minute ventilation has long ago been suggested
[79], which was generally associated with increased carbon dioxide retention and
hypercapnic acidosis. Indeed, experiments by Sinclair and coworkers [80] and by
Broccard and colleagues [81] strongly indicate that the generation of hypercapnic
acidosis may exert a protective effect on the severity of VILI. More recent preclini-
cal data still confirm the protective effects of therapeutic hypercapnia initiated con-
currently with injurious ventilation in an in vivo model of VILI [72]. The beneficial
effects of such hypercapnic acidosis in reducing the extent of VILI are increasingly
well understood and include attenuation of lung neutrophil recruitment, pulmonary
and systemic cytokine and eicosanoid concentrations, cell apoptosis, and oxygen-
derived and nitrogen-derived free radical injury [71].
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Fig. 13.3 Possible mechanisms by which pulmonary vascular hemodynamic parameters may
incite or exacerbate ventilator-induced lung injury (VILI). Microvascular strain may be amplified
at the junctions of open and closed lung units (CO cardiac output, Pla left atrial pressure, PAP
pulmonary artery pressure)

The deleterious effects of hyperoxygenation are increasingly being recognized in
several fields of intensive care medicine [82], to the extent that less aggressive
approaches to oxygen supply have recently been suggested, even to not providing
any supplemental oxygen, in several acute care settings, such as resuscitation of
asphyxiated newborns, during acute myocardial infarction or after stroke or cardiac
arrest [83]. Indeed, a recent trial showed how a conservative protocol for oxygen
therapy vs conventional therapy resulted in lower mortality in a heterogeneous pop-
ulation of mechanically ventilated critically ill patients [84]. Experimental evidence
points to the detrimental role of hyperoxia as a contributing factor to the develop-
ment of VILL In a laboratory investigation aimed at assessing whether hyperoxia
could exacerbate lung injury caused by an injurious mechanical ventilation strategy,
Sinclair and colleagues [73] found how hyperoxic animals, as compared to nor-
moxic ones, had significantly reduced oxygenation and increased lung injury scores.
Hyperoxia also significantly increased alveolar—capillary permeability and poly-
morphonuclear leukocytes and inflammatory mediator concentrations in bronchoal-
veolar lavage fluid. Similar results were found by Li et al. [74], who investigated the
mechanisms regulating the interaction between injurious ventilation and hyperoxia.
In their experiments, the authors found how the addition of hyperoxia to an unsafe
ventilation strategy increased lung cytokine production, neutrophil infiltration by
upregulation of the cytokine macrophage inflammatory protein-2, and apoptotic cell
death through activation of the JNK and ERK1/2 pathways.
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In conclusion, the vascular/metabolic/oxidative environment of the lung tissue
at the onset of major mechanical stress has repeatedly shown to be influential in
the VILI development process. Lowering ventilatory and cardiovascular
demands — thereby reducing both minute ventilation and the vascular pressure
gradient across the lung — are potentially important therapeutic targets when
attempting to avoid VILI. It seems rational then to suggest a reduction in oxygen
demand and ventilation requirement as a component of a comprehensive “lung-
protective” strategy [67]. Indeed, reducing the ventilation requirement simulta-
neously allows reduction of driving pressures or ventilating frequencies. Because
cardiac output also declines in response to lower oxygenation demands, the
pulmonary microvascular blood flow gradient is lessened, thereby potentially
reducing VILI risk.
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14.1 Introduction

In the management of patients with ALI and ARDS, although the notion of
ventilator-induced lung injury (VILI) is now well established [1] and the correlation
between respiratory system mechanics and outcome have been clearly demonstrated
[2, 3], the setting of mechanical ventilation is still based mostly on blood gases
rather than assessment of respiratory mechanics.

Several reasons contribute to this anomaly. The limited knowledge of even simple
models of respiratory system mechanics and the lack of recognition of the hidden
assumptions which are often taken when assessing respiratory mechanics with dif-
ferent models and methods probably represent the most significant causes of the gap
existing between research and clinical practice. These limitations include an incom-
plete awareness of the differences existing between static and dynamical procedures
used to assess mechanical properties and between linear and nonlinear models of the
respiratory system. In addition, there is still a limited familiarity with several mea-
surements employed for a complete assessment of respiratory mechanics, such as
airway opening pressure as an estimation of tracheal pressure and esophageal pres-
sure in the supine position as an estimation of pressure in the pleural space.

This chapter is organized into four sections: (1) modeling of the respiratory
mechanics, (2) methods of assessing respiratory mechanics in ARDS patients cur-
rently used in clinical practice, (3) methods for assessing active components of the
respiratory system in ARDS, and (4) main issues related with measuring the vari-
ables necessary for the assessment of respiratory mechanics.
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14.2 Modeling Respiratory Mechanics

Studying the mechanics of the respiratory system means evaluating the parame-
ters of a mathematical model that describes the position and motion of the respi-
ratory system through a process called “inverse modeling” or “system
identification” [4].

The models which are usually adopted are invariably rather simple, having few
independent components and a small number of parameters. They do not consider
detailed information of the structure of the airways, lung and chest wall, but only
approximated versions, because such models have to be matched to experimental
data, and usually only few variables can be measured.

Once the structure of an inverse model of the respiratory system has been defined,
the so-called equations of motion are derived. These equations state how pressure is
related to flow and volume within each component of the model and tell how the
complete model will behave under every conceivable circumstance. The equations
contain “variables”, i.e., measurable parameters, which usually vary with time and
are typically pressures, flows, and volumes. Equations also contain parameters that
characterize the “mechanical properties” of the overall system and of its different
components, typically including resistance and compliance. The process of finding
those parameter values that cause the model to behave like a particular real respira-
tory system is known as parameter estimation.

The total pressure applied to the respiratory system (Pgs) is the pressure differ-
ence from airway opening (P,o) to body surface (Pgs, usually equal to atmospheric
pressure). In a ventilated patient, Pgg is given by the sum of the pressure generated
by the mechanical ventilator (Pygnt) and the pressure developed by the respiratory
muscles (Pyys) (Fig. 14.1):

Pos =Py~ Py =
=P..*tP

VENT — © MUS

(14.1)

Pyenr, in turn, is the sum of the driving pressure necessary to move air into the
thorax (AP) and the positive end-expiratory pressure (PEEP). Pyys is the pressure
generated by the respiratory muscles, with the inspiratory muscles producing a
decrease in intrathoracic pressure and expiratory muscles an increase.

Considering a mechanical model of the respiratory system, the pulmonary sys-
tem (composed of the airways and the lung) and the chest wall have to be considered
as structures arranged in parallel, while if an electrical (or hydraulic) model is con-
sidered, like the one shown in the figures of the present chapter, they are in series.
This means that, at least as a first approximation, the pulmonary system and the
chest wall share the same volume (V) and volume variations (dV/dr), and the total
pressure applied to the respiratory system (Pgg) is subdivided into the “transpulmo-
nary” pressure (Prp, i.e., the pressure difference from airway opening to pleural
space) and the “thoracic” pressure (Pcw, i.€., the pressure difference from pleural
space to body surface) (Fig. 14.2).
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o —— Py

Pyent =

Ventilator AP+PEEP

Respiratory
system (RS)
(passive components)

Fig. 14.1 Model of the entire respiratory system (see text for details). Pressures are indicated at
specific points, circles represent pressure generators, rectangles represent passive components, and
arrows indicate pressure differences. In this electric- or hydraulic-like representation, the total
pressure acting on elements in series is the sum of the pressures acting on the single components,
while the flow and volume changes are the same across the system. Pgg body surface pressure, Py
airway opening pressure, Pyeyr sum of the driving pressure necessary to move air into the thorax
(AP), and the positive end-expiratory pressure (PEEP), P,y alveolar pressure, Py pleural pressure
Pyus pressure generated by the respiratory muscles

Pos =P —Fy =
=(R40_PPL)+(PPL_PBS)= (14.2)
=bp+ Ry

Although the significance of Eq. 14.2 is very important, it is often disregarded
and is barely considered in the clinical practice when managing ARDS patients. The
relevant distending pressure for the lung is Pyp [5], but also the chest wall, through
the pressure in the pleural space (Pp), plays a significant role in determining lung
expansion and stress as well [6, 7]. As shown in Eq. 14.2, if Py is known, Prp and
Pcw can be determined. While measuring P, is relatively simple (all that is required
is a lateral pressure tap in a mouthpiece or a section of ventilator tubing, see below),
however, measuring Pp in living patients is not. Py has been estimated in the
human physiology laboratory for more than 50 years from measurements of esopha-
geal pressure (Pgs) [8, 9]. Most of the existing literature in which Pgg is used to
estimate Py, however, reports data obtained with the subject under analysis either
in seating or standing position. When the analyzed subject is in supine or prone
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Fig.14.2 Model of the passive components of the entire respiratory system, divided into the pul-
monary system (in turn, composed by airways and lung) and the chest wall. Py, pleural pressure,
Pury alveolar pressure, Prp transpulmonary pressure, Pey thoracic pressure, Rpypy pulmonary sys-
tem resistance, R,y airway resistance, R, ;. lung tissue resistance, R, cw chest wall tissue resistance,
Epyrm pulmonary system elastance, E; lung elastance, Ecy chest wall elastance, Cpypy pulmonary
system compliance, C; lung compliance, and Cey chest wall compliance

See legend of Fig. 14.1 for all the other symbols

position, artifacts caused by mediastinal weight and postural effects have to be
considered.

Transpulmonary pressure is the sum of the pressure drop across the airways (Pay,
i.e., the pressure difference from airway opening to alveolar space) and lung pres-
sure (P, i.e., the lung “transmural” pressure, pressure difference from alveolar
space to pleural space):

Bes =PTP+PCW
:(PAO_PALV)+(PALV_PPL)+PCW (14.3)

=PAW+PL+PCW
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Under dynamic conditions, namely, when airflow is present and dV/dt is differ-
ent than zero, P,y is different than zero. Only under static conditions P,y = 0, and
therefore Prp = Py.

Prs depends on the mechanical properties of the respiratory system, namely,
resistance and elastance, while the “inertance,” i.e., the capability to store some
energy in the kinetic, form is usually considered negligible, with the exception
of the case of high-frequency forced ventilation, where it might play a signifi-
cant role.

The elastic behavior of the respiratory system is everything that makes it
spontaneously returning to an equilibrium position. It is described by elastance
or its inverse, the compliance, and it depends mostly on the elastic properties of
lung and chest wall tissues. Lung tissues consist mainly of elastin and collagen,
structural proteins that have different responses to deformation. The former
react to deformation as springs and, up to a certain degree of extension, show a
linear behavior. The latter are sort of “safety cables,” which are entangled in a
disordered way in the lung at rest. Collagen fibers do not play any role in the
mechanical behavior of the lung at lung volume close to rest, while with increas-
ing lung volume, more and more fibers reach their maximal length, determining
a firm increase of lung elastance. The chest wall, namely, all the structures and
tissues surrounding the lung and moving with it (rib cage and abdomen), also
contributes to the elastance of the respiratory system [4]. The sum of all the
elastic forces acting on the respiratory system is expressed by the elastic
pressure.

P, which is proportional to volume V (deviation from the equilibrium position,
i.e., deviation from equilibrium volume V) by means of elastance Egg.

With resistance of the respiratory system (Rgs), all those phenomena that oppose
to deformation of the respiratory system, thereby dissipating a given amount of
energy, are considered. Dissipation means that the energy supplied to the system
(work performed by the respiratory muscles) or stored as potential energy (e.g., dur-
ing mechanical ventilation) is lost as heat. The main source of resistance corre-
sponds to the flow of air through the airways. Due to the viscous effects, most
energy provided to the system to ventilate is actually lost as heat in the air. Rgs,
however, is due not only to the flow resistance of the airways but also contains a
significant contribution from the lung (R ;) and chest wall (R, ) tissues. When
lung and chest wall tissues are stretched, in fact, their constituent fibers, cells, and
fluids move against each other and this internal friction produces heat representing
another form of dissipation [4].

The sum of all the resistive forces acting on the respiratory system is expressed
by the resistive pressure Pgrgs, Which is proportional to volumetric flow rate dV/d¢
(also known as volume flow rate, rate of fluid flow, or volume velocity) by means of
resistance Rgs.

In summary, the total pressure acting on the respiratory system, Pgs, is given by
the sum of the elastic pressure (Pg), resistive, (Prgs) and inertial (Pgrr) compo-
nents (Fig. 14.3). Being Pigrr = 0, it follows that



230 A. Aliverti

Airways Lung Chest wall
Pio R
Farv Pev BS
& — Ao
Raw R E Riew  Eg,
Elastic components Resistive components
Fao Fss
® [ ]
[ I g
E Ecw Raw R Ricw

PEL =(E|_+ECW)'AV PRES = (RAW+RI,L+ Rt,CW)

.dV/dt

Fig. 14.3 Model of the passive components of the entire respiratory system, divided into the
elastic and resistive components. See text for details and legends of Figs. 14.1 and 14.2 for used
symbols

Frs = Py + Prgs

1 14.4
=—— -V +Ry a7 (14.4)
s dr
Being the pulmonary system and the chest wall mechanically in parallel, total
respiratory system elastance and resistance are equal to the sum of pulmonary and
chest wall elastances and resistances:

ERS:EL+EL-W:L:L I _G+Cy
CRS CL CCW CL 'CCW (14.5)

RRS =RAW +Rt,L +Rt,cw = RAW +Rt
Combining Eqs. 14.4 and 14.5, it follows that

I)RS =})el+13res
14.6
:[MJ.W(RAW&)@_V (146
C, C.y dt

Lung compliance (Cy), defined as the change in lung volume per unit change in
Py, is of particular importance in ARDS and is sometime referred as either “static”
or “dynamic,” depending on the method of measurement adopted to obtain it (see
below). Nevertheless, compliance represents a property that is only static, i.e., it
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expresses the distensibility of the lung. Lung compliance in ARDS is decreased due
to diffused alveolar damage and loss of cellular integrity of the alveoli which are
filled with proteinaceous edema fluid that also results in dilution and dysfunction of
pulmonary surfactant, leading to alveolar collapse [10], and causes compliance to
decrease in inverse proportion to the fraction of lung volume that has been lost by
derecruitment, i.e., the fraction of the lung to become blocked from receiving
ventilation.

Transpulmonary pressure is the relevant distending pressure for the lung [5].
This concept, however, is often disregarded, and the effect of the chest wall in deter-
mining lung expansion and stress is barely considered in the clinical practice [6, 7].

Nevertheless, in ARDS patients, it is common that not only the lung but also the
chest wall compliance is abnormally low due to the presence of obesity, increased
abdominal pressure, chest wall deformities, and resuscitation with large fluid vol-
umes [11, 12, 13].

It must be noted again that only if the pressure in the pleural space (Pp) is esti-
mated by measuring Pgs, C;, and Ccy can be determined separately. When P,g is
measured, the parameters E and R pertain to the entire respiratory system, which
includes both the lungs and the chest wall, and therefore it is impossible to identify
the separate contribution of the lung and chest wall to the stiffer respiratory
system.

Due to several mechanisms, the elastance and compliance of both the lung and
the chest wall and, therefore, of the respiratory system are not the same at different
lung volumes, in other words the elastic behavior is not linear. The presence and
amount of surfactant molecules at the air-liquid interface cause surface tension to
vary with lung volume in determining lung hysteresis (i.e., the pressure at a given
lung volume is different during inflation compared to deflation) and significant non-
linear mechanical behavior.

14.3 Methods for Assessing Respiratory Mechanics

The methods employed to assess respiratory mechanics in ARDS patients can be
classified into two categories: static, or quasi-static, and dynamic.

14.3.1 Static Methods

Static, or quasi-static, methods are based on specific maneuvers that require to dis-
continue the patient from the normal setting of mechanical ventilation and to pro-
vide an estimation of compliance, and eventually resistance. Traditional techniques
like the super syringe or the constant flow for P-V curve assessment and end-
inspiratory occlusion can be classified under this category. Because these methods
are able to estimate only a single value of compliance and resistance, they need to
be repeated periodically in order to have the information regarding variations occur-
ring over time in a given ARDS patient.
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In a sedated ventilated patient, the pressure developed by the respiratory muscles
(Pwus) 1s equal to zero, and therefore Pgq is only given by the pressure generated by
the mechanical ventilator (Pygnr) and Eq. 14.1 becomes

Prs =Py = Py = By

Therefore, bringing the respiratory system to a given volume by applying a given
pressure, compliance can be determined by measuring the pressure that under static
conditions (e.g., by interrupting the flow at end-expiration) equals Pg; and by apply-
ing Eq. 14.4 in a situation where Pggs = 0.

The resistance can be determined, in turn, by calculating the pressure (Pggs) that has
to be added to Py, to reach peak inspiratory pressure just before interrupting the flow.

The measurement of esophageal pressure (Pgs), used as an estimate of pleural
pressure (Pp), is the only way to distinguish between the pulmonary system (com-
prising the airways and the lung) and the chest wall. When Pgg measurement is
available during an end-inspiratory occlusion maneuver, its plateau pressure can be
used to evaluate chest wall elastance (Ecy) (Fig. 14.4), which can be significantly
high in patients with ARDS as a result of intra-abdominal hypertension, pleural
effusion, massive ascites, thoracic trauma, and edema of the intrathoracic and intra-
abdominal tissues as a result of fluid resuscitation [14. 15, 16, 17].

It must be noted that adjusting the ventilator settings only on the basis of Pyo may
be incorrect [18], being Prp the real “lung-distending” pressure promoting alveolar
recruitment and lung inflation.

Moreover, in patients with ARDS, the reduced chest wall compliance, the pres-
ence of edema, or abdominal distension makes Pes very often elevated. Therefore,
the calculated Prp can be negative at end-expiration, this indicating closed airways,
or flooded or the atelectatic lung, and in this case, PEEP must be increased until Prp
becomes positive to keep the airways open.

Super-Syringe Technique
The static reference method is the super-syringe method (Fig. 14.5a) [19]. Fixed
increments of gas volume up to a total volume of 1.5-3 liters are applied to the

»
'

Fig.14.4 (a) Representative example of airway opening pressure (P,o), flow, and volume tracings
obtained during a standard breath (volume-controlled mode with a constant flow) followed by an
occlusion maneuver. Rapid interruption of airflow at the airway opening is performed using a
mechanical ventilator equipped with facilities for end-inspiratory occlusion. Total respiratory sys-
tem compliance (Cgs) is obtained as the ratio between tidal volume (AV) and elastic pressure Pg;
(difference between plateau pressure Pplat, measured after a few seconds of occlusion, and PEEP).
Total respiratory system resistance (Rgs) is obtained as the ratio between resistive pressure Prgs
(difference between peak inspiratory pressure, PIP, and Pplat) and inspiratory flow V’xsp. The
patients are sedated and paralyzed (Pyys=0, respiratory muscle generator switched-off in the fig-
ure). (b) Representative example of airway opening pressure (P,o), esophageal pressure (Pgs), and
flow and volume tracings obtained during an occlusion maneuver. Chest wall compliance (Ccy) is
obtained as the ratio between tidal volume (AV) and elastic pressure of the chest wall Py cw (dif-
ference between Pgs plateau pressure and Pgg at end-expiration. The patients are sedated and para-
lyzed (Pyys=0, respiratory muscle generator switched-off in the figure)
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Fig.14.5 (a) The super-syringe technique is a static method consisting of inflating the lungs in vol-
ume steps (AV in the figure) of 50-100 ml up to 1.5-3 liters, starting from the functional residual
capacity (FRC). The volume of gas administered (with fractional inspired oxygen of 1.0) is deter-
mined by the displacement of the piston. Airway opening pressure (Pyo) is measured at the connection
of the endotracheal tube by a pressure transducer, with zero referred to the atmospheric pressure. The
patients are sedated and paralyzed (Pyys = 0, respiratory muscle generator switched-off in the figure).
The pressures and the volumes are recorded simultaneously, and the pressure—volume curve is con-
structed from the different plateau pressures that correspond to the administered volumes. The entire
procedure takes about 60 s. A similar maneuver can be performed during deflation in successive steps
(not shown in the figure). (b) An alternative, simple technique to obtain a pressure volume curve from
an ARDS patient without having to disconnect the patient from the ventilator is to inflate the respira-
tory system by a constant flow delivered by the ventilator [23, 24]. This quasi-static technique can be
performed on any intensive care ventilator that is equipped with a constant flow generator. (¢) Several
studies have been performed to compare the quasi-static technique at constant flow with the static
technique [25-27]; the results showed that the compliances obtained by the two methods are very
similar. An important parameter to be defined is the value of delivered constant flow. High constant
flows (between 20 and 60 L/min) reliably estimate only the slope of the P-V curve, while upper and
lower inflection points are overestimated because of the resistive effect (Fig. 14.2) [23, 24]. While
very low flow allows accurate estimates, long measurement periods are required to inflate the lungs,
which may result in a loss of lung volume during the maneuver because of oxygen uptake by the lungs



14 Monitoring of Respiratory Mechanics 235

patient. After each increment, the static airway pressure is measured during a pause
of a few seconds when there is no flow, and the pressure is the same in the entire
system from the super syringe to the alveoli. The lung is then deflated in a similar
way, and the inflation and deflation P-V curve is plotted. Oxygen consumption is
constant during the whole procedure (i.e., inflation and deflation), which takes
45+120 seconds. During inflation carbon dioxide removal from the alveoli is null,
and its partial pressure in the blood increases. During deflation, carbon dioxide
removal is therefore lower than baseline, and this causes expired volume to be less
than inspired volume and the P-V curve has a marked artifactual hysteresis. In
ARDS patients, alveolar recruitment taking place during the stepwise inflation to a
high pressure will also cause hysteresis [20, 21].

Multiple Occlusion Technique

The multiple occlusion technique [22, 23] uses a sequence of different-sized
volume-controlled inflations with an end-inspiratory pause to allow semi-static
pressure measurements. Intrinsic PEEP is determined before each inflation to ensure
that the lung volume and the end-expiratory pressure are stable. Pressure and vol-
ume are plotted for each end-inspiratory pause to form a static PV curve. If expira-
tory interruptions are also done, a static expiratory P—V curve is obtained. Because
the pressure and volume values are obtained during standard, but varying breaths,
the artifacts caused by gas exchange do not occur, and no hysteresis is found even
in ARDS patients. Although the largest tidal volumes used with this technique may
cause recruitment, this is limited because the time at high pressure is very short. The
entire set of measurements may take 5+10 min.

The inspiratory occlusion technique offers the advantage of avoiding disconnec-
tion of the patient from the ventilator, and it allows measurements from any level of
PEEP. Since the beginning of the 1990s, this technique has been extensively used to
determine the lower and upper inflection points on the P-V curve [24, 25] and to
quantify the effect of PEEP on alveolar recruitment in patients with ARDS [26]. The
sudden change in pressure occurring with interruption of flow is accompanied by
rapid damped oscillations and a subsequent further transient change in pressure to a
stable plateau. These two phases have been interpreted on the basis of two-
compartment models of respiratory mechanics [27, 28].

Low-Flow Inflation Technique

In the low-flow inflation technique [29, 30], a very low constant inspiratory flow is
provided to the patient to generate a large total volume (Fig. 14.5b). The low flow
causes a minimal but recognizable pressure decrease over the endotracheal tube,
which means that the pressure—volume curve obtained under this “quasi-static”
(dynamic, in truth) condition is shifted to the right with respect to a “true” static
P-V curve (Fig. 14.5c). The amount of this shift depends on the resistance offered
by the respiratory system, plus the resistance of the endotracheal tube, and the
selected flow level. A high flow reduces the time required to obtain the curve, but it
increases the shift. The slope of the curve, however, can be considered parallel with
the true static P-V curve, under the hypothesis that airway resistance is constant
throughout the inspiration, which is not true as resistance decreases with the lung
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volume. A low flow allows to reduce the shift, but the duration of the inspiration
becomes long and the gas exchange artifacts above described for the super-syringe
technique become significant. Other drawbacks of the low-flow inflation method are
that this technique does not allow to obtain the deflation curve, it requires resetting
the ventilator, and only volume-controlled ventilation can be used.

14.3.2 Dynamic Methods

Compared to static or quasi-static methods, dynamic methods are continuous and
can be used as ventilator treatment is applied. Therefore, they are more methods of
monitoring rather than of measurement of the mechanical properties of the respira-
tory system, and their lack of accuracy is counterbalanced to some degree by their
capacity to follow trends.

In the past, various methods have been proposed to analyze respiratory mechan-
ics during ongoing mechanical ventilation [31, 32, 33, 34]. The term “dynamic
compliance” refers to the calculation of compliance under these conditions and is
calculated by dividing the tidal volume by the peak airway pressure (minus PEEP).
Dynamic compliance, so calculated, will always be lower than static compliance, as
the former includes resistive pressure components, and therefore the term is incor-
rect. Therefore, methods that consider also the nonlinear mechanical behavior of the
respiratory system [35, 36] are preferable.

Among these methods, in the SLICE method [37, 38, 39], the tidal volume of each
breath is divided into different volume slices of equal size (Fig. 14.2). Multiple linear
regression is then performed for each slice separately, solving the equation of motion (eq.
14.4). Flow-dependent pressure decrease along the artificial airway is also corrected.

A common aspect of all dynamic methods is that a specific model of the respira-
tory system is considered, and the mechanical properties are estimated in real time by
best fitting the model with the data typically available in real time (typically, pressure,
and flow) using different algorithms. A wide range of physiologically and clinically
relevant models of respiratory mechanics and parameter estimation algorithms and
methods have been proposed [4, 40-45], ranging from very simple, like the equations
of motion described in the previous section of this chapter, to complex descriptive
models. Simpler models are limited in their abilities to describe all respiratory
mechanics, while more complex models can suffer from non-identifiability [46].

The dynamic methods are able to analyze the functional mechanics of the respi-
ratory system under its actual ventilatory pattern as chosen by the caregiver. If any
of the settings is being varied (e.g., during an incremental PEEP trial [39]), the
dynamic analysis may serve to monitor the resulting changes in respiratory mechan-
ics. Although these important advantages are offered by dynamic methods, only
static and quasi-static methods are currently used in the clinical practice on ARDS
patients. Static measurements are generally considered ideal, and the ventilator set-
tings are based on them. Typically, ventilation is set with an end-inspiratory pause
giving quasi-static conditions, so that an adequate plateau pressure indicates the
maximal alveolar pressure. Intermittent application of a prolonged hold in expira-
tion gives information about intrinsic PEEP.
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Nevertheless, it is still an open question whether static measurements are truly
superior to dynamic measurements. In fact, there is a discrepancy between the static
methods used for research and the dynamic measurements of respiratory mechanics
which are obtained under real clinical condition.

Very probably, the development of robust methods able to reliably minimize the
effects of endotracheal tube and airway resistance will determine a wider use of
dynamic methods in the future.

14.4 Assessment of “Active” Components

When the patient is spontaneously breathing and his/her respiratory muscles are
working, irrespective of the work done by the ventilator, Py;ys becomes a significant
component of Eq. 14.1. Under this condition, the lung-distending pressure is due to
both the action of the ventilator and the patient, and the measurement of Pgg, an
estimation of Py, is needed for an accurate estimation of Prp. In presence of spon-
taneous breathing efforts while receiving mechanical ventilation, direct measure-
ment of effort may help the clinician to better adjust the ventilator settings and/or
the sedation level [47].

In the clinical setting, respiratory muscle effort can be assessed by either assess-
ing the work of breathing (WOB) or by the pressure—time product (PTP), which are
both useful approaches to estimate the energy dissipated or consumed by the respi-
ratory muscles [48].

The work performed by the respiratory muscles during each inspiration (i.e.,
from the beginning of inspiratory flow to the end of inspiration) is expressed as the
area enclosed between the dynamic esophageal pressure (Pgg)—volume (V) curve
and the static relaxation curve of the chest wall. This is classically referred as the
Campbell diagram [49], in which at any time during inspiration, the pressure devel-
oped by the inspiratory muscles in expanding the chest wall (Pyyys) is determined as
the horizontal distance between the current Pgs—V point on the diagram and the cor-
responding point on the chest relaxation curve at the same volume [50]. WOB can
be expressed per breathing cycle, per minute (WOB per cycle multiplied by respira-
tory frequency), or per liter (work per minute divided by minute ventilation).

Respiratory muscle activity can also be assessed using the pressure—time product
(PTP) index, which refers to the integral of pressure over time (the cumulative sum
of sample-by-sample product of the pressure multiplied by the time difference
between two consecutive samples) and not over volume, and, therefore, it can be
used whether or not volume is generated. When PTP is calculated using esophageal
pressure (PTPgs), it provides an index of the effort done by all of the respiratory
muscles. When PTP is calculated using transdiaphragmatic pressure (Pp; = Pga —
Prs, where Pg, is gastric pressure, that provides an estimation of abdominal pres-
sure) (PTPy), it reflects the effort performed by the diaphragm.

WOB is usually highly correlated to oxygen consumption [51]. In conditions like
isometric contraction, however, WOB is insensitive to energy expenditure, and
PTPgs or PTPy,; has to be considered to estimate respiratory muscle oxygen con-
sumption [52].
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Although much less accurate than measurements of Pyys or Ppy, in the clinical
setting, inspiratory effort may be monitored simply by assessing Pgs changes during
inspiration, in other words not taking into account the static recoil pressure of the
relaxed chest wall [53].

14.5 Measurement Issues
14.5.1 Tracheal Pressure

In clinical practice, Pyo is measured in the ventilator or at the patient connection. This
means that it is affected to a great extent by the endotracheal tube resistance, resulting
in a peak inspiratory pressure (PIP) much greater than peak tracheal or peak alveolar
pressure [54]. If an end-inspiratory occlusion technique is used, for example, the
plateau pressure is the maximum pressure in the airway below the tube. Recording
both PIP and plateau pressure gives useful information; for example, increased resis-
tance caused by narrowing of the tube (secretions, kinking) will increase PIP and not
affect plateau pressure [55], while the increased resistance is caused by the lungs of
the patient below the tube, then both the PIP and the plateau pressure may increase.
By using measurements of flow, P,o, and knowing the resistance of the endotracheal
tube, which is obtained from laboratory testing of clean tubes and connectors, tracheal
pressure can be calculated continuously. This has been used in commercially available
ventilators, and ventilator flow is increased to overcome the endotracheal tube resistance
[56]. However, caution should be taken when using a predetermined value of endotracheal
tube resistance. Tube resistance is determined on laboratory measurements with clean
tubes, which is a rare case in the real intensive care unit environment. Gas humidification
and position/angulation of the endotracheal have also significant effects on resistance [57].
Direct tracheal pressure measurements can be made by passing a catheter through
the endotracheal tube in order to obtain tracheal pressure values where flow changes
caused by the transition from trachea to endotracheal tube are minimized, typically
2 cm above the carina. When using side-hole catheters, the correct position is diffi-
cult to be verified. End-hole catheters, on the other hand, are less dependent on posi-
tion, but measurements are affected by gas kinetic pressure. However, the kinetic
energy of gas is so small that this effect on the total measured pressure is negligible.
The pressure catheter can be gas or fluid filled. Fluid-filled catheters, although
requiring that the transducer is at the same level as the catheter tip to measure abso-
lute pressure accurately, are less sensitive to secretions and occlusion [55].
Nevertheless, direct tracheal pressure measurements provide correct end-
inspiratory and expiratory pressures, including intrinsic PEEP caused by ETT resis-
tance, without stopping ventilation and irrespective of ventilatory mode.

14.5.2 Esophageal Pressure
The most common technique for Pgg measurement is to use a catheter with a thin-

walled latex balloon sealed at its distal port and filled with air [47, 58]. After anes-
thetizing the nose and oropharynx, the catheter is inserted through the nostril. The
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empty balloon catheter is advanced into the stomach, at which time the balloon is
inflated. If no diaphragmatic paralysis is present, the presence of an increase in pres-
sure during a spontaneous inspiration generally indicates that the balloon is in the
stomach. Afterward, the catheter is slowly withdrawn until a negative pressure
deflection replaces the positive deflection, indicating that the balloon is in the lower
third of esophagus [59]. The distal part of the catheter is connected to a pressure
transducer, which, in turn, can be connected to a dedicated acquisition system, a
patient-monitoring system, or an auxiliary pressure port of the ventilator.

There are different types of esophageal catheters available on the market, each
one characterized by different length, diameter, and compliance and filling volume
of the balloon. These characteristics influence the measurement and must always be
taken into account to ensure an accurate estimate of Pp. The filling volume repre-
sents a critical issue. Volumes too small determine an underestimation of Pgg, while
overfilling will stretch the balloon leading to overestimation [60]. New commer-
cially available catheters [61] allow to combine the balloon with a regular nasogas-
tric tube that can be used for enteral feeding, and it is known to not impair the
measurement [62].

When inspiratory efforts are made against an occluded airway, the deflections in
Prs should match Pyo. Thus, a regression of Pgg vs. Py should yield a slope of unity.
In practice, slopes that differ from 1.0 by up to 10% are common [63]. In sedated
and paralyzed patients, the occlusion test is performed by applying manual com-
pression on the chest during airway occlusion [64]. Factors that should be checked
periodically influencing measurement accuracy include the position of the balloon,
the amount of air injected into the balloon, the patient’s position, and the lung vol-
ume. Cardiac artifacts and esophageal contraction due to peristalsis can distort the
Prs signal [65].

14.5.3 Abdominal Pressure

A method similar to that for Pgs can be used for gastric pressure (Pg,) measure-
ments, which will reflect intra-abdominal pressure (P,g). Abdominal pressure can
also be measured via a urinary catheter. The bladder is drained of its content after
which 50 + 100 ml of saline is instilled, and the catheter is clamped distal to the
pressure measurement position [66]. Measurements of intra-abdominal pressure
obtained from a gastric tube and from bladder pressure have been compared, with
the two pressures within 2.5 cmH,O [67].

14.5.4 Lung Volume

Measurements of lung volume variations are usually obtained by integrating the digi-
tized flow signal consisting of a series of data points separated by equal time inter-
vals. A simple method for numerical integration is to calculate the area under the
curve defined by the series of measured data. Integration drift represents an important
problem. When flow is integrated to yield volume, an upward or downward drift in
the volume baseline is invariably seen. This is due to physiological reasons and
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methodological factors including temperature changes between inspired and expired
gas, changes in gas composition between inspiration and expiration, leakages, zero
offset in flow calibration, and imperfections in the flowmeter response [68]. It is very
difficult, if not impossible, to keep under control all these factors and to avoid drift in
volume. Consequently, it is never known how much of the baseline drift in volume is
due to drift and how much represents a true change in absolute lung volume.

Monitoring of end-expiratory lung volume (EELV) is essential, however, in the
management of patients with ARDS [69]. When dilution techniques are used,
mostly for research purposes, the patient breathes in a fixed concentration of helium
or methane mixed with oxygen and the concentration in the expired breath can be
used to calculate the FRC. An alternative approach is a washout/washin technique
using nitrogen or oxygen. By changing the FiO, abruptly by 0.1, the FRC could be
calculated with acceptable accuracy by using standard gas monitoring equipment
[70, 71, 72]. When application of PEEP determines EELV to increase, EELV
changes can be combined with compliance values in order to differentiate between
recruitment and distention [73]. Knowing compliance, the expected change in
EELV for a given change in PEEP is compared to the measured EELV to estimate
alveolar recruitment at the bedside [74].
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in Acute Respiratory Distress Syndrome

Martin DRES and Laurent Brochard

15.1 Introduction

Invasive mechanical ventilation is the cornerstone of the treatment of acute respira-
tory failure. Nevertheless, it is now well established that invasive mechanical venti-
lation canexpose patients toseveral potential complications such as ventilator-induced
diaphragm dysfunction [1], ventilator-acquired pneumonia [2], and/or ventilator-
induced lung injury (VILI) [3]. These complications, some of them potentially
lethal, encouraged clinicians to consider alternatives to invasive mechanical ventila-
tion in patients presenting acute respiratory failure. Noninvasive ventilation (NIV)
has become an inescapable strategy in acute hypercapnic respiratory failure related
to exacerbation of chronic obstructive pulmonary disease (COPD) and/or cardio-
genic pulmonary edema. In these two settings, NIV has been shown to reduce the
risk of intubation and mortality [4, 5]. Since more than two decades, the scope of
NIV application has largely been expended beyond acute hypercapnic respiratory
failure. Currently, NIV is applied in various settings such as immunocompromised
patients with acute hypoxemic respiratory failure [6], periprocedural management

M. DRES, MD
Sorbonne Universités, UPMC Univ Paris 06, INSERM, UMRS_1158 Neurophysiologie
Respiratoire Expérimentale et Clinique, Paris, France

Keenan Research Centre for Biomedical Science, Li Ka Shing Knowledge Institute,
St. Michael’s Hospital, 30 Bond St, Toronto, ON M5B 1W8, Canada

Interdepartmental Division of Critical Care Medicine, University of Toronto,
Toronto, ON, Canada

L. Brochard, MD (P<)
Keenan Research Centre for Biomedical Science, Li Ka Shing Knowledge Institute,
St. Michael’s Hospital, 30 Bond St, Toronto, ON M5B 1W8, Canada

Interdepartmental Division of Critical Care Medicine, University of Toronto,
Toronto, ON, Canada
e-mail: BrochardL @smh.ca

© Springer International Publishing Switzerland 2017 245
D. Chiumello (ed.), Acute Respiratory Distress Syndrome (ARDS),
DOI 10.1007/978-3-319-41852-0_15


mailto:BrochardL@smh.ca

246 M. DRES and L. Brochard

such as bronchoscopy and bronchoalveolar lavage in hypoxemic patients [7], post-
extubation in high-risk patients [8], or in postoperative patients [9] with beneficial
results after abdominal surgery [10, 11]. In acute hypoxemic respiratory failure, the
benefit of NIV on the reduction of intubation rate and mortality has been suggested
in a meta-analysis from five randomized controlled trials [12]. Acute respiratory
distress syndrome (ARDS) represents the most severe form of hypoxemic acute
respiratory failure [13], and the heterogeneity of circumstances causing this condi-
tion makes difficult to perfectly interpret the benefits of NIV in this group of
patients. In the present chapter, we will discuss the rationale, benefits, and risks of
the use of NIV in acute hypoxemic respiratory failure. We will not strictly focus on
ARDS since the criteria for its diagnosis are not always present before intubation,
e.g., the need for a positive end-expiratory pressure of 5 cmH,O or higher, and there
are only few studies focusing specifically on NIV in acute hypoxemic respiratory
failure fulfilling the most recent ARDS definition [14]. Since the use of high-flow
oxygen through nasal cannula (HFNC) has been recently investigated in this setting,
we will also review its potential interests. We will discuss the use of NIV and HFNC
in a specific group of patients at high risk, namely, immunocompromised patients
presenting acute hypoxemic respiratory failure. Last, we will discuss patients with
a high drive to breathe where the application of a lung-protective strategy is a neces-
sary treatment, making noninvasive supports mostly contraindicated.

15.2 Standard of Care for Ventilation Strategy of ARDS

ARDS is a life-threatening condition characterized by an acute hypoxemia and
respiratory distress and which most often requires mechanical ventilation [13]. A
lung-protective ventilation strategy is now proposed as a standard of care for patients
presenting ARDS relying on the use of low tidal volume (6 mL-kg™' predicted body
weight) and positive end-expiratory pressure and limiting the inspiratory plateau
pressure to <28-30 ¢cmH,0. Probably by optimizing lung-protective ventilation,
there is some evidence that the use of neuromuscular-blocking agents at the early
phase of ARDS may be beneficial [15]. The cost of such protective strategy may be
a complete inactivity of the diaphragm and of the other respiratory muscles that may
lead to disuse atrophy and muscle weakness [1]. This can contribute to difficulties
in separating patients from the ventilator, prolongation of mechanical ventilation,
and poorer prognosis. Hence, there has been a huge interest in the use of noninva-
sive ventilatory supports such as NIV and HFNC.

15.3 Rationale, Benefits, and Risks of Using NIV in ARDS

Invasive mechanical ventilation increases oxygenation, decreases the work of
breathing, helps to reopen or to keep open collapsed alveoli, and improves respira-
tory mechanics. However, mechanical ventilation per se can aggravate lung injury, a
process referred to as ventilator-induced lung injury (VILI) [3]. Moreover, mechan-
ical ventilation can also lead to other complications such as ventilator-induced
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diaphragm dysfunction [1] and ventilator-acquired pneumonia [2]. In this context,
NIV has been used to ensure ventilatory support instead of invasive mechanical
ventilation. From a physiological point of view, the application of positive airway
pressure can on the one hand reduce the work of breathing [16] and, on the other
hand, opens under or non-ventilated alveoli and increases functional residual capac-
ity, thus decreasing right-to-left intrapulmonary shunt and improving lung mechan-
ics. In patients with the mild form of ARDS, NIV has been shown to increase
oxygenation, reduce dyspnea, and unload the respiratory muscles [16]. In those
patients, continuous positive airway pressure alone improves gas exchange but
does not unload the respiratory muscles efficiently, whereas NIV with two levels
of pressure proves more efficient, unloading the respiratory muscles and relieving
dyspnea, compared to continuous positive airway pressure [16]. Finding the good
combination of end-expiratory and inspiratory pressure is not easy, however, since
the maximal applied pressure is generally limited to 20 or 25 cmH,0, because of
leaks and discomfort. An individual titration on both oxygenation (PEEP) and com-
fort and work of breathing (pressure support) is therefore necessary.

15.3.1 What Do the Observational Studies Tell Us?

According to current guidelines [17], the use of NIV is not clearly recommended in
acute hypoxemic respiratory failure, but it is interesting to see how NIV is used in
real life by physicians. In an observational survey performed in France in 42 inten-
sive care units and published in 2001, Carlucci et al. reported that NIV was employed
in 14% of patients with acute hypoxemic respiratory failure [18]. More recently, a
cohort study in acute care hospitals in Massachusetts reported that between 2004
and 2007, NIV was used in 37.8% of de novo acute hypoxemic respiratory failure
[19]. In an Ontario practice survey, Burns and colleagues reported that 25% of the
respondents have used NIV in ARDS/ALI [20]. A population-based study reported
that in the USA, the proportion of patients without COPD who received NIV
increased from 1.2% in 2000 to 6.0% in 2009 [21]. Interestingly, recent data coming
from a longitudinal observational study comparing trends of the use of NIV on a
10-year period, from 2002 to 2010/2011 and performed mostly in France, show
slightly different results [22]. In this last study, Demoule et al. described a recent
decrease in the use of NIV in de novo acute hypoxemic respiratory failure, from
23% in 2002 to 16% in 2010/2011 [22]. The most recent report is coming from the
Large observational study to UNderstand the Global impact of Severe Acute respi-
ratory FailurE (LUNG SAFE) which reported that among 2813 patients with ARDS,
436 (15%) were treated initially with NIV [23].

15.3.2 What Are the Expected Benefits?

The use of NIV to prevent invasive mechanical ventilation is expected to be associ-
ated with a decrease in the occurrence of several complications generally attributed
to invasive mechanical ventilation. This was shown regarding the risk of nosocomial



248 M. DRES and L. Brochard

pneumonia. In 2000, Girou et al. reported in a matched case-control study that the
use of NIV was associated with lower rate of ventilator-acquired pneumonia and a
reduced ICU mortality as compared to conventional mechanical ventilation [24].
Randomized controlled trials showed reduced mortality with NIV in highly selected
populations presenting acute hypoxemic respiratory failure such as patients with
immunosuppression [25, 26]. Others have reported similar benefit in non-
immunocompromised patients either in very selected population [27] or in hetero-
geneous groups [28-30]. Hence, it appears that NIV could be beneficial in some
patients, but the overall evidence is not entirely consistent. The use of NIV in ARDS
is, however, also associated with two potential risks: delaying the time for intuba-
tion and possibly favoring lung injury with relative hyperventilation.

15.3.3 NIV Could Delay the Timing of Intubation

By providing high level of inspired oxygen and improving oxygenation, NIV may
delay the timing of intubation by masking a progressive worsening. By contrast to
hypercapnic acute respiratory failure, where delayed intubation in case of NIV
failure does not seem to be associated with worst outcome [28-29, 31], in acute
hypoxemic respiratory failure, delayed intubation could be associated with an
increase in mortality [32]. Considering that acute hypoxemic acute respiratory
failure represents a syndrome of variable etiology and severity, it is not so surpris-
ing that the benefit of NIV within this syndrome varies. A recent secondary analy-
sis of a prospective observational cohort study published by Kangelaris et al.
analyzed data on 457 patients with ARDS [33]. Among them, 106 (23%) were not
intubated at the time of meeting all ARDS criteria. Non-intubated patients had
lower morbidity and severity of illness than intubated patients. However, mortal-
ity at day 60 was the same (36%) in both groups (p = 0.91). Among the 106 non-
intubated patients, 36 (34%) required intubation within the subsequent 3 days of
follow-up, and this late-intubation subgroup had significantly higher 60-day mor-
tality (56%) when compared with both early intubation group (36%, p = 0.03) and
patients never requiring intubation (26%; p = 0.002). The increased mortality in
the late-intubation group persisted at 2-year follow-up. In another prospective
cohort, among 170 patients meeting the Berlin definition for ARDS [14], 96
(56%) were initially managed with NIV [34]. Among them, 42 patients (44%)
were intubated. NIV failure and mortality were significantly higher in moderate
and severe ARDS.

15.3.4 NIV Cannot Counteract an Injurious Breathing Pattern

NIV has been proposed to prevent some of the potential complication of inva-
sive mechanical ventilation such as ventilator-induced lung injury. However,
recent data report that NIV cannot prevent its occurrence or can even facilitate
it. Alveolar overdistension and alveolar recruitment and derecruitment are
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thought to be the two main mechanisms of ventilator-induced lung injury (VILI).
Carteaux et al. recently assessed expired tidal volume in patients undergoing
NIV for acute hypoxemic respiratory failure in a prospective observational
study involving 62 patients [35]. They showed first that delivered tidal volumes
were higher than expected and could not be controlled by the settings. In par-
ticular, the median (interquartile range) tidal volume was 9.8 mL/kg predicted
body weight (8.1-11.1 mL/kg predicted body weight), although the targeted
tidal volume was 6-8 mL/kg predicted body weight. Therefore, the high tidal
volume was primarily driven by a high respiratory drive of the patients, and this
could not be controlled by the NIV settings. In this study, high tidal volume was
independently associated with NIV failure, which occurred in 51% of the cases.
In the subgroup of patients with PaO,/FiO, of less than 200 mmHg, a cumulative
tidal volume of 9.5 mL/kg accurately predicted NIV failure with a sensitivity of
82% and a specificity of 87%. These data are remarkable with regard to the
potential contributing role of high tidal volume during acute respiratory failure
and NIV to a possible lung injury induced by an injurious breathing pattern. The
recent FLORALI trial reported a nonsignificantly different 90-day mortality
between NIV and spontaneous breathing but a lower mortality with high-flow
oxygen therapy [36]. Interestingly, the authors noted that NIV administered to
patients with severe lung injury could have increased the incidence of ventila-
tor-induced lung injury by increasing tidal volumes that exceeded 9 mL/kg of
predicted body weight. In clinical practice, however, tidal volume is never mea-
sured in spontaneously breathing patients, and this injurious breathing pattern
may also exist without NIV. It is therefore possible that NIV should be reserved
to patients without an excessive drive and able to control tidal volumes around
8 mL/kg PBW.

15.3.5 Clinical Studies Assessing NIV in ARDS

NIV has been chiefly evaluated in two indications in ALI/ARDS: first, as an alterna-
tive to invasive mechanical ventilation in patients with acute hypoxemic respiratory
failure meeting criteria for intubation, and second, as a mean of avoiding intubation
in patients with acute respiratory failure who do not meet criteria for invasive
mechanical ventilation.

15.3.5.1 NIV as an Alternative to Invasive Mechanical Ventilation

This indication has been investigated in the seminal study by Antonelli et al. [28].
The authors compared conventional mechanical ventilation and NIV (pressure sup-
port plus positive end-expiratory pressure). They reported similar improvement in
gas exchange with the two techniques. Notably, only 31% of patients (10/32)
treated with NIV required tracheal intubation. Furthermore, authors found that 9 of
the 10 patients who were intubated after failing the NIV attempt died in the ICU
(90%), whereas only 15 of 32 (47%) who had been intubated without a previous
NIV trial died [28]. Complications were decreased in the group using NIV, and
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mortality tended to be lower with NIV. The study design differs from other NIV
studies. The more conventional design has been to randomize patients to NIV or
conventional medical therapy as a way to prevent the need for intubation, intuba-
tion being an outcome variable. When patients in the control group are intubated
per study protocol, it prompts the question of whether intubation was indeed man-
datory in all patients in the control group. Furthermore, the study of Antonelli et al.
enrolled patients with a variety of diagnoses, making it difficult to apply the study
findings to individual patients presenting with acute hypoxemic respiratory failure.
Finally, this was a small sample size of patients coming from a single-center study.
This kind of protocol has never been replicated. Therefore, the role of NIV with
acute hypoxemic respiratory failure as an alternative to intubation remains
ambiguous.

15.3.5.2 NIV as a Prophylactic Ventilator Support

This indication has been tested in several studies (Table 15.1). Wysocki et al.
randomized 41 patients with acute respiratory failure not related to chronic
obstructive pulmonary disease [29]. Patients were randomly assigned to receive
conventional therapy (oxygen and medications related to the cause of the respira-
tory distress (antibiotics, diuretics)) or conventional therapy plus NIV. In this
study, respiratory distress was due to pneumonia in 16 patients (39%) but not
necessarily associated with ARDS. Seven of these patients were randomly
assigned to NIV, none was successful, and all required endotracheal intubation.
By contrast, respiratory distress was not due to pneumonia in 25 other patients
(61%), and 14 were randomly assigned to receive NIV; 8 were successfully ven-
tilated with NIV (p = 0.04). In a larger study, Ferrer et al. randomized 105 patients
with severe acute hypoxemic respiratory failure to receive, via oronasal mask,
either NIV or high FiO, [30]. The main causes were pneumonia and cardiogenic
lung edema, but there were 15 patients with ARDS. Overall the study was very
positive in favor of NIV, which prevented intubation, reduced the incidence of
septic shock, and improved survival compared with high-concentration oxygen
therapy. The efficacy of NIV was, however, poor in the ARDS subgroup (intuba-
tion rate 86%). This study strictly selected cooperative patients with no other
organ dysfunction. Confalonieri et al. randomized 56 patients presenting with
acute hypoxemic respiratory failure and community-acquired pneumonia (not
ARDS) to receive either NIV or standard treatment [37]. The intubation rate was
21% versus 50% for the NIV group and standard group (p = 0.03), respectively.
The main limitation of this study was the presence of COPD in many patients,
driving the benefits of NIV.

The role of NIV in the treatment of ALI was assessed in critically ill patients
with bilateral infiltrates of different origin in a study from the Mayo Clinic [38]. In
this observational cohort study, Rana et al. prospectively assessed the outcomes of
54 consecutive patients. They found that 70% of the patients failed NIV. It was of
notice that in patients who failed NIV, the observed mortality was higher than
APACHE-predicted mortality (68% vs. 39%, p < 0.01). Among 113 patients receiv-
ing NIV for acute hypoxemic respiratory failure (82 with acute ARDS and 31
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without), Thille et al. reported intubation rates significantly different between
ARDS and non-ARDS patients (61% vs. 35%, p = 0.015) and according to clinical
severity of ARDS: 31% in mild, 62% in moderate, and 84% in severe ARDS
(p=0.0016) [39].

More recently, Frat et al. randomized 310 patients presenting acute hypoxemic
respiratory failure without hypercapnia to receive either high-flow oxygen therapy
or standard oxygen therapy delivered through a face mask or NIV [36]. The intuba-
tion rate was similar between the three groups (38%, 47%, and 50%, respectively,
for the high-flow oxygen group, the standard group, and the NIV group; p = 0.18).
However, it is important to note that the hazard ratio for death at 90 days was 2.01
(95% confidence interval [CI], 1.01-3.99) with standard oxygen versus high-flow
oxygen (p =0.046) and 2.50 (95% CI, 1.31-4.78) with NIV versus high-flow oxy-
gen (p=0.006). Finally, another monocentric study reported intriguing results [40].
In this prospective study, investigators randomized 83 hypoxemic patients after 8 h
of NIV to receive NIV provided with a helmet or NIV with a facial mask (as it was
previously provided) [40]. The study was stopped earlier for safety since the prees-
tablished criteria for stoppage were met. Hence, the main primary endpoint, the
intubation rate, was 61.5% in the face mask group and 18.2% in the helmet group
(absolute difference, —43.3%; 95% CI, —62.4% to —24.3%; p<.001). The helmet
group had a higher PEEP (8 vs. 5 cmH,0), whereas the pressure support level was
higher in the face mask group (11 vs. 8§ cmH,0). With helmet, the assessment of
tidal volume is not possible; however, the results could be explained by more pro-
tective ventilation provided by the helmet. Since it was a monocentric study, further
studies are mandatory to confirm these challenging results.

15.3.6 When NIV Should Not Be Used in Acute Hypoxemic
Respiratory Failure

Based on the high intubation rate reported above, it is important to know when NIV
should not be applied in patients with acute hypoxemic respiratory failure. Most of
the studies that reported the experience of using NIV in acute hypoxemic respira-
tory failure have proposed predictors of NIV failure. In 2001, Antonelli et al. inves-
tigated in a prospective multicenter cohort study factors involved in NIV failure
[41]. In a heterogeneous population, the overall efficacy of NIV in avoiding intuba-
tion (70%) contrasted with the high rate of failure observed in 86 patients fulfilling
the diagnosis of ARDS (51%). The intubation rate was similar among patients with
ARDS of pulmonary versus extrapulmonary origin, but sepsis on admission was
associated, among other variables, with NIV failure. In a large prospective observa-
tional study of NIV in 147 ARDS patients in experienced centers (NIV failure rate
around 50%), a high Simplified Acute Physiology Score (SAPS) II and PaO,/
FiO, <175 mmHg 1 h after initiation of NIV were independently associated with
NIV failure [42]. Rana et al. [38] found that NIV success was significantly corre-
lated with low severity scores (Acute Physiology and Chronic Health Evaluation I1I
or Sequential Organ Failure Assessment), with high PaO,/FiO, (147 vs. 112), and



254 M. DRES and L. Brochard

with less pronounced acidosis than patients with NIV failure. Last, Thille et al.
found that shock, active cancer, low level of consciousness, and mild/severe ARDS
were independently associated with NIV failure [39].

15.3.7 Recommendations for clinical practice

The efficiency of NIV in patients with acute hypoxemic respiratory failure due to
ALI, ARDS, or severe pulmonary infiltrates, and for whom endotracheal intubation
is not mandatory, depends on the degree of hypoxia, the presence of comorbidities
and complications, and the illness severity scores. It also probably depends on the
respiratory drive of the patients. The high rate of NIV failure suggests a cautious
approach with these patients, consisting of early NIV trial and no delay of needed
intubation. Measurement of tidal volume under NIV may be important, and patients
having tidal volume above 8§ mL/kg of predicted body weight may be at higher risk
of failure and of having an injurious breathing pattern. In those patients, lung-
protective ventilation may be considered as a therapy. In addition, when using NIV
in a patient with acute hypoxic respiratory failure, in an attempt to avoid intubation,
one should always consider the risks of inappropriate intubation delay. Demoule
et al. found that the effect of NIV differs between acute hypoxemic respiratory fail-
ure (including mainly in this definition, ALI and ARDS) and patients with cardio-
genic pulmonary edema or acute exacerbation of COPD, because NIV failure was
associated with higher mortality in patients with acute hypoxemic respiratory fail-
ure [32]. This finding should therefore raise a note of caution when applying NIV
for this indication and make the clinician wonder whether a lung-protective ventila-
tion is not more appropriate. Close monitoring is therefore crucial when using this
technique as a first-line therapy in patients with ARDS. Delaying intubation may
contribute to mortality [43]. NIV should not be considered primarily as an alterna-
tive to invasive ventilation.

15.4 Rationale, Benefits, and Risks of High-Flow Oxygenation
Through Nasal Cannula in ARDS

The most conventional form of oxygen delivery relies on face masks, nasal cannula,
or nasal prongs. However, some drawbacks limit their use in case of severe hypox-
emia if oxygen flow higher than 15 L/min is needed and in case of high patients’
inspiratory flow that may induce a certain amount of oxygen dilution. An alternative
to conventional oxygen therapy has received growing attention: heated, humidified
high-flow nasal cannula oxygen (HFNC) is a technique that can deliver heated and
humidified oxygen, with a controlled FiO,, at a maximum flow of 60 L/min of gas
via nasal prongs or cannula. Many data with this technique have been published in
the neonatal field where it is increasingly used [44]. Since a decade, the use of
HFNC has been considered for patients with acute hypoxemic respiratory failure.
The high flow rates used generate low levels of positive pressure in the upper
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airways [45, 46]. The high flow rates may also decrease physiological dead space by
flushing the expired carbon dioxide from the upper airway [47, 48], a process that
potentially explains the observed decrease in the respiratory rate and the work of
breathing [49]. In patients with acute respiratory failure of various origins, HFNC
has been shown to result in better comfort and oxygenation than standard oxygen
therapy delivered through a face mask [50-52]. HFNC has gained increasing clini-
cal and scientific interest [36, 50-53]. The larger study on the use of HFNC in
patients with acute hypoxemic respiratory failure was conducted by Frat and
coworkers in 2015 [36]. In this randomized controlled trial, investigators aimed at
determining whether HFNC administered through a large-bore close-fitting nasal
cannula or NIV could reduce the intubation rate and improve outcomes in acute
hypoxemic patients compared with standard oxygen administration [36]. In this
trial, patients had mild or moderate ARDS (PaO,/FiO, ratio around 155 mmHg)
mainly due to pneumonia. The primary outcome, the rate of endotracheal intuba-
tion, was lower among patients treated with high-flow oxygen than among those
who received standard oxygen therapy or NIV, but the rates did not differ signifi-
cantly (38% vs. 47% and 50%, respectively) (p = 0.18). However, in a post hoc
adjusted analysis that included the 238 patients with severe initial hypoxemia (PaO,/
FiO, <200 mmHg), the intubation rate was significantly lower among patients who
received high-flow oxygen than among patients in the other two groups (p = 0.009).
Furthermore, the hazard ratio for death at 90 days after randomization was 2.01 in
the standard oxygen group versus the high-flow oxygen group (p = 0.046) and
2.5 in the NIV group versus the high-flow oxygen group (p = 0.006). One explana-
tion proposed by the authors was that NIV and spontaneous breathing could have
provided tidal volume greater than 9 mL/kg of predicted body weight. Hence, the
degree of lung injury might have been increased in this group, contributing to a
higher mortality than that observed in the high-flow oxygen group.

15.5 Noninvasive Ventilator Support
in Inmunocompromised Patients with ARDS

Acute respiratory failure remains the most common and severe life-threatening
complication in immunocompromised patients [54, 55]. Many immunocompro-
mised patients with acute respiratory failure require ventilatory support within a few
hours after admission to the ICU. Avoiding invasive mechanical ventilation signifi-
cantly decreases the risk of death. Thus, choosing the optimal device for delivering
oxygen is of the utmost importance. In a large multicenter study of 1,004 patients
with solid or hematologic malignancies and ARDS meeting the new operational
Berlin definition, Azoulay et al. reported that NIV was used initially in one-third of
the patients. They frequently failed, with the highest failure rates occurring in the
most severe ARDS category [55]. Nevertheless, a favorable impact of NIV has been
described in retrospective studies [56-58] and in a few randomized controlled trials
including a relatively small number of patients [25, 26, 59] (Table 15.2). Hence, the
efficacy of NIV in this population appears to be promising. More recently, the use
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of HFNC has also been investigated in immunocompromised patients. Below, we
will discuss the advantages and limits of using NIV and HFNC in immunocompro-
mised patients.

15.5.1 NIV in Immunocompromised Patients

The first study that assessed NIV in immunocompromised patients was published
by Hilbert et al. in 2001 [25]. In this single-center randomized controlled trial, 52
immunosuppressed patients (not only patients with hematologic malignancies but
several modalities of immunosuppression) were enrolled if they had pulmonary
infiltrates, fever, and hypoxemic acute respiratory failure, defined by the presence of
dyspnea at rest, respiratory rate greater than 30 breaths per minute, and a PaO,/FiO,
ratio of less than 200 mmHg while breathing oxygen. These patients were randomly
allocated to receive either standard oxygen treatment via face mask or intermittent
NIV. Compared to standard oxygen therapy, the group treated with NIV had lower
rates of endotracheal intubation (12/26 patients vs. 20/26, p = 0.03), and in-hospital
mortality (50% vs. 81%, p = 0.02). The main limits of this study were that the
patients were recruited at a single center and that the mortality rate among patients
managed with invasive mechanical ventilation was considerably higher than current
rates (90%). Antonelli et al. reported the efficacy of NIV in reducing the need of
endotracheal intubation and invasive mechanical ventilation in immunocompro-
mised patients after solid organ transplantation with hypoxemic respiratory failure
[28]. Forty patients with a PaO,/FiO, ratio of less than 200 mmHg while breathing
oxygen and active use of accessory respiratory muscles were randomized to receive
either NIV or treatment with supplemental oxygen via Venturi mask. The group
treated with NIV demonstrated significantly lower rates of endotracheal intubation
(20% vs. 70%, p = 0.002) and ICU mortality (20% vs. 50%, p = 0.05). However, no
significant difference was found in the in-hospital mortality rate. A more recent
randomized controlled trial investigated the potential role of early use of continuous
positive airway pressure (CPAP) in patients with hematologic malignancies deliv-
ered before ICU admission [59]. Forty patients of the ward with bilateral infiltrates,
respiratory rate greater than 25 breaths/minute, and an oxygen saturation of less
than 90% while breathing on room air were randomized to receive oxygen (FiO, =
50%) either by face mask or helmet CPAP at 10 cmH,0. Overall, significantly fewer
patients treated with CPAP required ICU admission and NIV or invasive mechanical
ventilation (4 vs. 16 patients; p = 0.0002). This was associated with an improved
survival. However, these very encouraging results have not been confirmed in sub-
sequent observational [60] and randomized clinical studies [61]. To assess the
potential benefit of early NIV in reducing the mortality rate among immunocompro-
mised patients who developed acute hypoxemic respiratory failure, Lemiale under-
went a randomized controlled trial [6]. In 28 intensive care units from France and
Belgium, 374 immunocompromised patients with PaO, less than 60 mmHg on
room air, or respiratory rate greater than 30/min, or signs of respiratory distress,
were randomized to receive NIV or conventional oxygen therapy. Of note, patients
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were stratified according to the cause of immune deficiency in two groups, one with
hematologic malignancy or solid cancer and one with solid organ transplant or long-
term/high-dose immunosuppressive treatment. No difference was found between
groups with regard to the primary endpoint, the mortality rate at 28 days after ran-
domization (NIV 24.1% vs. oxygen 27.3%; 95% CI: —12.1 to 5.6; p = 0.47). Also
the analysis of the two prespecified subgroups did not result in any significant dif-
ference. Nevertheless, it must be outlined that this trial was underpowered since the
authors anticipated a mortality of 35% in the oxygen-treated group, whereas the
observed mortality rate was 27.3%. As a result, the possibility of drawing definitive
conclusions and a clinically meaningful effect based on the study findings is lim-
ited. A recent post hoc analysis, restricted to the subgroup of immunosuppressed
patients of the FLORALI trial, in a population of patients with acute hypoxemic
respiratory failure suggested no benefit of NIV neither for intubation nor for sur-
vival [62]. In contrast to what it was expected, NIV may not be the panacea for the
main reason than discussed in non-immunosuppressed patients. The possible role of
injurious breathing pattern, potentially aggravated by NIV, may hence provide
another explanation for the lack of efficacy of NIV in immunocompromised patients.

15.5.2 High-Flow Nasal Cannula in Inmunocompromised
Patients with Acute Hypoxemic Respiratory Failure

A multicenter parallel randomized controlled trial in four intensive care units assess-
ing the role of HFNC versus Venturi mask oxygen in immunocompromised patients
with acute hypoxemic respiratory failure has been conducted [53]. Patients were
randomized to only 2 h of HFNC or Venturi mask oxygen [53]. The primary end-
point was a need for invasive mechanical ventilation or NIV during the 2-h oxygen
therapy period. They found no significant difference between the two groups (15%
with HFNC and 8% with the Venturi mask, p = 0.36). None of the secondary end-
points, which included comfort, dyspnea, and thirst, differed significantly between
the two groups. The authors concluded that in immunocompromised patients with
hypoxemic acute respiratory failure, a 2-h trial with HFNC did not improve mechan-
ical ventilatory assistance or patient comfort compared with oxygen delivered via a
simple Venturi mask. However, this study was underpowered given the low event
rate and use of a one-sided hypothesis only. Furthermore, this trial focused only
upon the initial 2 h after ICU admission, and thus the role of HFNC for longer peri-
ods of time remains to be assessed.

Conclusion

The benefits of NIV on the outcome of acute hypercapnic respiratory failure are
well demonstrated. By contrast, there is less evidence in the setting of acute
hypoxemic respiratory failure. This is in part due to the fact that acute hypoxemic
respiratory group is gathering very different diagnoses leading to a heteroge-
neous group. As first-line approach, NIV should not be considered as a ventila-
tory support therapy among the most severe patients with ARDS though the
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meaning of “severe” is subjective. Indeed, some patients with a high drive and
spontaneous large tidal volumes may benefit from a lung protection best offered
by intubation and sedation. NIV can be beneficial in other patients. Nevertheless,
if NIV is initiated in such patients, a close monitoring is mandatory. Clinicians
need also to be aware of the potential deleterious effects of delaying intubation.
This highlights the potential interest of high-flow oxygenation through nasal
cannula. A first step has been reached with the FLORALI study. Future studies
will have to determine the respective indications of HFNC, NIV, and lung-pro-
tective ventilation in ARDS.
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Interaction Between the Heart 1 6

and Lungs

Fabio Guarracino and Rubia Baldassarri

16.1 Introduction

The main reason for the heart and lungs to interact physiologically is that they share
the same space within the chest (Fig. 16.1), and their physiologies are both submit-
ted to and driven by the interaction among different pressures (viz. airways, intra-
thoracic and intracardiac pressures).

The heart and lung (H-L) interaction can be defined as the effects of airway pres-
sure and volume on venous return, ventricular function and arterial outflow [1].
Such effects are summarised in Fig. 16.2.

H-L interactions are different in healthy and diseased conditions and between
spontaneous and positive pressure ventilation.

Under normal conditions and in spontaneous ventilation, the H-L interaction is
subtle. In the presence of cardiac and respiratory disease states, or when the com-
pensatory reserve is limited, such as in critically ill patients, and under positive
pressure ventilation (either invasive either non-invasive), H-L interactions are elic-
ited, and the cardiovascular function can be affected by respiratory changes.

As ARDS (Acute Respiratory Distress Syndrome) pathology involves both
alveoli and pulmonary capillaries, as reported long ago [2], it represents a typical
predisposing situation for the H-L interaction to influence the circulation.
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16.2 H-L Interactions: The Impact of Cardiorespiratory
System Characteristics

The description of the anatomy and function of the heart and lungs is basic knowl-
edge that is beyond the scope of this chapter. Therefore, only some key aspects of
the cardiorespiratory system relevant to the H-L interaction issue of the ARDS
patient will be addressed here.

The human heart shows the interesting combination of physiologically consist-
ing of a double pump system where the two pumps, the left and right ventricles,
work in series, with each pump ejecting the blood received from the other pump,
and anatomically consisting of two pumps sharing the interventricular septum and
the pericardium, thus being anatomically in parallel (Fig. 16.3). One more impor-
tant aspect to underline in this contest is the anatomic and functional presence of the
pulmonary circulation between the two pumps within the chest. This peculiar ana-
tomic and functional condition of two pumps structurally made in parallel and
mechanically working in series, with the pulmonary circulation being the circuit
connecting the right ventricular ejection to the left ventricle, represents the main
reason for the H-L interactions to occur and to have consequences in diseased states,



16 Interaction Between the Heart and Lungs 265

Fig.16.3 Pulmonary and
systemic circulation (to Pulmonary
modify) (Modified with circulation
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critica” 2013 Elsevier,
Milan)

Systemic
circulation

and it is pivotal to understanding the ventricular interdependence. In fact, any acute
and relevant change of the anatomy and/or the function of one pump or of the pul-
monary circulation will cause the H-L interactions to be clinically significant.

In the setting of ARDS, it is the relationship between the right ventricle (RV) and
the pulmonary circulation that plays a major role, in a setting where the physiologi-
cal interplay of the pump and vascular elastances is pivotal in determining the right
ventriculo-arterial coupling.

It is wise to distinguish H-L interactions under spontaneous ventilation from
those observed under positive pressure ventilation.

16.3 H-L Interactions in Spontaneous Ventilation

Heart-lung interactions occur at every breath. Under normal conditions, the changes
in pressure and volume within the lungs (Fig. 16.4) will have no relevant haemody-
namic effect. However, if a respiratory or cardiac disease is present, either acute or
chronic, then the normal respiratory physiology is altered, and this may have circu-
latory consequences.

In the setting of acute dyspnoea, such as in asthma, or in the acute exacerbation
of a chronic respiratory disease, the increased swing in pleural pressure leads to an
increasingly negative intrathoracic pressure during inspiration [3], which increases
the venous return. This increased venous return increases the right ventricular
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Fig.16.4 Changes of airways pressure, flow and volume and of pleural pressure during spontane-
ous ventilation (Modified with permission from F. Guarracino “Ecocardiografia in Area critica”
2013 Elsevier, Milan)

volume, causing the intraventricular septum to move into the left ventricle. This
leads to a decreased left ventricular diastolic compliance and a decrease in left ven-
tricular filling volume during the inspiratory phase. As a consequence, the stroke
volume and pulse pressure are reduced, and the features of pulsus paradoxus appear.

Therefore, during dyspnoea under spontaneous ventilation, the greater the pleu-
ral pressure, the greater the pulsus paradoxus.
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This increased negative shift in intrathoracic pressure is not only responsible for
the pulsus paradoxus but also causes acute changes in the cardiac transmural pres-
sure, with increased myocardial oxygen consumption, reduced cardiac output and
reduced flow to the respiratory muscles. The consequences of this H-L interaction
will be haemodynamic impairment and further deterioration of the respiratory state.

An acute hypoxaemia from any respiratory cause will lead to pulmonary vaso-
constriction and an increased RV afterload. The consequence will be an increased
RV afterload and an RV/pulmonary circulation uncoupling.

Acute changes in the pulmonary circulation, such as in pulmonary embolism or
in pulmonary oedema, will also affect H-L interactions and cause RV/pulmonary
circulation uncoupling through an increased afterload to the RV [4]. The effect will
be a reduced systemic flow and, again, an acute increase in the myocardial transmu-
ral pressure via the increased negativisation of inspiratory pleural pressure.

In some of the described acute disease states, the treatment includes positive
pressure ventilation, which contributes to further elicit the H-L interactions.

16.4 H-L Interactions in Positive Pressure Ventilation

When a patient is under positive pressure ventilation (PPV), the interaction between
the lungs and the heart is elicited, and haemodynamic effects can be observed [1, 5].

The effects of airway pressure and volume can be addressed separately.

The inspiratory positive pressure is transmitted to the right atrium (RA) and vena
cava and below the diaphragm to the abdominal district. A direct compression of the
great veins in the cardiac fossa and of the RA wall by the lungs must also be taken
into account. This process causes a reduction in the venous return to the right heart
[6] due to an increase in the difference between the transpulmonary pressure (TP)
and filling pressure, which represents the gradient for the venous return. Such a
reduction in the RV preload causes a reduction in the RV stroke volume and then a
reduction in the cardiac output.

A specific aspect related to the effects of ventilatory pressure in the setting of
mechanical ventilation in ARDS patients regards the decreased lung compliance
that such a disease carries [7, 8]. In fact, a reduction in lung compliance leads to a
reduced transmission of inspiratory positive pressure, with potentially fewer hae-
modynamic effects. However, if a patient with ARDS is kept at a constant tidal
volume (TV), then his/her airway pressure will be increased regardless if compared
to baseline healthy conditions; thus, both the intrathoracic pressure and the right
heart pressure will increase and cause a reduction in the venous return. Therefore,
despite a reduction in lung compliance in ARDS, the haemodynamic consequences
of H-L interactions under mechanical positive pressure ventilation cannot be
excluded.

The inspired volume mechanically delivered to the lungs has effects on both the
alveolar and extra-alveolar capillaries. The alveolar capillaries are directly com-
pressed, reducing the available pulmonary vascular bed; the extra-alveolar capillar-
ies are simultaneously stretched with an opposite effect on their cross section. Taken



268 F. Guarracino and R. Baldassarri

120

100

emH,O/L/min

80

Pulmonary vascular resistences

50 100 150 200
Pulmonary volume (mL)

60

Blood vessels Septal

capillaries
Alveoli |

\....i' \.__.
. “
3,. .
""’" "‘...“

<—\\,<—

Alveoli \
Non alveolar vessels Alveolar vessels

Fig. 16.5 Effect of pulmonary volumes on pulmonary vascular resistances. At low pulmonary
volumes the effect is exerted on non-alveolar capillaries; high pulmonary volumes stretch the alve-
olar capillaries (Modified with permission from F. Guarracino “Ecocardiografia in Area critica”
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all together, the net effect of the tidal volume on pulmonary circulation consists of
an increase in the pulmonary vascular resistances (PVR) followed by an increase in
the afterload to the RV (Fig. 16.5). Such an effect can add to the pressure-related
preload effect, worsening the reduction in the RV stroke volume.
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Again, a specific aspect regarding ARDS should be underlined: because the
right ventricle acts as a “passive conduit” in normal conditions [5], ACP may be
induced by adding the effects of PPV to the pulmonary vascular dysfunction
occurring in ARDS, which leads to an abrupt increase in pulmonary artery
pressure.

The H-L interaction under PPV leads to a fluctuating systolic arterial pressure
waveform or stroke volume measure on the monitor screens whose variation repre-
sents a dynamic parameter to assess whether the patient is a fluid responder.

Interestingly, if a volume-related increase in the RV afterload predominates over
the reduction in venous return, then the RV end-diastolic volume may increase with
rising airway pressures, and an acute cor pulmonale (ACP) may develop [5]. This
condition is not rare, being reported in up to 25% of patients with ARDS on mechan-
ical ventilation [5]. If ACP occurs, then besides the RV dilatation and the reduction
in cardiac output, other pathophysiological aspects characterising the acute ven-
tricular interdependence deserve careful attention by the physician. In particular, it
should be considered that in ACP, the RV undergoes a reduction of subendocardial
flow, with myocardial ischaemia further contributing to impaired systolic function,
hypotension and low systemic flow state and that the RV dilatation strongly affects
the left ventricle (LV) filling. In fact, the pressure overload and dilated RV show a
septal geometry ranging from flattened to leftward shifted, with the LV becoming
acutely hypodiastolic [11].

In this scenario, tricuspid regurgitation may appear secondary to RV remodel-
ling. IT adds prognostic information and affects the haemodynamic monitoring
(cardiac output measured by PAC will no longer be reliable), impacting patient care.

16.5 H-L Interaction May Be Affected by Underlying
Conditions

Pre-existing respiratory disease amplifies the normal effects of breathing, and car-
diovascular disease jeopardises the response to these stresses. Pulsus paradoxus and
Kussmaul’s sign are common signs of the mechanical effects of respiration upon the
circulation [10].

Chronic lung disease is often complicated with hyperinflation and/or pulmonary
hypertension (PH). In the context of airway obstruction, alveolar pressure increases
and can exert a compressive effect on the surrounding alveolar vasculature.
Therefore, marked hyperinflation increases pulmonary vascular resistances. This
scenario is especially relevant during the extremes of hyperinflation, as observed in
patients with acute exacerbations of asthma or chronic respiratory disease. Pulsus
paradoxus may be found in asthmatic patients representing a typical picture of H-L
interaction under spontaneous ventilation.

Hypoxic pulmonary vasoconstriction commonly accompanies exacerbations: if
PH is already present, this can impose a dangerous further overload to the RV
ejection under mechanical ventilation. An ACP can then more easily occur in a
chronic respiratory patient under PPV, independent of the cause leading to the
respiratory failure being exacerbation or ARDS.
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Underlying cardiac conditions, such as coronary artery disease (CAD) and car-
diomyopathies, or the adequacy of the circulating volume will also affect the hae-
modynamic consequences of H-L interaction under PPV.

A CAD involving the RV may increase the risk of RV subendocardial ischaemia
if ACP occurs. A baseline RV dysfunction will influence the haemodynamic signifi-
cance of any added vascular load imposed by the airway pressure on pulmonary
resistance.

On the other hand, a patient with reduced LV function may take advantage of the
reduction in transmural pressure induced by PEEP application, and this effect may
predominate the reduced preload to the RV [1]. Finally, one more example from the
real world consists of the hypotensive effect of PPV, for instance, when increasing
PEEP, in patients with hypovolaemia.

16.6 Clinical Implications of H-L Interaction in the ARDS
Patient

While the protective ventilation regimen applied in ARDS makes standard dynamic
indices of fluid responsiveness based on H-L interaction unreliable, the pathophysi-
ology of the haemodynamic effects of H-L interaction represents a strong rationale
for managing mechanical ventilation in the light of RV physiology and for address-
ing weaning failure from a different pathophysiological approach.

Therefore, the main clinical implication with regard to ARDS management con-
sists of preventing or improving ACP by adhering to lung-protective strategies dur-
ing mechanical ventilation [5, 9, 11-13] and in addressing the cardiac issue at the time
of difficult weaning.

The management of mechanical ventilation to prevent effects on the RV requires
an echocardiographic approach. Echocardiography is currently considered the gold
standard in this setting [5].

The comprehensive description of the ultrasound assessment of the heart under
mechanical ventilation goes beyond the aim of this chapter. However we suggest
that any ARDS patient under PPV should be evaluated by echocardiography on a
daily basis, and reassessed any time the clinical situation shows changes in the hae-
modynamic profile or the clinician suspects that a RV dysfunction is developing.
The echo approach should aim at evaluating the RV anatomy and function, address-
ing the RV/LV ratio, and detecting and assessing the tricuspid valve.

The RV assessment allows one to balance lung recruitment and lung overdistention
[S]. A strategy based on the use of echocardiography in combination with a
protective ventilatory approach allows one to pursue the following: “what is good
for the lung is good for the right ventricle” [5].

Positive pressure ventilation can also have beneficial effects on haemodynamics
in ARDS patients if appropriately managed. The use of PEEP to treat hypoxaemia
may reduce pulmonary vascular resistance through lung recruitment and aeration of
hypoxic alveoli, which contribute to blunt hypoxic pulmonary vasoconstriction.
Applying the least amount of PEEP necessary to achieve an adequate PaO,/FiO,
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ratio should lead to the least detrimental haemodynamic effects. This application
can be achieved by titrating PEEP under echocardiography monitoring of the RV
response [12, 13].

Conclusions

The heart and lung physiologically interact both in spontaneous and mechanical
ventilation. Under mechanical ventilation, the H-L interactions are elicited, and
the positive pressure and the tidal volume applied to the lungs cause haemody-
namic changes. Such changes are observed as variation in the stroke volume and
pulse pressure peripherally, with the meaning ranging between slight haemody-
namic change and severe circulatory alteration. This result will depend both on
the presence of pre-existing respiratory and cardiac conditions and the severity
of RV involvement by the respiratory stressor. In ARDS pathology, factors lead-
ing to capillary damage and increased PVR contribute to a major impact of PPV
on the RV and can increase the risk of ACP. Echocardiography plays a pivotal
role in elucidating the cardiac function during mechanical ventilation and in
promptly detecting signs of RV dysfunction. By doing so, the echo assessment is
helpful in titrating both the ventilatory and haemodynamic treatments in criti-
cally ill patient with ARDS.
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Immunomodaulatory Potential
for the Treatment of ARDS

Claudia C. dos Santos

17.1 Introduction

Despite significant advances in supportive ICU care, acute respiratory distress syn-
drome (ARDS) remains a leading cause of death and disability worldwide [1-4].
Many potential therapies have been found ineffective, including corticosteroids and
immunomodulation agents. Reasons behind the failed trials in ARDS have been
discussed [5-8]. From the preclinical research perspective, the largely disappoint-
ing results from clinical trials can be explained in part by our incomplete under-
standing of the molecular responses to injury and the mechanisms that promote
repair [9-13]. Dysregulated inflammation, inappropriate accumulation and activity
of leukocytes, and disruption of the alveolar-capillary barrier remain central to the
pathophysiology of ARDS. A therapeutic approach that can successfully target inju-
rious inflammation and restore alveolar-capillary barrier function, while maintain-
ing host defense and augmenting tissue repair, would be an ideal strategy for the
treatment of ARDS. Rapid and exciting progresses in the field of cell immunother-
apy have recently emerged as a disruptive strategy that can modulate the immune
system and overcome the immunological derailment characterizing the pathophysi-
ology of ARDS. This chapter focuses on summarizing current knowledge on the
immunomodulatory actions of mesenchymal stromal cell (MSC) as novel immuno-
therapeutics for the treatment of ARDS and the translation of new knowledge to
clinical trials.
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17.2 Mesenchymal Stem/Stromal Cell (MSCs)

Although mesenchymal stem/stromal cells can be derived from a variety of differ-
ent tissue sources, bone marrow-derived mesenchymal stem/stromal cells
(BM-MSCs) have been the most extensively studied in the field of acute lung injury
(ALL the pro-clinical correlate of human ARDS) and will be the main focus of this
review. Some controversy remains regarding how to name these pluripotent cells
[14], stem vs. stromal, and minimal criteria to define them have been established
[15]. First, MSC should be adherent to plastic in standard culture conditions.
Second, they should express CD105, CD73, and CD90 and lack expression of
CD45, CD34, CD14 or CD11b, CD79alpha or CD19, and HLA-DR surface mole-
cules. Finally, they should differentiate to osteoblasts, adipocytes, and chondro-
blasts in vitro [15]. MSCs possess various favorable biological characteristics
underscoring their clinical utility, including their convenient isolation, their rapid
expansion in culture, and high clonogenicity while preserving their genetic stability
and minimal immunogenicity making them a viable option for allogenic transplan-
tation. The latter has recently come into question as MSCs may be immune evasive
rather than immune privileged [16].

MSCs also preferentially home to the wounded or damaged tissue sites [17].
Traffic of MSCs to areas of tissue injury appears to be driven by different interac-
tions between chemokines released from the injured tissue and chemokine recep-
tors expressed on MSCs. For example, stromal cell-derived factor 1/CXCR4
pathway can mediate traffic of MSCs to ischemic or hypoxic tissues [18-20],
while CD44 expressed on MSCs may interact with hyaluronic acid where intersti-
tial matrices are exposed following injury [21-23]. Following intravenous admin-
istration, MSCs become entrapped in the capillary beds; this occurs primarily in
the lung and liver [24]. In the context of ARDS, the relative biological significance
of MSC entrapment is unclear since MSCs from bone marrow, adipose, and other
tissues stay in the lungs for only about 24—48 h prior to being cleared [25, 26]. The
overall opinion is that these cells may exert their beneficial effect through mecha-
nisms that may not require cell-cell contact, and although cell engraftment with
differentiation, transdifferentiation, or cell fusion may contribute to reconstitution
of normal organ function, these are of uncertain therapeutic significance [27-29].
In contrast to the engraftment hypothesis, several alternative mechanistic explana-
tions have been proposed for how these cells exert their therapeutic effects
including:

(i)  Their potential for enhancing tissue-endogenous stem/progenitor cell activity

(i) Regulation of genes that modulate the response to injury and repair

(iii) Transfer of cellular and genomic contents such as mitochondria and
microRNAs

(iv) Secretion of paracrine factors that target key aspects of the pathophysiology of
injury and repair in ARDS



17 Stem Cells and Their Immunomodulatory Potential for the Treatment of ARDS 275

17.3 Performance of MSCs in Preclinical Models of ALI
and Translation to Clinical Trials

The growing interest in the therapeutic potential of these cells for the treatment
of ARDS rests solidly on their robust and reproducible performance in preclini-
cal models of organ injury including lung bleomycin [30], intratracheal [31-33]
or intraperitoneal [34, 35] endotoxin, cecal ligation and puncture [36], pseudo-
monal abdominal sepsis [37], and E. coli pneumonia [38]. In most, if not all
models, stem cell administration reduces the odds of death [39, 40]. This is true
for overall mortality, as well as mortality at predefined time intervals [39]. MSC
administration reduces death even when the initiation of MSC therapy is delayed
to 6 h post induction of ALI (or sepsis). In terms of secondary outcomes, MSCs
may exert their beneficial effect by reducing inflammation while enhancing
bacterial clearance [41], augmenting lung repair [42], and restoring alveolar-
capillary barrier function [43, 44]. The dramatic results in preclinical models of
ALI has propelled rapid translation to the clinic, with a recent phase I trial
completed [45, 46], a phase 2 trial in progress (NCT02097641), and another
phase 1/2 randomized, double-blind, placebo-controlled trial (NCT01902082)
on the way. The latter targets not only safety but also efficacy outcomes, using
allogeneic adipose-derived MSCs. In both studies, cells will be administered
intravenously, inclusion criteria are similar, and MSC therapeutic doses vary
from 1 to 10 x 109 cells/kg. In parallel, the Canadian Critical Care Trials Group
has also initiated the first human trial using stem cell as immunotherapy for the
treatment of sepsis (Cellular Immunotherapy for Septic Shock, CISS Trial,
NCT02421484).

As we transition from preclinical to clinical studies, many questions remain
about how we will translate knowledge acquired on the bench or in animal models
to the clinic. We will highlight some of these questions throughout the review, but
the issue of potency deserves brief attention. The International Society for Cellular
Therapy (ISCT) released in 2015 their perspective on immune functional assays
for MSC potency [47]. The proposal springs from a broad consensus in the com-
munity that, despite different tissue sourcing and culture expansion protocols,
human MSCs likely share fundamental mechanisms of action. Identification of
functional markers of potency and harmonization of standard operating proce-
dures to measure biological properties of stem cells intended for therapy is a pri-
mary goal of future studies. The preferred analytic methods proposed by the ISCT
focus on (a) gene, (b) protein (secretome), and (c) cell marker expression that
reflect current knowledge in the field. While safety and tolerability of human
MSCs remain the main primary study end points, future studies will aim to address
secondary efficacy end points by assessing respiratory, systemic, and biological
markers of function. Here, we will briefly discuss the state of knowledge of the
immunoregulatory properties of these cells and their potential for future therapeu-
tics in ARDS.
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17.3.1 Enhancing Tissue-Endogenous Stem/Progenitor Cell
Activity

The adult lung is a tissue with relatively slow cellular turnover. The turnover of
airway epithelial cells is less than 1% per day during steady-state conditions, in
contrast to the regenerative capacity of a continuously renewing tissue, such as bone
marrow, which has the ability to generate approximately 10° hematopoietic cells per
day [48]. Repair in the lung in turn depends on the regenerative capacity of over 40
different types of cells for tissue regeneration or replacement. Following severe
injury, self-renewing potential of stromal and other progenitor cells of the lung
increases significantly [49]. Initially, it was thought that MSCs participated directly
in the repair process by incorporating into regenerated tissues and replacing cells
[50, 51]. It has been difficult to resolve the fate of grafted MSCs because of the short
half-life of engrafted MSCs, lack of sensitive means for isolation and detection, and
low targeting efficiency [17]. Cumulative evidence suggests exogenous MSCs are
unlikely to replace/regenerate lung tissue. Differentiation and/or transdifferentia-
tion of specific progenitor cells along the trachea, bronchioles, or alveoli depends on
distinct progenitor populations (and specific signals) that contribute to lung mainte-
nance and repair [52]. Recent evidence suggests exogenously administered MSCs
may enhance resident stem cell “niches,” that in turn repopulate the lung and repair
damaged tissue.

The ability of MSCs to stimulate endogenous progenitor cells was first demon-
strated in experiments where human MSCs were injected directly into the hippo-
campus of immune-deficient rats [53] where they enhanced the proliferation of the
endogenous neural stem cells increasing their migration and differentiation into
neural cells. Similar findings were documented in a model of intracerebral hemor-
rhage, where the number of endogenous progenitor cells was increased in MSC-
treated animals compared to controls [54]. More recently, in a model of excisional
wound repair that mimics wound reepithelialization and granulation tissue forma-
tion, labeled human MSCs and species-specific markers demonstrated that exoge-
nous MSCs initiate the formation of a niche in the injured environment and promote
recruitment of endogenous stem/progenitor cells to the site of injury [55]. Critical
signals such as Wnt, vascular endothelial growth factor (VEGF), and platelet-
derived growth factor receptor-a (PDGFRA) within these “niches” of repair suggest
that the role of MSCs is largely limited to signaling that initiates the recruitment and
direction of endogenous (progenitor) cells to sites of injury to promote repair [56].

Although it is now evident that the lung harbors a diverse population of progeni-
tor cells [57, 58], direct evidence demonstrating the role of exogenous stem cells in
enhancing the recruitment and repair activity of endogenous progenitors after lung
injury is scant. Gotts et al. recently reviewed the various lines of evidence in support
for an endogenous cell-based pathway for recovery in the lung [44], highlighting the
diversity of lung epithelial/endothelial progenitor cell populations and their regula-
tion [44]. In a murine model of cigarette smoke-induced COPD, MSCs transplanta-
tion can relieve lung injury by promoting proliferation of endogenous lung stem
cells [59] although there is immense controversy about how to demonstrate the
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presence and activity of true lung progenitors [44, 60]. Bronchoalveolar stem cells
increase after MSC treatment in a mouse model of bronchopulmonary dysplasia
[61, 62]. A recent report suggests that MSCs may also promote repair through acti-
vation of endogenous distal lung airway progenitor cell populations in mouse mod-
els [61]. Further indirect evidence in support for exogenous stem cells as coordinators
of an endogenous progenitor cell response comes from pneumonectomy experi-
ments that demonstrate VEGF signaling in lung endothelium promotes matrix
metalloproteinase 14 expression, which in turn releases EGF receptor ligands that
drive epithelial progenitor proliferation and alveologenesis. Moreover, there are
MSC:s that reside in the lung. Resident lung MSCs niches can be found along the
proximal-distal axis of the airway tree. Lung MSCs secrete FGF-10, a critical factor
necessary for directing lung differentiation [63]. How these resident MSCs respond
to exogenous MSC administration and their contribution to lung repair remains to
be elucidated.

17.3.2 Secretion of Paracrine Factors

Diffusion of autocrine and paracrine signaling molecules enables cells to communi-
cate in the absence of physical contact. MSCs possess strong immunoregulatory
properties, affecting both innate and adaptive immune systems [14]. Specific factors
secreted by stem cells have various functional properties such as being antiapop-
totic, immunomodulatory, and angiogenic, playing a role in cell mobilization, evok-
ing responses from resident cells in the extracellular environment, and facilitating
collateral remodeling [64]. The activity of various immune cells, including T cells,
B cells, neutrophils, NK cells, and dendritic cells, is modulated in the presence of
MSCs. For example, MSCs suppress T-cell activation and proliferation, inhibit
monocyte differentiation, and block proliferation of B cells [65-68]. Interestingly,
the immunosuppressive ability of MSCs may be dose dependent, where a low dose
(below a threshold which is yet to be determined) elicits pronounced lymphocyte
expansion [69], while a sufficient MSC “dose” suppresses T-lymphocyte prolifera-
tion, resulting in anergy of activated T lymphocytes [68, 70]. MSCs also inhibit
B-lymphocyte proliferation in vitro by arresting the GO/G1 phase of the cell cycle
rather than inducing apoptosis [67, 71], thus reducing antibody production [72]. Of
note, in the absence of an inflammatory stimulus, naive MSCs are unable to influ-
ence B-lymphocyte proliferation [73] underscoring the importance of the “inflam-
matory milieu” in guiding MSC responses: a phenomenon which is actively being
exploited to engineer MSCs with specific biotherapeutic properties.

The immunosuppressive properties of MSCs are thought to depend on secretion
of various soluble factors, including cytokines, indoleamine 2,3- dioxygenase (IDO),
nitric oxide (NO), prostaglandin E2 (PGE?2), and tumor necrosis factor-a-induced
protein 6 (TSG-6) [52]. Although most studies rely on in vitro data to define specific
mechanisms of action, in vivo, the interaction between endogenous and exogenous
MSCs may lead to a complex interplay between specific factors: (i) multiple para-
crine factors are involved in MSC-mediated modulation of the immune response, (ii)
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various factors share redundant functions, and (iii) many factors affect multiple pro-
cesses (perhaps even simultaneously). For example, IL-1 receptor antagonist medi-
ates both the anti-inflammatory and anti-fibrotic effects of MSCs after lung injury
[74]. A further layer of complexity is provided by the existence of resident MSCs
[75,76]. The ability of tissue-resident MSCs to physiologically modulate the immune
system (or be modulated by exogenous MSC administration) is unknown [52].

In specific reference to models of ALI, MSC regulation of angiopoietinl (ANGPT1)
has been identified as a critical event to promote survival of endothelial cells, protect
against vascular inflammation and leakage, and reduce loss of barrier function [32].
MSCs engineered to produce ANGPT1 significantly reduced ALI in preclinical models
indicating that the beneficial effects of MSCs can be further enhanced by gene therapy
approaches [33]. Another mediator that has gained much attention in lung research is
keratinocyte growth factor (KGF). In an ex vivo human lung injury model, KGF was
shown to be essential for the beneficial effect of human MSCs on alveolar epithelial fluid
transport [77]. In addition, hepatocyte growth factor (HGF) has been implicated in ame-
liorating lung injury in models of both emphysema and pulmonary fibrosis [77-79]. In
vitro data suggests HGF acts on endothelial cells, restoring integrity and permeability
[80]. Recently, it has been suggested that the therapeutic effects of MSCs can be repro-
duced, at least in part, by components of MSC secretome including KGF [77, 81] and
ANGPT1 [32]. An intriguing property of MSCs is their ability to enhance bacterial
phagocytosis and killing [36, 82, 83]. Bonfield et al. reported that systemic administra-
tion of MSCs significantly reduced weight loss, chronic infection, circulating neutro-
phils relative to macrophages, and lung pathologies in a murine cystic fibrosis infection
and inflammation model [84]. In our own work, we demonstrated that treatment with
MSC:s significantly enhances gene expression pathways related to antigen presentation
and bacterial killing [36, 85]. How MSCs enhance antibacterial clearance is an active
area of research. Stimulated MSCs, in vitro and in vivo, synthesize antimicrobial peptide
LL-37 and p-defensins. Increased p-defensin 2 levels and antibacterial effects of MSCs
are abolished by specific antagonist or by sSiRNA-mediated knockdown of TLR4, but not
TLR2, and restored by -defensin 2 supplementation [86]. This discovery suggests that
MSCs are a potential therapeutic agent for acute and systemic infections; this will be
tested in further trials looking at the role of stem cell therapy for the treatment of sepsis.

Moreover, MSCs have been implicated in “educating” professional phagocytes
such as macrophages. Recent studies have suggested an emerging role for macro-
phages in the reduction of inflammation and promotion of tissue repair [87, 88].
Coculture or stimulation of immune cells with MSCs alters the expression of a num-
ber of pattern recognition receptors, which appear to play a role in their immuno-
regulatory actions [83, 89]. Human MSCs cocultured with macrophages induce
macrophage M1/M2 phenotype transformation. The M2 macrophages have high
phagocytosis capacity [90], increased migratory and proliferative capacity to pro-
duce extracellular matrix (ECM) components, angiogenic and chemotactic factors,
increased levels of IL-10, decreased TNF-o and IL-12, and low co-stimulatory mol-
ecule CD86 and HLA class II [91]. In addition to the pathogen defense, M2 macro-
phages clear apoptotic cells, can mitigate inflammatory response, and promote
wound healing. Also, M2 macrophages have complex roles outside the context of
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inflammation, such as organ morphogenesis, tissue turnover, and endocrine signal-
ing. This effect of MSC is at least partially mediated by soluble mechanisms and
PGE-2 has been indicated to be one of the factors involved [90, 91]. The current
classification of macrophage immune activation is challenging because two very dis-
tinct aspects are considered: the in vitro effects of selected immune-related ligands
on the phenotype of macrophages and the in vivo. The biological relevance of MSCs
in the reciprocal regulation of M1/M2 macrophages is evidenced in studies where
after injection of MSCs into myocardium and adjacent macrophages adopted an M2
phenotype characterized by strong expression of arginase-1 [92]. Inhibiting M2
macrophages abrogated myocardial repair and regeneration post-injury [87, 93].

The cellular and inflammatory microenvironment determines MSC phenotype
and their effects on the immune system. MSCs may be induced to adopt either pro-
or an anti-inflammatory phenotype (reviewed in detail in [94]). MSCs with a pre-
dominantly pro-inflammatory signature are associated with early stage infection
and inflammation. For example, stimulation of Toll-like receptor 4 (TLR4) with
LPS or TLR2 (peptidoglycan) results in a pro-inflammatory, “MSC1” phenotype
(analogous to the M1 macrophage), whereas priming of TLR3 with poly I:C or ds
DNA results in a MSC2 phenotype with secretion of immunosuppressive mediators
[95]. It has been recently suggested that in vitro MSC expansion media can affect
this phenotype, with platelet lysate-supplemented media favoring a pro-inflamma-
tory MSC phenotype [96], highlighting the fundamental importance of the culture
expansion conditions for the success of future trials.

In addition to targeting inflammation, MSC administration may enhance active
biochemical and metabolic repair. Specifically, MSCs secrete lipoxins, derived by the
sequential actions of lipoxygenases and other enzymes to produce bioactive trihy-
droxytetraenes, structures that are found in all eicosanoids of this class, e.g., lipoxin
A4 (LXA4). LXA4 is a specialized proresolving lipid mediator that dampens exces-
sive inflammation, promotes resolution, and protects from leukocyte-mediated tissue
damage. Although the mechanisms of action are not fully understood, previous stud-
ies suggested that aspirin-triggered 15-epi-LXA4 induces apoptosis in neutrophils in
situ and facilitates resolution of myeloperoxidase-sustained neutrophil-dependent
pulmonary inflammation [42]. Coculture of human MSCs with alveolar epithelial
type II cells in the presence of cytomix significantly increased the production of
LXAA4. In vivo, blocking the LXA4 receptor with WRW4, a LXA4 receptor antago-
nist, in a murine model of LPS-induced lung injury significantly reversed the protec-
tive effect of MSCs on both survival and the accumulation of pulmonary edema [42].

17.3.3 Regulation of Genes That Modulate the Response to Injury
and Repair

Studies looking at changes in gene expression in recipients following MSC administra-
tion point to the role of MSCs in “reprogramming” the inflammatory response network
[97]. MSC administration results in a coordinated modulation of the host transcriptional
response characterized by an overall downregulation of inflammation and
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inflammation-related genes and a shift toward upregulation of genes involved in reduc-
ing inflammation, phagocytosis, and bacterial killing. MSC administration results in
transcriptional reprogramming of multiple genes involved in the host response to injury
and repair. As well, MSC administration alters the expression of genes responsible for
the pro-inflammatory M1 macrophage phenotype together with an increase in anti-
inflammatory M2 macrophage determinants. Our own group employed a genome-wide
expression microarray approach to perform an “unsupervised” network analysis in
major organs commonly affected by sepsis following MSC administration. In addition
to the expected changes in pathways associated with inflammation and tissue repair, we
found that treatment with MSCs returned transcriptional pathways responsible for main-
taining mitochondrial function and consequently cellular bioenergetics to control levels.
This finding is consistent with the possibility of mitochondrial transfer between MSCs
and cells of the host organs as proposed by Islam et al. [31]. Moreover, reduction in
innate immune pro-inflammatory transcription responses was also observed concur-
rently with upregulation of genes tasked with maintaining microvasculature integrity
[98]. This data indicates that the paradigm that a single MSC-derived paracrine mediator
is responsible for the global pleotropic effect of MSCs on transcriptional and network
reprogramming is absurd. A much more plausible explanation is that MSC-conferred
protection from acute injury involves a range of complementary activities, resulting in
mitigation of the innate and acquired immune and inflammatory responses while also
affecting complex networks of host cell-cell, cell-matrix, metabolism and bioenergy
substrate utilization, and functional pathways. The dramatic effect of stem cells on gene
transcription suggests MSCs may generate a coordinated genetic response by regulating
gene expression at a higher gene organizational level that depends on complex network
of transcription factors and histone modifiers, in concert with specific transcriptional
co-activators and co-repressors that activate or repress MSCs [99, 100].

Regulation of gene expression at the epigenetic level occurs via modifications of
chromatin architecture by facilitating the opening of DNA (euchromatin) to permit
transcription or the condensing of DNA (heterochromatin) to repress transcription
[101]. Accordingly, the architecture of chromatin is essential for the regulation of
various chromatin-based cellular processes and is dynamically modulated through
the orchestration of multiple mechanisms including histone modification, DNA
methylation, chromatin remodeling, and noncoding RNA. At present, a large num-
ber of studies are focusing on identifying extrinsic regulators and their intrinsic
target transcription factors that regulate MSC properties and functions. So far we
know that a variety of histone-modifying enzymes are involved in the dynamic reg-
ulation of MSC trilineage differentiation [100]. In addition, epigenetic changes
seem to play a critical role in the ability of MSCs to cross oligolineage boundaries
and differentiate into different cell types, such as neurons, cardiomyocytes, hepato-
cytes, and endothelial cells, under appropriate culture conditions, indicating that
these cells are extremely plastic. Importantly, various chemical genetic approaches,
specific combination of small cell-permeable biological active compounds that are
involved in the regulation of chromatin structure and function, and interfere with
specific cell signaling pathways, may be used for reprogramming MSCs [102]. For
example, histone modifiers alter the differentiation of MSCs into neuronal [103,
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104] or cardiomyocyte [102, 105] cells. Moreover, the epigenetic-modifying drug
such as BIX-01294 (a histone G9a methyltransferase inhibitor) can enhance endo-
thelial differentiation of adipose tissue-derived MSCs through upregulation of sev-
eral endothelial markers and factors associated with blood vessel formation [106].
The relative biological significance of the role of epigenetic regulation to the thera-
peutic potential of MSCs comes from the diabetes and the senescence literature.
MSC:s are responsive to metabolic cues including circulating glucose levels. Long-
term exposure of undifferentiated human adipose tissue stromal cells to high glu-
cose upregulates a subset of inflammation response genes by altering their promoter
histone methylation patterns in a manner consistent with transcriptional derepres-
sion [107]. Genetic alteration studies demonstrate that DNA methyltransferases are
responsible for maintaining methylation, and their loss results in significant myeloid
skewing and self-renewal defects (reviewed in detail in [108]). Evidence that MSCs
can be primed to express epigenetic “marks” provides an argument for priming cells
in an effort to engineer MSCs that can impart specific biological properties to recip-
ients [109, 110].

17.3.4 Transfer of Cellular and Genomic Contents such
as Mitochondria and MicroRNAs

Recently, a novel mechanism for cellular communication involving long-distance
intercellular connections called tunneling nanotubes (TNTs) has come to light [111].
TNTs are actin-based cytoplasmic extensions that not only facilitate direct commu-
nication between distant cells and intercellular trafficking [112] but also are associ-
ated with the transfer of biomolecular cargos such as organelles, Golgi vesicles,
plasma membrane components, and even pathogens [113-115]. BM-derived MSCs
have been shown to have the ability to transfer mitochondria to other cell types via
these TNTSs, thus restoring aerobic respiratory function in cells with defective mito-
chondria [116]. Mitochondrial transfer is thought to augment macrophage function
by improving mitochondrial bioenergetics. As reported for alveolar epithelial cells,
recovery of the energetic function of macrophages is characterized by an increased
ability to generate ATP under conditions in which the cells exhibit mitochondrial
uncoupling or an enhanced proton leak and involves protection of the macrophage by
reducing mitochondrial ROS generation [117, 118]. In a mouse model of ALI, intra-
tracheal delivery of BM-derived MSCs resulted in mitochondrial transfer from MSCs
to alveolar epithelial cells via Connexin-43- containing gap junctions [31]. Following
lung injury, human mitochondrial DNA was detected in mouse lungs, and human
MSCs and their exosomes were shown to prevent accumulation of inflammatory
(Ly6Chigh) monocytes and reduce the production of inflammatory and pro-fibrotic
cytokines [119]. Importantly, MSCs carrying defective mitochondria did not amelio-
rate lung injury, and increased mouse survival was only evident following adminis-
tration of wild-type MSCs. More recent studies demonstrate that mitochondrial Rho
GTPase 1 (MIRO1), a Rho GTPase, functions as a calcium-sensitive adaptor protein
that drives mitochondria along microtubules [120].
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Cells can also communicate with each other by secreting small vesicles into the
extracellular milieu, known as extracellular vesicles (EVs) [121, 122]. EVs are sub-
micron vesicles, which, based on their size, origin, morphology, and mode of
release, can be categorized into exosomes (40-200nm), microvesicles (50—
1000 nm), apoptotic bodies (50-5000 nm), or Golgi vesicles [123]. EVs are secreted
by a multitude of cell and can be isolated via several conventional as well as high-
throughput technologies. Importantly, these vesicles carry a repertoire of mRNAs,
miRNAs, DNA, proteins, and lipids that can be transferred to neighboring cells,
modifying their phenotype as well as the microenvironment [123—125]. The molec-
ular signatures of EVs are selective to each cell/tissue type, which makes them ideal
source for clinical applications [126]. Various studies have shown stem cell-EV's
traffic stem cell-associated transcription factors associated with self-renewal of
stem cells such as Nanog, Oct-4, HoxB4, and Rex-1 [127] key factors in the main-
tenance of pluripotency. They have also been shown to express MSC markers such
as CD105 [128], prominin-1/CD133 [129-131], and KIT [132]. More direct effec-
tors of the stem cell phenotype such as WNT [133], B-catenin [134], and Hedgehog
[135] have also been identified on stem cell-EVs. Moreover, key biological features
of stem cells, such as self-renewal, differentiation, and maturation, could be mim-
icked by stem cell-associated EVs [136—138].

Targeting of proteins into shedding vesicles appears to be entirely selective [139].
Specific proteins may be included or excluded from membrane EVs, leading to the
expression of proteins arrays that differ from those present on the surface of the cells
from which they originated. The most comprehensive proteomic characterization of
MSCs and exosomes to date detected 580 membrane-associated proteins including
those required to meet the minimal criteria for MSC classification (CD73, CD90,
CD105) across various MSC samples [139]. Precondition alters the proteins in exo-
somes [140, 141]. Exposure to ischemic tissue conditions enhanced the proangiogenic
properties of exosomes, facilitating localized tissue healing. A total of 1927 proteins
were identified in MSC-derived exosomes from three different donors following
exposure to ischemic conditions, of which 457 were not expressed under baseline
conditions, suggesting MSCs can be made to generate “tailored” exosomes [142].

Exosomes derived from MSCs may have the capability to mediate much of the
functionality traditionally associated with canonical secretory proteins such as
growth factors of the MSC secretome [143—147]. Exosomes, in particular, are small
lipid-bound, cellularly secreted vesicles [148] that mediate some of the tissue heal-
ing properties of MSCs [149]. In addition, EVs from lung cells have been shown to
induce bone marrow cells to express mRNAs coding for lung-specific proteins such
as Clara cell protein, aquaporin-5, and surfactants. Furthermore, this phenomenon
is enhanced significantly during lung injury [150]. Of importance to the manage-
ment of ARDS, KGF mRNA is present in microvesicles, suggesting that the repara-
tive function might stem from boosting certain growth factors in the recipient.
Administration of MVs derived from human MSCs can improve survival in part
through KGF secretion and decreased the influx of inflammatory cells, cytokines,
protein, and bacteria in mice injured with bacterial pneumonia. In primary cultures
of human monocytes or alveolar type 2 cells, the uptake of MVs may be mediated
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by CD44 receptors. MVs enhance monocyte phagocytosis of bacteria while decreas-
ing inflammatory cytokine secretion and increased intracellular ATP levels in
injured alveolar epithelial type 2 cells. Prestimulation of MSCs with TLR3 agonist
further enhances the therapeutic effects of the released MVs [151].

Of specific interest is the transfer of microRNAs in exosomal vesicles. Until
recently it was thought that stem cells can rejuvenate damaged cells by mitochon-
drial transfer, but recently it has been shown that mitochondrial transfer by MSCs
may not be an altruistic event but rather may serve to enhance the survival of MSCs.
By unloading partially depolarized mitochondria, MSCs can obviate death. MSCs
manage intracellular oxidative stress by targeting depolarized mitochondria to the
plasma membrane via arrestin, a domain-containing protein 1 (ARRDCI)- medi-
ated microvesicles. Vesicles containing these depolarized mitochondria are in turn
engulfed by macrophages. Elimination of depolarized mitochondria is a priority for
MSCs that experience high mitochondrial ROS generation when cultured under
stressful conditions (such as in the presence of atmospheric oxygen tension) [152].
In parallel, however, MSCs also shed microRNA-containing exosomes that inhibit
macrophage activation by suppressing TLR signaling, thereby desensitizing macro-
phages to the ingested mitochondria [119]. Exosomes modulate TLR signaling and
cytokine secretion in macrophages, in part, by transfer of regulatory microRNAs. A
microRNA contained within MSC-derived exosomes is miR-451, known to sup-
press TNF, and macrophage migration inhibitory factor [153, 154]. Based on this
new evidence, it seems that transfer of mitochondria that have escaped mitophagy
may be pro-inflammatory and pro-injurious [155, 156]. Therefore, silencing TLR
responses in macrophages is likely necessary to induce tolerance to transferred
mitochondria. Circumstances would have it that the immunomodulatory activities
of MSC-derived exosomes may have evolved, in part, as a mechanism by which
MSC:s survive oxidative stress and serendipitously confer on cells the ability to sup-
press inflammation, in lung injury models [119].

17.4 Summary and Future Directions

Although this is an exciting time for immunotherapy for ARDS, the issue of safety
remains a lingering concern in the field. A recent meta-analysis has comprehen-
sively summarized the safety of systemic MSC administration in humans. Lalu
et al. were unable to detect associations between MSC treatment and the develop-
ment of acute infusional toxicity, organ system complications, infection, death, or
malignancy. Importantly, this group also showed that there was no evidence of
increased susceptibility to infection with MSC administration. Although MSC
immunomodulatory effects may be beneficial in pro-inflammatory diseases, these
same effects may leave a patient susceptible to infection. Development of novel
stem cell or stem cell-like products with wide pleotropic effects that target compet-
ing pathological processes in ARDS offers a unique opportunity for advancement in
the field. Many questions remain including identifying specific mechanisms of
action, potency, dose, frequency, and markers of biological efficacy and response to



284

C.C. dos Santos

therapy. As we move toward large-scale multicenter randomized clinical trials, it
will be important to define specific mechanisms of action, the potential for engi-
neering performance enhanced cell-products, and the development of cell-free
adjuncts that may perhaps replace cell therapy.
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Sedation 1 8

Giovanni Mistraletti, Paolo Formenti,
and Giovanni Sabbatini

18.1 Introduction

The severity of the acute respiratory failure, the necessity of lifesaving invasive
procedures, and the harsh intensive care unit (ICU) environment make sedation nec-
essary in ARDS patients [1]. Such patients may experience a dangerous condition,
both physical and psychological, and need the most appropriate and individualized
neurological treatment. Among many other vital organ failures, the early and long-
term consequences of ARDS may lead to severe brain dysfunction [2].

Pain, agitation, delirium, anxiety, and alteration of consciousness are common
conditions in ARDS patients [3]. They are frequently triggered by treatable causes,
like hypoxemia, hypercarbia, acidosis, hypoglycemia, hypo- or hypernatremia, sep-
sis, hypovolemia, and alcohol or drug withdrawal, or by lifesaving medical treat-
ments comprehending mechanical ventilation, invasive procedures, forced body
postures, and uninterrupted noise and light stimulation, together with their conse-
quences like sleep deprivation or the impossibility of communicating with the staff
[4]. International guidelines recommend to face and treat first all organic and meta-
bolic causes of distress and to minimize environment-linked stressors [5, 6]. As a
second step, they suggest the administration of analgesic, sedative, and antipsy-
chotic drugs to ensure comfort, at all stages of the illness. Adequate levels of seda-
tion, therefore, represent a primary target for managing ARDS patients. However,
since neuroactive therapy is related to several important side effects like hemody-
namic instability and cardiac dysrhythmias [7], sepsis [8], ileus, delirium [9], and
lengthening of respiratory weaning [10], it is important to titrate it to the lowest
effective amount [11].
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Several authors have pointed out the need for light sedation [12, 13], due both to
the detrimental effects of neuroactive therapy itself and to the clinical and economi-
cal costs associated with deeper-than-needed sedation levels [1, 14, 15]. Daily inter-
ruption of intravenous short-term sedative administration [16] in association with a
spontaneous breathing trial [17] may decrease the mechanical ventilation length and
reduce both complications and prevalence of delirium. Analgesia-based sedation
could be another effective way to manage ARDS patients, relying on the opiates’
ability to maintain adaptation to mechanical ventilation while preserving patients’
consciousness [18]. However, the use of short-half-life analgesics (remifentanil) is
only indicated for short-stay patients, while there is no difference among opiates for
patients requiring mechanical ventilation longer than 3 days [19, 20]. In 2010,
Strom et al. demonstrated that a protocol based only on morphine 5 mg boluses
allows minimal sedation and provides better outcomes, rather than adding propofol
to achieve deeper sedation levels [21].

The conscious sedation target is an innovation of the utmost relevance in the field
of ICU care. Nonetheless, some intensivists tend to consider it unfeasible, consider-
ing the potential higher risk of ventilation-related lung damage, the risk of self-
removal of invasive devices [22], and the possible stress/discomfort for patients
[23]. From an ICU staff perspective, it also raises the issue of an increased work-
load. These beliefs, however, are at least partially unfounded [24]. Intensivists have
to face the side effects of both pharmacological and physical “restraint” methods,
continuously pursuing the best approach for patient security and healing.

Despite guideline suggestions and the fact that between 60 and 80% of ICUs use a
specific score to evaluate the level of sedation [25], many physicians routinely maintain
[26] a deeper than desired level of sedation [27], probably causing avoidable side effects.
Pragmatically, it is important to underline the concept that it does not exist in one-and-
only sedative treatment which can be always adequate; at the same time, a disproportion-
ate fear to use sedative drugs is inappropriate. Even if the clinical course of each ARDS
patient is different from the others, it is useful to distinguish at least two different sce-
narios, leading to the neuroactive drug prescription (Fig. 18.1) in ARDS patients. In the
acute phase, intubation and placing of vascular catheters and other maneuvers devoted to
clinical stabilization require a deep sedation target, similar to general anesthesia. On the
other hand, in the subsequent phase, it is important to change the target toward a lighter
sedation, by using the lowest amount of neuroactive drugs in order to only obtain a patient
adaptation to critical illness. This second phase has to begin as soon as possible, fre-
quently after the second/third ICU day. Other practices such as adjustment of the mechan-
ical ventilation settings, of the drug therapies, and of the environment to the specific
necessities of each specific patient can help in reducing discomfort.

18.2 The Key Importance of Continuous Neurological
Assessment with Validated Tools

International guidelines clearly recommend systematic assessment of pain, agita-
tion/sedation, and delirium in all ICU patients, with validated tools [4-6]. They
provide repeatable and comparable measurements, able to adequately titrate the



18 Sedation 293

Severity 1
RASS +4 - Death .. of
target - R iliness
+2
+1 Recovery
0

Icu
2ah a8h 72h ICU days discharge

Reasons N Invasive procedures
and clinical stabilization
for

H Use of sedative drugs for «patient adaptation» to critical illnesses
sedation Useo B8 for p pration t nesse
(anxiety/agitation, oxygen consumption decrease, compliance with mechanical ventilation, ...)

Fig.18.1 The target level of sedation is different from the first period, devoted to clinical stabili-
zation and protective ventilation, to the second one, when patients need to receive lighter sedation,
intended to join and maintain a calm, conscious, and cooperative neurological state

analgesic, sedative, and antipsychotic therapy. The goal is to control the stress
response and the neurological symptoms together keeping ARDS patients awake,
cooperative, and well adapted to the necessary invasive procedures as soon as pos-
sible [28]. An excessive use of neuroactive drugs [26] correlates with longer
mechanical ventilation and ICU stay, as well as with an increased risk of serious
neurological consequences in both the short- and long-term [10, 29].

Among the validated tools, the scales with the highest psychometric properties
[30] are the Verbal Numeric Rating (VNR), the Behavioral Pain Scale (BPS) [31],
or the Critical-Care Pain Observation Tool (CPOT) [32] for the pain assessment, the
Richmond Agitation-Sedation Scale (RASS) [33] and the Sedation-Agitation Scale
(SAS) [34] for the agitation/sedation assessment, and the Confusion Assessment
Method for the Intensive Care Unit (CAM-ICU) [35] and the Intensive Care
Delirium Screening Checklist (ICDSC) [36] for the delirium assessment.

Pain assessment has become culturally essential for intensivists, both nurses and
physicians. Proper identification of pain symptoms in critically ill patients represents a
challenge because of complexity in communication with patients needing endotracheal
respiratory prostheses, because of altered state of consciousness or because of neuroac-
tive drugs use. To address these issues, specific behavioral scales were designed and
validated both in unconscious/sedated [37] and in conscious/awake patients [38] and
established as a valid, reliable, and simple tool to be used in clinical practice.

Regarding sedative drugs, their under- or overuse may compromise clinical stabil-
ity. Life-threatening side effects of untreated agitation and stress response are evi-
dent: self-removal of life-sustaining devices, tachypnea, tachycardia, hypertension,
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sustained hypoxemia, and hypercarbia due to uncoordinated mechanical ventilation
[6]. At the same time, deeper-than-necessary sedation increases the length of ICU
stay [5], the duration of mechanical ventilation [21], the sepsis severity [8], and the
onset of new neurological failures both during hospitalization like delirium and after
discharge [29] like the development of psychological reactions of traumatic nature
(posttraumatic stress disorder, PTSD). In order to obtain the best sedative titration,
the use of validated tools is mandatory. For example, the RASS describes ten levels
of sedation/agitation through observation and verbal and physical stimulation. Scores
range from —5 (unconscious, unresponsive to voice and physical stimuli) to + 4
(overtly combative, violent, immediate danger to staff), adequately describing the
possible neurological condition needing an immediate intervention.

While regarding pain and agitation evaluation encouraging results are present in
literature [39], delirium recognition [40] and assessment is more challenging, since
its success is linked to an effective and lasting staff training [41]. Delirium has a
very high prevalence in critically ill patients [42], with a direct relationship between
increased morbidity and mortality and the duration (in days) of delirium [43, 44].
The presence and duration of delirium also correlates with a significant deteriora-
tion in the quality of life after ICU discharge [45]. Large literature recommends the
use of validated tools [46], like the Confusion Assessment Method for the ICU
(CAM-ICU) and the Intensive Care Delirium Screening Checklist (ICDSC). The
CAM-ICU has excellent sensitivity and specificity and is based on only four items
(acute modification of consciousness, inattention, disorganized thinking, altered
level of consciousness). This allows a shorter training to teach ICU staff members a
validated way to evaluate delirium.

All these measurements have to be reported in the clinical chart at least once
per shift, together with an evaluation of adequacy of sedative treatment. The
neurological monitoring plays a key role in ARDS patients, and it is quick to
perform. A complete example of evaluations recommended by international
guidelines is reported in Fig. 18.2. Physicians have to state the desired sedation
target for that specific patient at that specific moment of clinical course; nurses,
on their part, report the actual neurological state, describing pain, anxiety, agita-
tion, sleep, need for physical restraints, and delirium, together with a compre-
hensive evaluation of sedative therapy, in order to get the most adequate
treatment titration.

18.3 Sedation Assessment

The appropriate target level of sedation primarily depends on a patient’s acute dis-
ease process and on the therapeutic and supportive interventions required. After the
first few days of ICU stay, characterized by clinical stabilization and invasive proce-
dures, the sedation target is a calm patient, awake during the day and asleep at night.
The use of deep levels of sedation to facilitate mechanical ventilation or painful
procedures should be minimized with ventilation setting optimization and adequate
analgesia, rather than deepening unconsciousness [12, 47].
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Fig.18.2 An example of very simple neurological monitoring card, used in a general ICU of the
University Hospital (A.O. San Paolo, Milano), to be added within a dedicated spot in nursing
sheets. For each shift — morning, afternoon, and night — physicians have to state the target level of
sedation, while nurses have to monitor and record, through appropriate validated tools, neurologi-
cal parameters, and also to evaluate the adequacy of sedative therapy as prescribed by physicians

The appropriate balance of sedation and analgesia is difficult to be achieved and
maintained. Without a rational agreement upon “target levels” of sedation, different
members of the healthcare team will have disparate treatment goals, increasing the
chance for iatrogenic complications and potentially delaying recovery [48].

The target level of sedation should be discussed and defined at the beginning of
each staff shift and reevaluated regularly as the clinical condition of the patient
changes. The pharmacological treatment should be planned with the appropriate
flexibility to allow titration to the desired endpoint, anticipating fluctuations in seda-
tion requirements throughout the day. Frequent monitoring with validated tools
improves communication among clinicians and plays an important role in detecting
and treating pain, agitation, and delirium while avoiding excessive or prolonged
sedation [25].

18.3.1 Sedation Assessment with Objective Methods

Within several objective methods to sedation assessment proposed, none of them
have fully yielded satisfying results. For example, bispectral index (BIS) monitor
is a four-channel electroencephalographic (EEG) monitor which generates a single
number that correlates with depth of consciousness during general anesthesia. The
poor correlation between BIS and validated ICU sedation scales is related with BIS
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values variability at the awake/agitated levels and of the electromyography (EMG)
interference [49]. Based on the analysis of EEG signal irregularity, the entropy
monitor also utilizes the EMG signal, which may provide information useful for
assessing whether a patient is responding to an external, painful stimulus, but with-
out adding useful information to sedation assessment. In this context, some advan-
tages could be offered by the responsiveness index [50]. Auditory evoked potentials
(AEP) are electrophysiological responses of the nervous system to standard sen-
sory stimulation transmitted through headphones. These methods may have a role
in monitoring sedation levels only in patients needing deep sedation, or receiving
neuromuscular blocking agents, as in this circumstance sedation scales cannot be
used [49].

Monitoring blood drug values is useful only when there is a correlation between
plasmatic concentration and pharmacological effect [51]. However, ARDS patients
may be affected by renal and hepatic dysfunctions that impair their ability to metab-
olize and excrete drugs. Moreover, hypoxia, inflammatory mediators, and abnormal
diets are common, too, and all affect enzymatic function. Thus, this method cannot
be recommended for sedation monitoring [52, 53]. Spontaneous, non-propulsive
lower esophageal contractility (LOC) is definitely stress related and increases in
frequency as the dose of anesthetic is reduced. Deepening of anesthesia resulted in
progressive suppression of LOC. However, LOC has great inter-variability and is
affected by drugs such as atropine. The electromyogram responsiveness is not suf-
ficiently sensitive to monitor sedation in ICU patients [51].

Actigraphy provides a continuous measure of body movements and was initially
developed to measure sleep-wake cycles. This small electronic device containing an
accelerometer continuously senses and records minimal movements, summarizing
such data in numerical form. Wrist actigraphy provides useful nonspecific observa-
tions in ICU patients. Even if it does not discriminate the lack (or the excess) of
analgesics and sedatives from other acute neurological dysfunctions, preliminary
observations suggest that the measurement of body movements could provide a
timely indication of acute changes in neurological status generating motor agitation
or hypoactive behavior [54]. This objective method is relatively new in this context.
It presents interesting properties, worthy of future investigation [55].

18.3.2 Sedation Assessment with Subjective Methods

Individual assessments of sedation, performed at the bedside by nurses or physi-
cians, can be hampered by a lack of objectivity. Guidelines recommend establishing
a sedation target and regularly redefining it for each patient, using a validated seda-
tion assessment scale. The use of such a scale is a key component of sedation algo-
rithms [1, 4-6]. It helps in managing agitation and establishing a target level of
sedation for medication titration, in order to promptly detect oversedation when the
target level is exceeded. All sedation algorithms recommend to use a sedation scale,
such as Ramsay Sedation Scale (RSS), Richmond Agitation-Sedation Scale (RASS),
and Riker Sedation-Agitation Scale (SAS) [56].



18 Sedation 297

The use of a scale to assess level of consciousness dates to the introduction of a
six-point scale by Ramsay et al. (RSS) more than 40 years ago [57]. Nowadays, it
continues to be a widely used scale for monitoring sedation in daily practice [58].
Some experts consider that it is more a scale of consciousness than a tool for the
measurement of sedation. RSS has been extensively tested but it has never been
validated. Moreover, it does not grade agitation. Consequently, this scale is exces-
sively subjective and has poor validity. Many other scales have been proposed [59];
some of them are not validated. They are not recommended for clinical use.

The ideal scoring system should be easy, reliable, sensitive, and with minimal
interobserver variability. Moreover, it should give no or minimal additional discom-
fort to the patient. Even though a complex scoring system is not suitable for the
ICU, oversimplification brings risk of neglecting important information. Most of
the proposed tools are a compromise between accuracy and time required for evalu-
ation of sedation [60].

Recently developed scales often combine the sedation/arousal domain with an
assessment of agitation, like the SAS, the RASS, the Motor Activity Assessment
Scale (MAAS), the Observer’s Assessment of Alertness and Sedation (OAAS), the
Nursing Instrument for the Communication of Sedation (NICS) [61], and the
Bloomsbury Sedation Score (Fig. 18.3).

Unlike other validated instruments, the RASS separates verbal from physical
stimulation so that the patient’s level of arousal may be graded according to the
potency of the stimulus. Interestingly, RASS is validated also to assess patients’
sedation over time, both in spontaneously breathing/mechanically ventilated and in
sedated/nonsedated critically ill patients.

SEDATION / AGITATION SCALES IN INTENSIVE CARE UNIT
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Fig. 18.3 Among the different validated tools for agitation and sedation assessment, each ICU
should collegially choose the one to use
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Other multiple-item sedation scales are described in literature. The Adaptation to
the Intensive Care Environment scale (ATICE) consists of five items [62]: aware-
ness and comprehension combined in a “Conscious” domain; calmness, ventilator
synchrony, and facial relaxation are combined in a “Tolerance” domain. As for
ATICE, the Minnesota Sedation Assessment Tool (MSAT) evaluates the level of
consciousness of patients receiving invasive mechanical ventilation. It measures
arousability, spontaneous muscle activity, and global sedation quality. The
Vancouver Interaction and Calmness Scale (VICS) consists of two five-item sub-
scales quantifying separately calmness and interaction with operators. These more
complex scoring systems are usually adopted in clinical trials to evaluate a new drug
or a new objective tool for sedation assessment, whereas in daily practice, easily
applied scores are usually preferred.

18.3.3 Choosing and Implementing an Evaluation Scale

Desirable features of sedation evaluation instruments should include rigorous mul-
tidisciplinary development; ease of administration, recall, and interpretation; well-
designed discrete criteria for each level; sufficient sedation levels for effective drug
titration; assessment of agitation; and demonstration of inter-rater reliability and
validity in relevant patient populations [48]. Each ICU has to choose the best tools
for its patient population and to plan specific intervention to introduce it in daily
care [63].

Teaching protocols used for implementation of sedation scales have shown good
results among ICU caregivers. Different methods have been used to implement
evaluation tools in clinical practice. Typically, they are based on introductory in-
service for nurses and operators followed by graded, staged educational interven-
tions at regular intervals. Web-based, freely available teaching interventions have
been also proposed (www.icudelirium.org, www.sedaicu.it).

Some emerging problems remain, particularly about the fluctuation of conscious-
ness. ARDS patients are prone to sudden changes in their state of consciousness due
to the effects of drugs, sleep disruption, organic and metabolic disease, or delirium.
Assessment of sedation once a shift is indispensable but not sufficient. Among the
different possibilities (minimal/maximal level, prevalent level, worst level), it is
important to state the duration of each value within the observed shift. Sedation and
agitation need to be reassessed both on a regular basis and during any clinical modi-
fication, to promptly capture all the modifications requiring intervention. Moreover,
it is relatively common for patients to manifest sudden aggressive behavior when
recovering from sedation and without fully awakening. For this reason, it is impor-
tant to boost interdisciplinary communication between nurses and physicians in
order to be aware of and prevent these problems.

Lastly, making a sedation assessment during the night is frequently challenging.
Most analgesics and sedatives are known to make patients sleepy, but without reach-
ing a restorative, physiological sleep [64]. If a critically ill patient appears calm and
keeps his/her eyes closed during the night, he/she should not be stimulated just to
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make a sedation assessment. He/she could be observed during unavoidable proce-
dures happening in the ICU during the night, in order to discriminate normal sleep
(with arousals due to noise or light) from sedation or coma.

18.4 Clinical Practice Flowcharts for Pain, Agitation,
and Delirium Management

Recognition that heavy sedation may increase mortality and morbidity has led to a
new approach that maximizes the comfort of the patients while they remain awake,
interactive, and oriented. This new approach relies on strategies such as daily inter-
ruptions of sedation, analgesia-based sedation, enteral sedation, avoidance of para-
Iytic agents, early mobilization, and use of validated tools for sedation assessment
[1]. In recent years, many guidelines have been proposed [4-6], representing a
guide to symptom-oriented prevention, diagnosis, and treatment of delirium, anxi-
ety, stress, and protocol-based analgesia, sedation, and sleep management. They
comprehensively describe all attentions to be paid to perform the best neurological
treatment. Nevertheless, even in guidelines with a high-quality rating, numerous
recommendations have moderate or low levels of evidence [65].

Overall, the principal recommendation regarding analgesia is to evaluate pain
and maintain its level < 4/10, by beginning early than late the treatment of pain, and
by using opioid drugs first, together with non-opioid and multimodal analgesia
techniques. A simple and practical flowchart at the bedside is presented in Fig. 18.4.

Regarding sedation, a target RASS of 0/—1 is recommended for all ICU patients,
with the use of deep sedation reserved only for patients with specific indications
(e.g., early ARDS patients, requiring neuromuscular blocking or prone positioning).
In particular, intensivists should consider the specific indication and individual goal
of sedation and the pharmacokinetics/pharmacodynamics of each drug used. Non-
benzodiazepine drugs, such as propofol or dexmedetomidine, have to be preferred.
The need for sedation varies widely among different patients and with the illness
course, and it has to be defined among “deep sedation”, “cooperative/awake seda-
tion,” and “no sedation,” always preferring superficial levels of sedation and pro-
moting early mobilization. The use of containment measures in episodes of severe
agitation has to be performed in this order: first verbal, then pharmacological, and
finally physical, considering that neuroactive drugs should not be administered in
excess as a form of “chemical immobilization.” In the sedation flowchart (Fig.
18.5), it is clear that defining a target and evaluating the actual level of sedation or
agitation with validated tools are absolute priorities. The choice of the specific seda-
tive drug, albeit important, comes only after a clinical reasoning focused on manag-
ing the organic/metabolic causes and the problems that may be caused by adjustable
invasive devices.

Recommendations about delirium are prescribed first to identify modifiable risk
factors (Fig. 18.6) and to detect regularly the appearance of delirium by using the
CAM-ICU. In case of delirium appearance, it is indicated to use a non-
pharmacological protocol first, along with the suspension or decreasing of
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Fig. 18.4 This flowchart can be used at the bedside, to adequately manage pain in critically ill
patients
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Fig.18.6 This flowchart can be used at the bedside, to timely manage delirium in ICU

deliriogenic therapies, and then to select the most appropriate drug (haloperidol,
atypical antipsychotics, or dexmedetomidine; avoid the use of benzodiazepines) and
titer its dose to the lowest effective dose.

18.5 Sedation Protocols Presented in Literature

Beyond the choice of the specific drug [66—68], the most frequently used method for
administering sedatives is the continuous intravenous route, because of its pharma-
cokinetic properties [63]. Intravenous infusions present predictable and easy to
handle onset/offset properties, justifying the search for an early goal-directed seda-
tion strategy [69]. Although these characteristics are necessary in short ICU stays,
they may be useless, or even dangerous, for patients requiring more than 3 days of
mechanical ventilation [27]. When using potent drugs, it is easy to incur in overad-
ministration albeit goals are established and adequate [25]. Moreover, daily awak-
ening trials produce far-from-physiological neurological fluctuations [70], and
continuous deep sedation does not permit patients to recall factual memories, which
has been proven effective in preventing PTSD [71].

If continuous intravenous infusion is used, the daily interruption of sedatives and
analgesics is recommended in order to reduce the total administered dosage and to
perform a spontaneous breathing trial, if allowed by the respiratory condition of the
patient. The purpose is to reduce the development of complications and the duration
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of mechanical ventilation [17]. This strategy may prove less effective if specific and
ICU team-shared protocols are used [72].

Many quite different sedation protocols have been presented in literature [10, 73,
74]. Some of them essentially rely on the use of different drug doses [75], with the
aim to different sedation levels [56, 76]. Other protocols are based on nursing-
implemented algorithms [13, 77-79] or on analgesia-first sedation [21, 80].
Moreover, tested ways to optimize sedation management in ICU are patient-
controlled sedation [81] or automated sedation in patients needing deep sedation
[82], the use of inhaled halogenates [83, 84], or the enteral administration of drugs
[28, 85]. All these protocols rely on the continuous and adequate neurological
assessment made with validated tools, in order to measure not only pain, agitation,
and delirium but also level of consciousness and patient mobilization.

The most promising protocol, in terms of efficacy, recommends to join the seda-
tion strategies with early physiotherapy [86], mobilization [87], and occupational
therapy [88, 89], also engaging patient families. Even if implementing such proto-
cols is not simple [90], from the first presentation made in 2010 [91, 92], it has
offered the best results in terms of effectiveness [93]. Briefly, following the acronym
ABCDEEF, the authors made these suggestions:

* Assess, prevent, and manage pain.

* Both spontaneous awakening trial and spontaneous breathing trial.
* Choice of analgesia and sedation.

e Delirium: assess, prevent, and manage.

» Early mobility and exercise (goal-directed early mobilization).

* Family engagement and empowerment.

18.6 Special Circumstances

Regarding ARDS patients needing extracorporeal life support systems (ECLS),
there is a gray area about sedation, where safety aspects and the ability to positively
influence recovery must be balanced. Patients on ECLS have numerous risk factors
to develop both delirium during the ICU stay and PTSD after discharge. Hyperactive
delirium or agitation can be life-threatening for these patients, so that a consequent
monitoring and a symptomatic therapy of stress, anxiety, delirium, pain, and insom-
nia is essential to safely achieve a target RASS of 0. The higher level of alertness
allows the patient to actively partake in physical exercises [94] that is considered a
feasible and safe goal [95, 96]. International guidelines recommend a strict defini-
tion of sedation targets for patients on ECLS, including frequent clinical monitoring
and continuous adjustment of the level of sedation required [4].

Positioning therapy has been demonstrated effective in ameliorating prognosis of
severe ARDS patients. It is used for prophylaxis and treatment of respiratory dys-
functions and requires an individual sedation target. Changes of the position fre-
quently represent a challenge for the symptomatic treatment of anxiety, stress, and
pain. Therefore, a symptom-orientated therapy should be adapted for changing
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demands during positioning therapy. Though a deep sedation may be indicated for
patient repositioning [97], an excessive sedation should be avoided through the use
of objective tools based on EEG analysis, as previously described.

The use of non-depolarizing neuromuscular blockers in patients with severe
ARDS is suggested during the first 48 ICU hours. Despite this practice, it is sug-
gested not to routinely increase the dose of sedatives, when accompanied by an
infusion of opiates, even in patients subjected to permissive hypercapnia [98]. To
control respiratory rate, fentanyl is recommended as the analgesic of choice in
patients with hemodynamic instability, bronchial asthma, or COPD, with respect to
the other opiates. Methadone via the enteral route could be used in patients receiv-
ing opiates for more than 5 days, but still needing mechanical ventilation. Once
tracheostomy is performed, it is advisable to consider a decrease in sedative and
analgesic regimens.

After the hyperacute phase of respiratory failure, a defined sedation and analge-
sia monitoring and dose adjustment protocol is recommended, to shorten the wean-
ing process. This protocol should include daily evaluation of sedation, an awakening
test and a spontaneous breathing test. It is advisable not to use benzodiazepines in
the withdrawal of MV. Dexmedetomidine is recommended in case of weaning dif-
ficulties, in patients with withdrawal syndrome, or after failed attempts of weaning
secondary to agitation and delirium [67]. Low-dose remifentanil in continuous infu-
sion is another effective alternative during weaning process. Music therapy is a
possible non-pharmacological adjuvant to sedation [99]. Melatonin supplementa-
tion could be useful to decrease the need for sedative drugs, then shortening the
ventilation length [100], and to restore the sleep-wake rhythm.
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Acute Respiratory Distress Syndrome 1 9
in Children

Martin C.J. Kneyber

19.1 Introduction

A wide array of insults can lead to respiratory failure in children. Its most severe
form — acute respiratory distress syndrome (ARDS) — was originally described by
Ashbaugh in 1967 [9]. His description included criteria that remained the corner-
stone for the diagnosis for decades, which included a PaO./FiO, ratio of less than
300 mmHg; diffuse, bilateral chest radiograph appearances; an identifiable insult
within 7 days of the onset of ARDS; and well-preserved left ventricular function as
demonstrated by a pulmonary capillary wedge pressure of less than 18 mmHg. This
initial description included the word ‘adult’, although the disease appeared to be
similar to a certain degree as to what was seen in paediatric critical care [70]. Similar
to adults, paediatric ARDS (PARDS) occurs after pulmonary and extra-pulmonary
insults. This chapter discusses the current understanding of PARDS and its similari-
ties and differences with adults.

19.2 Epidemiology of Paediatric ARDS

For long, despite its inherent limitations, paediatric critical care practitioners have
adopted the North American-European Consensus Conference (NAECC) definition
of ARDS established in 1994 to describe and study the epidemiology of ARDS in
children [15]. Using this adult-based definition, the incidence of ARDS in children
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varies between two and ten cases per 100,000 per year (Table 19.1) [17, 34, 46, 72,
80, 95, 156, 159]. In contrast, population-based studies in the USA, Europe,
Australia and New Zealand using the NAECC definition indicate that the incidence
of ARDS in the adult population ranges from 17.9 to 81.0 per 100,000 person-years
[16, 92, 97, 123]. Thus, it appears that the susceptibility to ARDS may be age
dependent. Importantly, it cannot be ruled out that the incidence may be underesti-
mated as paediatric critical care physicians tend to describe the patient by diagnosis
rather than ARDS [80]. Despite this, the prevalence of PARDS varies between 1.4
and 3.4 of all patients admitted to the paediatric intensive care unit (PICU) when
estimated from the paediatric critical care perspective (Table 19.1). This number
may increase up to approximately 7-10% of all children who are mechanically
ventilated [80, 95]. Pulmonary ARDS in children is usually caused by a viral or
bacterial pneumonia, whereas systemic infection or (major) trauma is a common
cause of extra-pulmonary PARDS [29, 80].

PARDS is associated with significant but at the same time variable mortality
rates. Numerous small and large observational and epidemiological studies of
children with PARDS indicate mortality rates of 15-75% [126]. Mortality rates
may be the lowest in children without comorbidities [95]. A recent systematic
review of all published PARDS studies suggested that the mortality was higher in
non-Western countries [126]. Remarkably, there appeared to be a decrease in mor-
tality rates over time, especially when paediatric data reported before 1994 was
taken into account (Fig. 19.1) [126]. The possible decrease in mortality may be
explained by differences in patient population, changes in ventilatory manage-
ment of children with PARDS over time or institutional variation in management
of PARDS. For instance, some group of investigators reported relatively low mor-
tality rates when lung-protective ventilation (LPV) strategies were applied [6,
116]. Furthermore, the use of high-frequency oscillatory ventilation (HFOV) is
much more common in the paediatric population, potentially biasing the observa-
tions on mortality [7, 11, 95].

Various risk factors predicting mortality during the acute phase of PARDS have
been identified, including the presence of immunodeficiency, non-pulmonary sep-
sis, older age, HIN1 influenza or multiple organ failure upon diagnosis of PARDS
[50, 120]. The highest mortality rates (e.g. over 90%) have been reported in children
with haematologic malignancies and disseminated intravascular coagulation or who
have undergone bone marrow transplant [19, 42, 74]. Investigators have also
observed that the degree of oxygenation impairment was associated with increased
mortality in various patient cohorts [120]. Although predictive for patient outcome,
commonly used metrics of oxygenation such as the PaO,/FiO, ratio, oxygenation
index, alveolar—arterial oxygen gradient, arterial-alveolar oxygen ratio and paediat-
ric lung injury score necessitate arterial PaO,. Alternatively, observational studies
have shown that provided SpO, is less than 98%; the SpO,/FiO, ratio, oxygen satu-
ration index (OSI) and non-invasive paediatric lung injury score are validated non-
invasive scores to estimate patient outcome [77, 79, 141]. Others have suggested
that patient outcome may also be predicted by the end-tidal alveolar dead space
fraction or the dead space to tidal volume ratio in PARDS [103] [58].
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Fig.19.1 Summary of mortality rates as function of time in children with acute respiratory dis-
tress syndrome (ARDS)

The role of biomarkers in predicting disease severity and outcome such as epi-
thelial markers such as KL-6 and surfactant protein D, endothelial markers such as
von Willebrand factor and Ang-2, coagulation and fibrinolysis markers and markers
for inflammation is little studied and therefore remains inconclusive [104].

19.3 A New Definition for ARDS in Children

In 2015, the Pediatric Acute Lung Injury Consensus Conference (PALICC) devel-
oped a paediatric-specific definition for ARDS in children. This initiative was
fuelled by the lack of a paediatric context in both the original NAECC definition of
ARDS and its revised definition, the Berlin definition. By purely focusing on lung
injury in adults, differences between children and adults related to risk factors, aeti-
ologies and pathophysiology most likely have been overlooked.

The new definition of PARDS (Table 19.2) mirrors the Berlin definition in two
ways, being timing of onset and exclusion of patients with cardiac failure or fluid
overload that may explain the respiratory failure. Importantly, paediatric patients
with causes of acute hypoxaemia that are unique to the perinatal period such as
prematurity-related lung disease, perinatal lung injury (e.g. meconium aspiration
syndrome, pneumonia and sepsis acquired during delivery) or other congenital
abnormalities (e.g. congenital diaphragmatic hernia or alveolar capillary dysplasia)
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Table 19.2 Definition of paediatric acute respiratory distress syndrome (PARDS) according to
the Pediatric Acute Lung Injury Consensus Conference (PALICC)

Age

Exclude patients with perinatal-related lung disease

Timing

Within 7 days of known clinical insult

Origin of oedema

Respiratory failure not fully explained by cardiac failure or fluid
overload

Chest imaging Chest imaging findings of new infiltrate(s) consistent with acute
pulmonary parenchymal disease
Oxygenation Invasive mechanical ventilation Non-invasive mechanical
ventilation
Mild Moderate Severe PARDS (no severity
stratification)
4<0I 8<0I< 16 Ol > 16 Full face-mask bi-level
<8 7.5<0SI< OSI > ventilation or CPAP >5 ¢cmH,0
5<0SI 123! 12.3! PF ratio < 300
<7.5! SF ratio < 264!

Special populations

Cyanotic heart
disease

Standard criteria above for age, timing and origin of oedema with chest
imaging with an acute deterioration in oxygenation not explained by
underlying cardiac disease’

Chronic lung
disease

Standard criteria above for age, timing and origin of oedema with chest
imaging consistent with new infiltrate and acute deterioration in
oxygenation from baseline which meet oxygenation criteria above?

Left ventricular
dysfunction

Standard criteria for age, timing and origin of oedema with chest
imaging changes consistent with new infiltrate and acute deterioration

in oxygenation which meet criteria above not explained by left
ventricular dysfunction

Ol oxygenation index = (FiO,* mean airway pressure)/PaO,

OSI oxygen saturation index = (FiO,* mean airway pressure)/SpO,

'Use PaO,-based metric when available. If PaO, is not available, the OSI or SF ratio may only be
calculated when SpO, < 97%

2ARDS severity groups stratified by OI or OSI is not applicable for children with chronic lung
disease on chronic ventilation or for children with cyanotic congenital heart disease

3SARDS severity groups stratified by OI or OSI should not be applied to children with chronic lung
disease who normally receive invasive mechanical ventilation or children with cyanotic congenital
heart disease

were excluded from the definition. As in adults, in order to qualify for PARDS, the
symptoms of hypoxaemia and radiographic changes have to occur within 7 days of
a known clinical insult. Noticeably, children with left ventricular heart dysfunction
or congenital heart disease that fulfil all other PARDS criteria have PARDS if the
acute hypoxaemia and new chest imaging changes cannot be explained by acute left
ventricular heart failure or fluid overload. This is a huge improvement of the new
PARDS definition over other pre-existing definitions.

There are two major differences between the Berlin definition and the PARDS
definition; these are related to chest radiograph appearances and the metrics for
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oxygenation. Unlike the Berlin definition, diagnosis of PARDS requires the need for
at least one consolidation on chest radiograph rather than mandating the need for
bilateral consolidations. The rationale for this is the low sensitivity of chest radiog-
raphy to detect (subtle) changes in consolidation, atelectasis or oedema and the poor
correlation between consolidations on chest CT scanning and chest radiography
[20, 66, 93] [24, 27,37, 55]. In addition, the presence of bilateral infiltrates provided
minimal predictive value for outcome in acute respiratory failure in both children
and adults [76, 97, 98].

Aside from this, paediatric critical care practitioners also critiqued both definitions
for including the PaO,/FiO, ratio; this metric of oxygenation does not take ventilator
settings or mode of ventilation (e.g. HFOV) into account. In addition, there is an
increased use of pulse oximetry in children as a substitute for children without an
indwelling arterial line, thereby creating an additional problem to the criteria requir-
ing arterial blood gas measurement. Hence, the Ol is incorporated in the PARDS defi-
nition. Based on a derivation set of two data sets from the USA and Australia/New
Zealand, the following cut-off points were derived: OI 4-8 (mild PARDS), 8-16
(moderate PARDS) and > 16 (severe PARDS) [78]. Data from six other centres was
used as a validation set, showing increased mortality with increasing PARDS severity,
thereby supporting the substitution of OI for PaO,/FiO,. For patients without indwell-
ing arterial lines, the oxygen saturation index (OSI) is used as an alternative provided
that the SpO, is 97% or less [78]. The OSI uses the SpO, rather than the PaO..

19.4 Pathobiology of Paediatric ARDS

ARDS can originate either from a direct pulmonary insult (i.e. pulmonary ARDS)
such as a viral pneumonia or from extra-pulmonary insults such as sepsis (i.e. extra-
pulmonary ARDS). The pathobiology of ARDS is a complex process, characterised
by increased alveolo-capillary permeability, lung epithelial and endothelial injury
and the accumulation of protein-rich oedema fluid during the acute phase of disease
[146]. Surfactant homeostasis and haemostatic balance are altered. Much of the
understanding of the pathobiology has come from clinical studies in adults or exper-
imental models mimicking the adult clinical situation. Some of these underlying
pathophysiological mechanisms are probably shared between children and adults,
but it should also be appreciated that there are areas of significant difference includ-
ing lung growth and development during (early) childhood, immune response and
surfactant homeostasis. For instance, the lung parenchyma undergoes substantial
structural remodelling and growth during childhood. In the neonatal period, the
peripheral airspaces are subdivided by short and blunt tissue ridges into an increas-
ing number of very shallow alveoli. It is by the age of 18 months that the lungs have
developed into an adultlike structure [23]. After this period, the number of alveoli
continues to grow through adolescence.

There are important differences in the immune response between infants and
adults that are likely relevant [153]. In general, the immune system of a child <
1 year of age is relatively immature, including broad deficits in both innate and
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adaptive immunity [151]. Neonatal PMNs and monocytes function to a lesser degree
compared with adults, with decreased chemotactic responses for as long as 1-2 years
[54, 91, 100, 110]. Adaptive immunity is also different between young children and
adults. At birth, the immune system has a strong T helper 2, anti-inflammatory pre-
disposition with little ability of peripheral mononuclear cells to produce tumour
necrosis factor alpha or other pro-inflammatory mediators compared with adults
[13, 90]. In addition, at birth, T cells are biased towards regulatory T cells, thereby
potentially suppressing the innate immune response [57, 157]. This anti-
inflammatory predisposition may persist during early childhood [150]. Only a few
studies have examined the role of immune responses in PARDS. Associations
between elevated serum levels and interleukin (IL)-6 and PARDS and soluble inter-
cellular adhesion molecule 1 with increased risk of death and/or prolonged duration
of mechanical ventilation have been demonstrated in two small paediatric studies
[44, 53]. Another small study showed an association of a genetic variant in the IL-1
receptor antagonist gene with ARDS in children with community-acquired pneu-
monia [114]. More recently, an association between markers of endothelial (angio-
poetin 2) and pulmonary epithelial (soluble receptor for advanced glycation end
products) injury and mortality in PARDS has been shown, especially in direct lung
injury [152].

19.5 Mechanical Ventilation for Paediatric ARDS

Mechanical ventilation (MV) is clearly of benefit for children with ARDS although
there are many questions that require study (Fig. 19.2) [81]. Both controlled and
assisted modes of ventilation are used by paediatric critical care practitioners, irre-
spective of the size of the breath (pressure versus volume). However, superiority of
one mode over the other has not been demonstrated [122]. This also applies to the

ACUTE PHASE WEANING PHASE

v

time

Intubation End of Extubation
weaning

CMV to HFOV to
HFOV criteria CMV criteria
extubation

PARDS weaning spontaneous

stability criteria

criteria

diagnosis criteria iness testing § breathing testing

Fig.19.2 Graphic summary of issues in the ventilatory management of paediatric acute respira-
tory distress syndrome (PARDS) (Reprinted with permission from Kneyber et al. [81])
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use of ventilator modes that allow the patient to trigger the machine breath. Adult
data has suggested that patient—ventilator asynchrony (i.e. no synchronisation
between patient’s demand and the delivered breaths) is associated with increased
morbidity, but paediatric data is lacking [40]. Neurally adjusted ventilatory assist
(NAVA) uses the electrical activity signal of the diaphragm to trigger inspiration. So
far, paediatric experience with this alternative mode of triggering is limited. Piastra
and colleagues showed that infants recovering from severe ARDS had a shorter
duration of respiratory support when they were weaned with NAVA compared with
pressure support ventilation [118].

MYV may also exacerbate or even initiate lung injury and has therefore been identi-
fied as a predictor for poor outcome [131]. The development of this so-called ventilator-
induced lung injury (VILI) has led to the concept of lung-protective ventilation (LPV).
In brief, LPV encompasses the delivery of small tidal volume (V1) to avoid end-inspi-
ratory overdistension (i.e. volutrauma) and the application of a certain level of positive
end-expiratory pressure (PEEP) to prevent repetitive opening and closure of alveoli
(atelectrauma). The issue of LPV in PARDS is the subject of scientific debate. A large
randomised controlled trial (RCT) in adult patients with ARDS according to the
NAECC criteria showed improved patient outcome with 6 mL/kg ideal body weight
(IBW) compared with 12 mL/kg/IBW [108]. However, other adult studies could not
demonstrate a positive effect on mortality when 7 mL/kg IBW was compared with
10 mL/kg IBW [117]. Subsequent meta-analyses concluded that a Vt < 10 mL/kg per
predicted body weight was associated with higher survival [21, 22]. To date, a paedi-
atric counterpart of the ARDS Network trial has not been performed. Remarkably
however is the data coming from observational studies, showing an inverse or no rela-
tionship between Vt and mortality in children [46, 76](20) (Table 19.3). A systematic
review of the available paediatric data could also not identify a specific threshold when
Vt could be considered safe, irrespective of the presence of ARDS [39]. Experimental
work has shown that very young animals were less susceptible to VILI compared with
adult animals when subjected to injurious ventilation with supra-physiologic Vt (i.e.
30-40 mL/kg body weight) [84]. All of this challenges the role of volutrauma in
PARDS. Various explanations may be proposed, including the incorrect measurement
of Vt. The ventilator overestimates the Vt delivered to the patient in young children,
signifying the need for correct measurement near the Y-piece of the patient circuit in
children below 10-15 kg [25]. In addition, in adults, the Vt is calculated by predicted
body weight for age, height and gender. In paediatric practice Vt is usually calculated
by actual body weight. A paediatric counterpart of the ARDS Network trial is eagerly
awaited, although such a trial seems very unlikely for various reasons including the
need for a large sample size (i.e. > 500 patients) [82]. Interestingly, paediatric critical
care practitioners may have already found the solution in targeting the optimal Vt in
PARDS. Unlike in adult critical care, there is a large tendency to use pressure-
controlled (PC) ventilation instead of volume-controlled (VC) ventilation. In contrast
with the paediatric data showing an inverse relationship between tidal volume and
mortality, these same studies did confirm an association between inspiratory pressures
and mortality (Table 19.3). This is in line with the assumption that the patient with a
more severe lung injury characterised by small residual inflatable lung volume
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available for alveolar ventilation and therefore gas exchange (which is also known as
the baby lung concept) should receive tidal volumes below physiologic values [56].
Patient subgroup analysis from the ARDS Network trial showed that only patients
with poor respiratory system compliance at study entry had a benefit in terms of sur-
vival when randomised to the 6 mL/kg study arm [41]. This observation suggests
strongly that physicians tend to use lower Vt resulting in higher inspiratory airway
pressures in the sicker patients (i.e. patients with lower respiratory system compliance)
at the onset of ARDS and mechanical ventilation. This latter observation is in align-
ment with the data from the other paediatric observational study showing that patients
with higher initial lung injury scores were ventilated by smaller tidal volumes and
showed worse outcome [76]. This goes along with the concept of keeping lung tissue
strain (the ratio between inflated volume and functional residual capacity) low in order
to protect the lung [94]. Reanalysis of adult data also showed the importance of limit-
ing the driving pressure (i.e. the ratio of Vt of compliance at a zero-flow state) in
ARDS [30]. However, given the absence of paediatric data, no recommendation can be
made on the upper limit of the plateau pressure that is allowable. The same applies to
the level of PEEP. Levels of PEEP should be set to prevent lung unit collapse at expira-
tion and to avoid tidal recruitment at each breath cycle (collapse—opening—recollapse
injury). Although adult data indicated that higher levels of PEEP may be associated
with lower mortality, such issues remain to be resolved in paediatrics. Remarkably,
paediatric physicians tend to tolerate a higher level of FiO, instead of turning up the
PEEP because they worry about haemodynamic consequences.

From a theoretical perspective, high-frequency oscillatory ventilation (HFOV) is
an ideal LPV mode [83]. With HFOV, a continuous distending pressure (CDP) is
generated maintaining lung volume, with superimposed small oscillations in a fre-
quency range of 5-15 Hz allowing for gas exchange. Paediatric critical care practi-
tioners cherish HFOV despite the lack of scientific evidence. To date, there has been
only one randomised controlled trial comparing high-frequency oscillatory ventila-
tion to conventional mechanical ventilation in 70 children with diffuse alveolar dis-
ease and/or air leak syndrome [8]. This study showed that HFOV utilising an
aggressive volume recruitment strategy resulted in a significant improvement in
oxygenation and a decreased requirement for supplemental oxygen at 30 days.
However, 30-day mortality was not changed in this particular trial. A meta-analysis
of all six paediatric and adult clinical trials demonstrated improved mortality in
patients randomised to HFOV [133]. However, two large randomised studies in
adults with moderate-to-severe (early) ARDS troubled the discussion on HFOV in
PARDS [49, 155]. Whereas in the OSCillation for ARDS (OSCAR) trial no differ-
ence in 30-day mortality was observed, and the OSCILLation for ARDS Treated
Early (OSCILLATE) trial was prematurely stopped (after the 500 patient analyses)
by the steering committee because of a significantly higher in-hospital (47% vs
35%) and 60-day mortality (47% vs 38%) in the HFOV group. In the absence of
paediatric trials, a post hoc analysis of data of paediatric patients enrolled in a pro-
tocolised sedation trial showed similar mortality rates but prolonged duration of
MYV among patients managed with HFOV, calling for a paediatric RCT to examine
the role of HFOV in PARDS [12].
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Weaning from the ventilator should start as early as possible, although no paediatric
data is available identifying a specific threshold when to start and how to do the weaning
itself. Also, at present no paediatric criteria have been validated to discriminate extuba-
tion success and failure as well as commonly used adult parameters to monitor weaning
including the rapid shallow breathing index (RSBI) [109]. The same applies to the appli-
cation of spontaneous breathing trials (SBT) and extubation readiness test (ERT). It is
unclear what the optimal SBT in PARDS is (i.e. using either continuous positive airway
pressure (CPAP), a low level of pressure support ventilation or T-piece ventilation).

Non-invasive positive pressure ventilation (NPPV) is increasingly being used to
treat respiratory failure from a variety of aetiologies in children, including paediat-
ric ARDS [124]. Despite this growing, there is much uncertainty about the indica-
tions, strategies and effects on patient outcome for the use of NPPV, especially in
paediatric ARDS [47, 128]. There are several paediatric prospective and retrospec-
tive cohort studies describing the use of NPPV for acute respiratory failure, but most
include a heterogeneous population that includes mild-to-severe ARDS. Thus, it
remains the subject of debate if NPPV actually prevents the need for endotracheal
intubation. Observational studies indicated that the median intubation rate for chil-
dren with severe PARDS is 57% [47]. In only one randomised controlled trial of 50
children with acute hypoxaemia respiratory failure, the intubation rate was signifi-
cantly lower (28% vs 60%, p = 0.045) when NPPV was compared with standard
care. However, this particular study included also patients with mild PARDS.

19.5.1 Extracorporeal Life Support

Extracorporeal life support (ECLS) is a modified form of cardiopulmonary bypass.
During ECLS, blood is pumped through an extracorporeal circuit containing a
membrane oxygenator in which O, is added and CO, removed from blood, which is
then returned to the patient. An increasing number of paediatric patients with respi-
ratory failure are managed with veno-venous or veno-arterial ECLS despite the
absence of a great deal of data showing improved patient outcome [36]. No ran-
domised trials have been performed in PARDS, making it difficult to determine the
efficacy of ECLS. In one retrospective study, it was found that the use of ECLS was
associated with a reduced mortality in paediatric acute respiratory failure [63].
Thus, ECLS should be considered in severe PARDS where the cause of the respira-
tory failure is believed to be reversible [36].

19.6 Pulmonary Specific Treatment of PARDS

The pathophysiologic and clinical features have triggered many investigators to
study numerous pharmacological approaches to ARDS in critically ill adults [127].
Few of these approaches have been explored in critically ill children. As a conse-
quence, much of the routine treatment for PARDS is based on data from adults or
paediatric anecdotal experiences (Table 19.4). Despite this lack of scientific
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Table 19.4 Summary of studies reporting on the use of pulmonary specific ancillary treatment in
paediatric acute respiratory distress syndrome (PARDS)

Number of patients
Reference | Disease Intervention Findings and conclusions
Exogenous surfactant
Willson N=42 Calf surfactant vs air | Improved oxygenation,
et al. [22] Acute hypoxaemic placebo decreased ventilation time and
respiratory failure shorter PICU stays
(OI>7)
Willson N=153 Calf surfactant vs air | Improved oxygenation and
et al. [24] Acute lung injury placebo decreased mortality. No
(OI>17) difference in ventilator-free days
(primary study outcome)
Willson N=109 Pneumosurf vs air No effect on oxygenation or
et al. [25] Direct lung injury placebo mortality
only
Thomas N=165 Lucinactant Improved oxygenation, but no
et al. [26] Acute hypoxaemic (synthetic surfactant) | effect on mortality, length of
respiratory failure vs air placebo ventilation or length of stay
Nitric oxide
Day et al. N=22 10 ppm iNO vs Improved OI and PVRI, but not
[33] Acute bilateral lung control mortality
disease
Dobyns N=108 10 ppm iNO vs Improved OI and PVRI, but not
et al. [34] AHRF control mortality
Ibrahim N=32 5 ppm iNO + prone | Improved OI, but not mortality
etal. [35] ARDS positioning vs
control
Prone positioning
Curley N=102 Prone positioning for | Improved oxygenation, no effect
etal. [73] Acute lung injury 20 hours vs standard | on ventilator-free days or
(PaO,/FiO, ratio < therapy mortality
300 mmHg)

evidence, many pulmonary-specific therapies including inhaled nitric oxide (iNO),
surfactant or steroids are used in daily practice [124, 125].

19.6.1 Exogenous Surfactant

Animal studies, uncontrolled case reports and case series suggested a potential ben-
efit to exogenous surfactant replacement therapy in PARDS [136]. However, clini-
cal trials of exogenous surfactant outside of the neonatal population provided mixed
results. Nonrandomised studies showed improved oxygenation but no effect on
mortality in paediatric patients with moderate-to-severe ARDS according to the
NAECC criteria. Calf lung surfactant (calfactant) was compared to placebo in a
large, multicentre, randomised, placebo-controlled, masked trial in 153 children
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with acute lung injury [148]. Surfactant administration significantly improved oxy-
genation and reduced mortality (19% vs 36%) compared with placebo. However,
this beneficial effect of surfactant disappeared after adjusting for immunocompro-
mised state in multivariate analysis. The same group of investigators joined an inter-
national, multicentre, placebo-controlled trial comparing calfactant with placebo in
both adult and paediatric patients with direct lung injury [149]. The trial utilised a
novel form of surfactant, which was twice as concentrated as traditional calfactant.
However, the trial was stopped prematurely due to futility. Recent attempts on iden-
tifying a possible role for exogenous surfactant through a multinational, prospec-
tive, blinded, randomised, controlled phase II trial of intratracheal instillation trial
using a synthetic formulation of surfactant (lucinactant) among infants less than
2 years of age also showed no effect on patient outcome [140].

19.6.1.1 Nitric Oxide

The main effect of nitric oxide (NO) is smooth muscle relaxation by increasing intra-
cellular cGMP. Vasodilation mainly occurs in areas that are adequately ventilated caus-
ing blood to shunt away from poorly ventilated areas [119]. Its use in ARDS may
therefore be considered to reduce ventilation/perfusion mismatch by reducing dead
space ventilation and, thereby, improving oxygenation. The clinical response to iNO
has been reported in various (individual) case series, demonstrating a rapid improve-
ment in oxygenation even with a concentration as low as 1 part per million (ppm) [1,
111, 129, 138]. Day and co-workers compared the effects of 10 ppm iNO in ten paedi-
atric patients with acute bilateral lung disease requiring a positive end-expiratory pres-
sure (PEEP) > 6 cmH,0 and a fraction of inspired oxygen (FiO,) > 0.5 for > 12 h with
12 control patients [38]. Although there was an immediate, but unsustained improve-
ment in pulmonary vascular resistance and systemic oxygenation defined by the OI, no
beneficial effect on mortality was observed although this study was not designed to
assess mortality. Dobyns et al. performed a prospective, multicentre, placebo-controlled
RCT of 108 children > 1 month of age with severe acute hypoxaemic respiratory failure
(i.e. OI > 15) randomised to iNO 10 ppm (N = 53 children) or control (N = 55) [43].
Patients with a congenital heart defect or after cardiac surgery were not included in this
study, and nearly half of the patients suffered from underlying diseases (i.e. chronic
lung disease or immunodeficiency). The positive effect of iNO on oxygenation was
confirmed in just about half of the patients. Mortality was comparable between the two
groups, although again this trial was also not designed to assess this. Subgroup analysis
revealed a possible beneficial effect of iNO in immunocompromised patients and those
with severe hypoxaemia (i.e. Ol > 25), although the small sample size in these analyses
precludes the robustness of these findings. Ibrahim et al. randomised 32 children aged
2 months—10 years with severe ARDS (PaO,/FiO, < 200 mmHg, positive inspiratory
pressure > 30 cmH,O and a FiO, > 0.5) to one of the three groups: (1) 24 h of iNO at
5 ppm in the prone position, (2) 24 h of iNO at 5 ppm in the supine position or (3) no
iNO in the prone position [73]. In line with the two other studies, these investigators
observed a significant improvement in oxygenation, but not in mortality. It may thus be
concluded that although iNO improves oxygenation in PARDS, it does not positively
affect patient outcomes. This conclusion is strengthened by the outcome of a Cochrane
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analysis of 604 children and adults with ARDS [3]. Oxygenation was improved, but
there was no improvement in mortality, duration of mechanical ventilation, ventilator-
free days or length of intensive care unit (ICU) or hospital stay in the iNO cohort [3].
Additionally, there appeared to be an increased occurrence of renal impairment in
patients managed with iNO. Therefore, the use of iNO for PARDS should only be con-
sidered in patients with documented pulmonary hypertension or severe right ventricular
dysfunction [99]. In patients with intractable hypoxaemia, iNO may be considered as
rescue therapy from or as a bridge to extracorporeal life support (ECLS).

19.6.1.2 Corticosteroids

ARDS is characterised by an overwhelming inflammatory process [102]. Paediatric
data on the effectiveness of steroids is limited to the case series, including the use of
methylprednisolone (initial loading dose 5 mg/kg and subsequent maintenance ther-
apy for 2 weeks of 2 mg/kg every 6 h) in a 12-month-old infant with late ARDS, and
a case series of six children treated with high-dose steroids [60, 65, 68, 101]. To date,
no RCTs have been performed investigating the efficacy of glucocorticoids in
PARDS. The role of glucocorticoids as therapy for PARDS remains to be determined.
Studies performed in adults with ARDS also fail to provide a clear answer. In fact,
two systematic reviews of published adult data reported conflicting results [115, 137].

19.6.1.3 Other Pharmacological Therapies

Inhaled prostaglandin I,, a natural pulmonary vasodilator, may be considered in a
similar manner as iNO [35, 71, 113]. Dahlem observed a significant median
improvement of 26% in the OI following nebulisation of 30 ng/kg/min epopros-
tenol, but the effect on patient outcome remains unknown [35]. To date, the effect of
inhaled beta-adrenergic receptor agonists as the current adult evidence discourages
the use of f2-agonist among ARDS patients, heliox, N-acetylcysteine or other drugs
such as of ipratropium bromide, dornase alpha outside the cystic fibrosis popula-
tion, plasminogen activators, fibrinolytics or other anticoagulants on patient out-
come that remains to be established [2, 107, 130, 154].

19.6.2 Non-pharmacological Interventions

19.6.2.1 Prone Positioning

Preliminary data in children with acute lung injury subjected to prone positioning
showed improved oxygenation without serious adverse events [136]. To date, only
one RCT has been performed in children to investigate the efficacy of prone posi-
tioning on patient outcome [32]. In this particular study, N = 102 patients with acute
lung injury were randomised to prone position for 20 h each day or supine. Despite
the significant improvement in oxygenation, the study was stopped at the planned
interim analysis on the basis of futility. Prone positioning did not exert a beneficial
effect on ventilator-free days, all-cause mortality, time to recovery from lung injury,
the number of organ-failure-free days, cognitive function or overall health. However,
the drawback of this trial was that it was not limited to paediatric patients with
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severe PARDS. A meta-analysis of adult ARDS patients showed that the effect of
prone positioning was the greatest in patients with severe disease, i.e. a PaO,/FiO,
< 100 mmHg [132]. This conclusion was supported by the adult PROSEVA trial,
showing a significant improvement in mortality in patients with severe ARDS (i.e.
Pa0,/FiO, < 150 mmHg [64].

19.6.2.2 Endotracheal Suctioning

Maintaining a patent airway is essential to the safe care of any mechanically venti-
lated patient, thereby making it one of the most performed interventions despite the
lack of scientific evidence including in PARDS [28, 59, 106]. Also, the technique
used to perform endotracheal suctioning also requires further study. So far, no RCT
evaluating the effect of a closed versus open suctioning on patient outcome in
PARDS is available. However, a drop in dynamic compliance and expired Vt indica-
tive of a loss of lung volume may occur during open suctioning, thereby favouring
closed suctioning systems [10, 105].

19.6.2.3 Chest Physiotherapy

The use of chest physiotherapy for airway clearance and sputum evacuation in mechan-
ically ventilated children cannot be considered standard of care [86]. The efficacy of
chest physiotherapy for PARDS also has not been tested in a single RCT to date.

19.6.3 Non-pulmonary Specific Treatment

19.6.3.1 Sedation

Use of sedatives in children supported on mechanical ventilation is highly common
despite lacking sound scientific evidence for this practice [142]. So far, there is no
data specifically focusing on PARDS patients. Two recent trials did not confirm a
beneficial effect of either protocolised sedation or a daily interruption of sedation on
patient outcome [33, 144]. Both trials however did also include patients other than
those with PARDS.

19.6.3.2 Neuromuscular Blockade

High-quality evidence to guide the use of neuromuscular blockade (NMB) in chil-
dren with PARDS supported by mechanical ventilation is lacking. Papazian and
colleagues showed improved 90-day survival and increased time off the ventilator
without increased muscular weakness associated with early use of NMB in N = 340
adults with severe ARDS (PaO,/FiO, < 150) in a multicentre double-blind ran-
domised controlled trial [112]. It is unclear if such beneficial effects of NMB can
also be seen in PARDS.

19.6.3.3 Fluid Management

Increased extravascular lung water has been associated with poor outcomes in adults
with ARDS [31]. Furthermore, the NHLBI Fluid and Catheter Treatment Trial
(FACTT) demonstrated decreased duration of mechanical ventilation, ICU length of
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stay and improved oxygenation with a conservative fluid strategy (i.e. CVP <
4 mmHg or pulmonary artery occlusion pressure < 8 mmHg) compared to a liberal
fluid strategy (i.e. CVP 10-14 mmHg or PAOP 14-18 mmHg) in adults with acute
lung injury in whom underlying shock had been reversed [139]. Such trials are lack-
ing in PARDS. Observational prospective and retrospectively collected data have
suggested though that increasing fluid balance in children with acute lung injury is
associated with worse outcomes, including worsening of oxygenation, prolonged
duration of mechanical ventilation and increased mortality, persisting after adjust-
ing for severity of illness [51, 121, 143]. One study of 27 children with PARDS
reported significantly lower extravascular lung water at baseline in survivors as
compared to non-survivors [96]. This extravascular lung water was correlated with
fluid overload, suggesting the need for restrictive fluid management.

As it cannot be ruled out that fluid balance is a proxy for greater severity of ill-
ness, the optimal fluid management in PARDS needs to be established. As such,
there is no paediatric data related to the best choice of fluid for PARDS or the timing
of using continuous renal replacement therapy (CRRT) to reduce fluid overload in
PARDS. Greater fluid overload at the initiation of CRRT, after adjusting for illness
severity, has been associated with increased mortality in critically ill children [61,
134]. Disappointingly, there is limited data reporting on the best method to deter-
mine adequate intravascular status in patients with PARDS in order to prevent fluid
overload [89].

19.6.3.4 Transfusion

Red blood cell (RBC) transfusions are very common in critically ill children, despite
the fact that a large randomised study confirmed an equivalent effect of a restrictive
transfusion strategy (i.e. only transfusing when the haemoglobin is < 7.0 g/dL)
compared to a liberal transfusion strategy in haemodynamically stable patients [87].
This observation also held true for patients with respiratory failure, including
PARDS. However, there have been no RCTs evaluating RBC transfusion thresholds
specifically focusing on PARDS.

19.7 Monitoring of PARDS

It is obvious that patients with PARDS need the minimal monitoring routinely used
in children admitted to the paediatric intensive care unit (PICU), including continu-
ous monitoring of cardiac and respiratory rates, pulse oximetry and blood pressure
[45]. Ventilatory monitoring should at least include respiratory system mechanics
such as exhaled Vt and inspiratory pressures delivered to the patient. However, the
peak inspiratory pressure is largely influenced by the resistance of endotracheal
tube and airways and is therefore a poor surrogate for pressures applied to the alve-
oli in the context of using a ventilatory mode that does not incorporate a zero-flow
state. Adult data has shown that there is a poor correlation between the plateau pres-
sure and the transpulmonary pressure (Ptp). Ptp (i.e. the difference between the
alveolar and the pleural pressure) reflects lung strain, but this requires the use of an
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oesophageal catheter [4]. So far, no paediatric data has shown improved outcome
when oesophageal manometry is routinely applied in ventilated PARDS patients. In
contrast, oesophageal manometry-guided PEEP setting resulted in improved oxy-
genation and respiratory compliance over the first 72 hours in adult ARDS patients
compared with PEEP setting according to the ARDSnet PEEP/FiO, protocol [135].

Ventilators should also display flow-time, pressure-time and volume-time curves
as they provide simple and useful information [45]. The expiratory phase examination
allows for the detection of dynamic hyperinflation (inspiration occurring while expi-
ration flow is not null) and expiratory flow limitation, a condition that may occur
especially during ventilation with high respiratory rate for compensation of low tidal
volumes and relatively long inspiratory time. Also, high expiratory flow during early
expiration is a sign of poor compliance, with a fast time constant. Asymmetry between
inspiratory and expiratory volume may suggests air leak from the respiratory system.
Noisy expiratory and inspiratory flow may suggest the presence of tracheal secretions
[88]. Finally, patient ventilator asynchrony may be identified by observing ventilator
waveforms, although this is not the most superior method of detecting PVA [18, 26].
The location of measurement of flow and tidal volume is important. Vt measured at
the proximal airway with a pneumotachograph was found to be different from those
measured at the ventilator, especially in infants and small children [5, 25, 69].

Quasi-static pressure—volume (PV) loop is the reference method to evaluate the
compliance of the respiratory system; monitoring this loop has been proposed as
tool to identify the lower inflection point (LIP) of the PV loop and to set the level of
PEEP. However, the technique is complex and the patient needs to be deeply sedated
or paralyzed, the interpretation of the loop is difficult and there are no clinical ben-
efits of this monitoring reported in adult ARDS. Also, data in PARDS is lacking.
Alternatively, the dynamic pressure-volume loop may be used for patient monitor-
ing, but these loops are very much influenced by the resistance of the respiratory
system including endotracheal tube [67]. Dynamic pressure-volume loops should
therefore be interpreted with caution. Furthermore, evaluating the dynamic compli-
ance (i.e. the ratio of exhaled tidal volume divided by the driving pressure) mandates
a zero-flow state, the absence of patient effort, precise measurement of the Vt and no
or minimal leakage around the ETT. The suitability of other various parameters for
PARDS has not been evaluated, including the ‘stress index’ (i.e. the shape of the
airway pressure curve during inspiration), measuring of intrinsic PEEP (PEEPi)
when expiratory flow is limited, oesophageal manometry to calculate transpulmo-
nary pressure at the end of in- and expiration or calculate work of breathing, measur-
ing respiratory drive by P0.1 and the electrical activity of the diaphragm (EADi)
[62]. Although continuous monitoring of end-tidal CO, is recommended to assess
the accuracy of ventilation support, it is unclear if incorporating volumetric capnog-
raphy improves PARDS outcome. Furthermore, end-tidal CO, cannot be used as a
reliable surrogate for arterial or capillary CO, until a correction method is validated
[75]. Peripheral venous blood gas also does not accurately predict arterial gas.
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Chest radiography is initially important to establish the diagnosis of PARDS;
however, the optimal frequency of radiograph control in children with PARDS is not
established. Chest CT scan may be necessary in PARDS to help with the aetiologi-
cal diagnosis or to diagnose certain complications but not as routine monitoring
tool. Lung ultrasonography is a simple, radiation-free, easily accessible and vali-
dated method to evaluate pleural effusion in adults and children [145]. It is increas-
ingly used in adults with ARDS to detect lung complications and to evaluate lung
recruitment [93, 145]. Data in children with PARDS are not available.

19.8 Outcome of Paediatric ARDS

Despite increasing indications that there are significant long-term consequences in
adult survivors of ARDS, the long-term consequences of PARDS in children remain
largely unknown. Multiple studies of adult survivors of ARDS reported adverse
long-term effects, including decreased lung function, reduced quality of life and
diminished neurocognitive functioning that impacts daily living [120]. The few pae-
diatric studies examining pulmonary function in PARDS survivors are small series
with pulmonary function test (PFT) assessments performed at highly variable times
after hospital discharge [14, 48, 147]. However, despite the inherent limitations,
these uncontrolled studies have indicated abnormalities in PFT persisting for up to
12 years after hospital discharge in a heterogeneous group of PARDS survivors
[120]. Importantly, parents also reported more lung problems in a group of 1-6 year
olds 3—-6 months after discharge from the PICU [85]. These studies underscore that
pulmonary function impairments representing both obstructive and restrictive dis-
ease do occur in PARDS survivors, necessitating the need for structural follow-up.
Recent studies have also begun to focus on the acquisition of new physical deficits
and effects on quality of life, mental health and family functioning although these
studies are not limited to PARDS patients only [120]. Thus, long-term neuropsycho-
logical and cognitive outcomes in children who survive PARDS have not yet been
adequately examined.

Conclusions

It may thus be concluded that although PARDS may be relatively uncommon in
children admitted to the PICU, its development has important implications for
patient outcome including high mortality among specific subgroups. Based upon
the available literature and the PALICC recommendations, Table 19.5 sum-
marises current directions for the management of children with PARDS. It is
important to recognise that the paucity of data in PARDS lends itself to many
avenues of study generating novel and much needed, vital data. Only with a con-
certed effort, and worldwide collaboration, it will be possible to improve the care
of children with PARDS.
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Table 19.5 Recommendations on the clinical approach to paediatric acute respiratory distress

syndrome (PARDS)

Approach

‘ Recommendation

Mechanical ventilation

Mode of ventilation

No recommendation can be made

Tidal volume

Target tidal volume in physiologic range
Keep tidal volume < 10 mL/kg
No recommendation on optimal Vt

Inspiratory pressures

Keep inspiratory pressure < 32 cmH,O in the absence of
transpulmonary pressure measurements

Positive end-expiratory
pressure

Set end-expiratory pressure taking oxygen delivery, respiratory
system compliance and haemodynamics in account
No recommendation on optimal PEEP

Lung recruitment

No recommendation on if and how lung recruitment should be
done

High-frequency
oscillatory ventilation

May be considered in case of refractory hypoxaemia

Non-invasive ventilation

Non-invasive bi-level ventilation may be considered as first-line
mode of support in patients with mild-to-moderate lung injury

Oxygenation No recommendation on optimal target of oxygenation; SpO,
88-92% should be considered when severe disease
Ventilation No recommendation on optimal target of ventilation; permissive

hypercapnia should be considered when severe disease

Extracorporeal life
support

Consider for patients with severe ARDS where the cause of the
respiratory failure is reversible or as bridge to lung transplantation

Weaning

As soon as possible
No recommendation on optimal weaning approach

Extubation readiness
testing

No recommendation on optimal extubation readiness testing

Pulmonary specific ancillary treatment

Inhaled nitric oxide

Not for routine use, only as bridge to extracorporeal life support or
in patients with documented pulmonary hypertension or severe
right ventricular dysfunction

Exogenous surfactant

Not recommended

Prone positioning

Not recommended, may be considered in patients with severe
disease

Non-pulmonary specific ancillary treatment

Sedation and analgesia

Minimal, yet effective, targeted sedation is recommended, titrated
using validated sedation scores

Neuromuscular blockade

May be considered in patients with severe disease

Fluid management

Goal-directed fluid management is recommended, aimed at
preventing a positive fluid balance

Transfusion

Only transfuse if the haemoglobin is < 7.0 g/dL, unless
haemodynamically unstable (then transfuse if < 10 g/dL)
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Pulmonary Infections in Acute 2 0
Respiratory Distress Syndrome

Gianluigi Li Bassi, Tarek Sanussi, Paolo Pelosi,
and Otavio Tavares Ranzani

20.1 Introduction

Hospital-acquired pulmonary infections, i.e., ventilator-associated tracheobronchi-
tis (VAT) and ventilator-associated pneumonia (VAP), often complicate the course
of acute respiratory distress syndrome (ARDS). The most common risk factors for
VAP are greatly accentuated in ARDS, due to overwhelming injury of the lungs,
impaired host defenses, and invasive interventions, necessary to stabilize and treat
these patients. The risk factors for developing VAP during ARDS have been exten-
sively investigated throughout the years. In particular, it has long been known that
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the widespread injury of the lungs exponentially increases risks of iatrogenic pul-
monary infections. In the early 1980s, Johanson WG first corroborated risk of VAP
in a model of ARDS in baboons on invasive mechanical ventilation (MV) for sev-
eral days [1, 2]. Briefly, sequential boluses of oleic acid were administered into the
right atrium of the animals, until severe respiratory failure ensued. Colonization of
the oropharynx by pathogenic enteric bacteria rapidly developed, within 24-48 h of
MY, followed by pulmonary aspiration. Eventually, oropharyngeal pathogens over-
came host’s respiratory defenses and led to severe pneumonia, namely, ventilator-
associated pneumonia.

In this chapter, we will provide a comprehensive appraisal on the epidemiology,
pathophysiology, diagnosis, and prognosis of VAP in ARDS patients. In particular,
we will address potential diagnostic challenges, preventive strategies, and treat-
ments, and we will look at potential areas of investigation that should be further
explored in future studies.

20.2 Incidence

Currently, incidence of VAP has decreased to approximately 10-15% or to an
incidence density of 5-10 cases per 1000 ventilator days. Notably, in the last
decade, the hospital data from the National Healthcare Safety Network have
reported a steady decline in VAP [3, 4], likely due to better implementation of
preventive bundles. Yet, these encouraging numbers should be interpreted with
caution. Indeed, the true incidence of VAP is difficult to ascertain, particularly
due to the well-known diagnostic challenges. Thus, as described in the next
paragraphs, VAP incidence may be either overestimated when only diagnostic
clinical signs are used, or underestimated when invasive diagnostic methods
are used to sample distal pulmonary regions. Also, it is worthy to mention that
epidemiology data from other reliable sources in the United States, i.e., the
Medicare Patient Safety Monitoring System — which attains medical records
from a random sample of hospitalized patients — have reported a steady inci-
dence of VAP of approximately 10%, without any decrease throughout the
years [5].

As for the incidence of VAP in patients with ARDS, several studies have
consistently reported higher rates, ranging from 15 to 60% (Table 20.1). In par-
ticular, Chastre and collaborators [6] used cultures of bronchoalveolar lavage
(BAL) fluids to diagnose VAP and found an incidence of 28% in patients with-
out ARDS. Conversely, in patients with ARDS, VAP incidence increased up to
55%. Other investigators reported much lower VAP rates, sustaining disagree-
ment in this field. Indeed, in a study by Sutherland et al., VAP incidence rate was
15%, likely, due to the use of broad-spectrum antibiotics, prior to BAL sam-
pling. In conclusion, as reported in Table 20.1, it seems that ARDS patients, in
comparison with other critically ill mechanically ventilated patients, are at
higher risk for developing VAP.
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Table 20.1 Epidemiology of ventilator-associated pneumonia in patients with acute respiratory
distress syndrome

Incidence of | Incidence of
VAP in VAP in no
ARDS ARDS Diagnostic
First author Year | patients patients methods Journal
Markowicz 2000 | 49 out of 173 out of PSB, BAL, or Am J Respir Crit
134 (36%) 744 (23%) mini-BAL Care Med Vol 161.
pp. 1942-1948,
2000
Meduri 1998 |40 outof 94 |NA Bilateral BAL Am J Respir Crit
(43%) Care Med Vol 158.
pp. 870-875, 1998
Chastre 1998 |31 out of 56 |53 out of PSB and BAL Am J Respir Crit
(55%) 187 (28%) (before any change | Care Med Vol 157.
in antibiotic pp. 1165-1172,
treatment) 1998
Delclaux 1997 |24 outof 30 |NA Mini-BAL Am J Respir Crit
(60%) Care Med Vol.
156. pp. 1092—
1098, 1997
Sutherland 1995 | 16 out of NA PSB, BAL Am J Respir Crit
105 (15%) Care Med. 1995
Aug;152
[2]:550-6.

ARDS acute respiratory distress syndrome, NA not available, VAP

pneumonia

ventilator-associated

20.3 Morbidity and Mortality

ARDS is one of the most severe pulmonary diseases, leading to significant patient
morbidity and healthcare burden [7]. Thus, it is expected that any iatrogenic com-
plication that ensues during the course of ARDS may delay weaning from the MV,
prolong the intensive care unit (ICU) stay, require additional treatments, and expo-
nentially increase costs. In a recent international, multicenter, prospective cohort
study of 2377 patients with ARDS, the median length of MV was 8 days (interquar-
tile range (IQR), 4-16). Early studies have consistently reported a significant
increase in duration of MV, when VAP occurred in ARDS patients. Chastre et al.
found that in ARDS patients who developed VAP, the length of MV increased from
17 £ 19 to 34 + 32 days, whereas Markowicz et al. found that in ARDS patients, the
first episode of VAP did not occur until a mean length of MV of 11.7 £ 11.9 days.
Interestingly, the mean duration of MV, for ARDS patients who did not develop
VAP, was highly similar: 11.3 = 9.1 days. Conversely, when they did develop VAP,
the length of stay increased up to 33 = 21 days.

It is fascinating that in early studies [6, 8], investigators failed to demonstrate any
impact of VAP on mortality. Considering the clinical severity of ARDS, it is some-
what difficult to justify the lack of effect on mortality, when VAP complicates the
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course of the disease. Yet, several factors may explain these counterintuitive find-
ings. First, in ARDS patients, the occurrence of VAP can be biased by the presence
of competing events, specifically death or ICU discharge, which preclude VAP
occurrence or dramatically changing its risk [9]. For instance, a highly severe ARDS
patient, at high risk of VAP, could decease during the time on MV, but before the
onset of VAP. Unfortunately, traditional methods of time-to-event analysis consid-
ered patients who died while on MV as non-informative censoring, resulting in
biased estimates. Yet, in more recent analyses [10-12], patients have been consid-
ered under risk either up to the occurrence of VAP or until one of the other compet-
ing events occurred or until follow-up was completed. Thus, latest studies [10], in
patients without ARDS, reported an attributable mortality of 10%. Also, it seems
that surgical patients and with midrange severity of illness present the highest asso-
ciated risk of mortality. To the best of our knowledge, no studies have been specifi-
cally assessed the attributable mortality of VAP in ARDS patients. Nevertheless,
considering the severity of this condition, it is rationale to assume that VAP might
unhinge the delicate clinical balance of these patients, and lead to worse outcome.

20.4 Pathogenesis

ARDS patients on MV often become colonized by exogenous pathogens acquired
from healthcare personnel or, more commonly, by endogenous pathogens that colo-
nize the gastrointestinal tract, oropharynx, tracheal tube, and proximal trachea.
Several defense mechanisms prevent overwhelming colonization, i.e., cough, mucus
clearance, and cellular and humoral immune responses. Yet, in ARDS patients,
these defenses are impaired, because of the severe lung injury, comorbidities, and
tracheal intubation. In the next paragraphs, several risk factors for the development
of VAP will be described, with a specific focus on the specific risks and conditions
that may occur in ARDS patients.

20.4.1 The Endotracheal Tube and Pulmonary Aspiration

The primary mechanism in the pathogenesis of VAP is through pulmonary aspira-
tion of colonized oropharyngeal secretions across the high-volume low-pressure
(HVLP) endotracheal tube (ETT) cuff. The HVLP cuff was designed in the late
1970s to closely monitor the pressure exerted against the trachea [13]. Yet, when
HVLP cuffs are inflated within the trachea, folds are formed, because the cuff
outer diameter is larger than the tracheal internal diameter [14]. In vitro studies
have demonstrated that cuff outer diameter, length, and positive end-expiratory
pressure (PEEP) are the main determinants of cuff sealing efficacy. Indeed, the
larger the cuff the more folds form on its surface, promoting leakage across the
folds (Fig. 20.1).
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Fig.20.1 High-volume
low-pressure cuff inflated
within an artificial
translucent tracheal model.
The tracheal model internal
diameter is 20 mm,
whereas the cuff outer
diameter is 28 mm. Upon
inflation, folds are formed
on the cuff surface.
Methylene blue is poured
above the cuff to highlight
leakage of fluid across the
channels formed by the
folds

Pathogens may also grow on the internal surface of the ETT, forming a complex
structure called biofilm [15]. ETT biofilm is composed by sessile bacteria within a
self-produced exopolysaccharide matrix and respiratory secretions [16—-18]. It is
still not fully elucidated the role of ETT biofilm in the pathogenesis of VAP. Shah
and collaborators [19] demonstrated a close association between intraluminal nar-
rowing of the ETT by biofilm/secretions and length of stay on MV. Given that
ARDS patients present longer periods of MV, it is reasonable to assume that a large
amount of biofilm builds up and constitutes a persistent source of infection for

recurrent episodes of VAP.
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20.4.2 Oropharyngeal Colonization

Overall, in critically ill patients on MV, the oral flora shifts early to a predominance
of aerobic Gram-negative pathogens [20], Pseudomonas aeruginosa, and
methicillin-resistant Staphylococcus aureus (MRSA). Comorbidities and inherent
patient’s characteristics such as alcohol abuse [21-23], diabetes [24, 25], and
chronic obstructive pulmonary disease [26] increase risks of colonization by Gram-
negative pathogens. ARDS patients present additional risk factors, because they
require prolonged periods of MV and large amounts of antibiotics. The ETT is a
foreign body, and after several days within the mouth, the salivary flow [27] and oral
pH progressively decrease. This leads to an abnormal adherence of pathogens to the
buccal epithelial cells [28]. These risks are amplified in patients with poor oral
health upon intubation [29-31]. As mentioned above, oropharyngeal pathogens are
ultimately aspirated into the airways and may ultimately cause VAP [32].

20.4.2.1 Gastrointestinal Tract

In the 1990s, several pivotal studies demonstrated that the stomach of ICU patients
is colonized by pathogens, due to alkalinization of gastric contents by enteral nutri-
tion and drugs for stress ulcer prophylaxis [33]. Commonly, ARDS patients are on
enteral feeding and receive these prophylactic drugs that alter the gastric pH. Gastric
pathogens may translocate into the oropharynx, due to the gastroesophageal reflux.
In particular, prone position could increase risks for oropharyngeal colonization by
gastric pathogens. To date, no studies have assessed gastroesophageal reflux in the
prone position, but considering that in previous studies [34, 35], vomiting was a
frequent complication, gastroesophageal reflux may be common in such position,
particularly during enteral feeding.

20.4.3 Other Risk Factors

In ARDS patients, several other risk factors may play a role in the pathogenesis of
VAP. ARDS patients require a high level of care throughout the day; as a result, the
risks for cross transmission of pathogens from other patients are exponentially
increased. This may be relevant in ICUs where patient-to-nurse ratios are higher
than 1, where healthcare personnel are not adequately trained on infection control
and preventive strategies, and where strict sterilization protocols and handwashing
with alcohol-based solutions are not efficiently implemented.

Mucociliary clearance is one of the most important innate airway defense mech-
anisms to clear pathogens. In young, healthy nonsmokers, the mucociliary velocity
ranges between 10 and 15 mm/min. Studies on intubated critically ill patients have
confirmed a tenfold decrease in mucociliary clearance rate [36] and higher risks of
VAP in patients with the slowest rates. In ARDS patients, several factors may affect
mucus clearance rate. First, endotracheal intubation and the inflation of the cuff
have shown a drastic decrease in mucus clearance rate within hours [37]. Second,
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ARDS patients often require high concentration of oxygen, which is known to
reduce mucus clearance rate in a dose-dependent fashion [38]. Finally, these patients
often present markedly increased respiratory drive that impairs efficiency of com-
monly used humidifiers. Of note, even brief period of suboptimal humidification
may depress cilia function [39].

Finally, investigators have found a temporary immunoparalysis early in the
course of the critical illness and admission to the ICU [40], which is the results of
various and heterogeneous inciting events like ARDS [41], severe trauma [42], and
sepsis [43]. The immunoparalysis is aimed at counterbalancing the exaggerated
inflammatory response with an anti-inflammatory milieu. Yet, during this period of
immunodepression, the organism is unable to adequately respond to a second hit,
increasing potential risks of acquiring iatrogenic infections, such as VAP.

20.4.4 Etiologic Agents

ARDS patients are at higher risk for developing VAP caused by S. aureus; non-
glucose-fermenting Gram-negative bacilli, i.e., P. aeruginosa, Acinetobacter bau-
mannii, and Enterobacteriaceae. Of note, in ARDS patients, antibiotics are
profusely administered very early. As a result, antimicrobial causes a selective
pressure over more susceptible bacteria, allowing potentially resistant bacteria to
survive. In particular, Chastre et al. [6] compared VAP in patients with and with-
out ARDS and found that methicillin-resistant S. aureus was isolated in 44% and
17% of the patients with or without ARDS, whereas Markowicz et al. [8] found
that non-fermenting Gram-negative bacilli were more frequent in ARDS patients
(47% vs. 33% in non-ARDS patients). Also, methicillin-susceptible S. aureus was
less common in ARDS patients (3% vs. 15% in non-ARDS patients). In ARDS
patients, VAP is often caused by multiple pathogens [44, 45]. Combes and col-
leagues [46] studied 124 ICU patients, of whom 65 (52%) had monomicrobial
VAP and 59 (48%) had polymicrobial VAP. In most patients (34%), two different
bacteria were isolated; however, up to four different bacteria coexisted in seven
patients (6%). Interestingly, no differences were detected in mortality rates at
30 days between patients with polymicrobial or monomicrobial infection. Also,
multiple episodes of VAP may occur in approximately 50% of the patients, which
may be related to the prolonged stay in the ICU or substantial presence of ETT
biofilm.

20.5 Prevention

VAP is an iatrogenic infection that, in ARDS patients, impairs morbidity and con-
stitutes an important burden for the healthcare system. Therefore, preventive strate-
gies should be applied to avoid the disease. To date, several preventive measures are
available for all mechanically ventilated patients and are often grouped as a bundle
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Table 20.2 Preventive bundle

Implementation of educational programs for caregivers and frequent performance feedbacks
and compliance assessment
Strict alcohol-based hand hygiene

Daily sedation vacation and implementation of weaning protocols

No ventilatory circuit tube changes unless the circuit is soiled or damaged

Use of tracheal tube with cuff made of novel materials

Use of silver-coated tracheal tube

Application of low-level PEEP during tracheal intubation

Aspiration of subglottic secretions

Internal cuff pressure maintained within the recommended range and carefully controlled
during transport of patients outside ICU

Oral care with chlorhexidine

Avoid stress ulcer prophylaxis in very low-risk patients for gastrointestinal bleed, and consider
the use of sucralfate when indicated

Semirecumbent patient positioning

SDD for patients requiring >48 h of mechanical ventilation

ICU intensive care unit, PEEP positive end-expiratory pressure, SDD selective digestive
decontamination

(Table 20.2). Nevertheless, in the next paragraphs, the most important strategies
aimed at preventing VAP in ARDS patients will be highlighted.

20.5.1 Patient Transport and Sedation

ARDS patients often require intrahospital transport out of the ICU for surgical pro-
cedures, imaging, and invasive interventions. However, transport out of the ICU has
been associated with potential complications, primarily VAP [47]. Kollef et al. [48]
studied 273 patients, who required at least one transport outside the ICU vs. 248
who did not. Of note, 66 (24.2%) of the transported patients developed VAP, com-
pared with 11 (4.4%) of the patients who were not trasported outside (relative risk
=5.5;95% confidence interval [CI] = 2.9-10.1; p < 0.001). Importantly, prior to the
transport, clinicians and nursing staff should carefully check the internal pressure of
the ETT cuff, particularly when the patient is expected to be maintained supine dur-
ing diagnostic or therapeutic procedures; ventilator circuits should be carefully
manipulated in order to prevent aspiration of colonized fluids from within the cir-
cuit. Also, sedation should be increased only if necessary to improve patient safety
or for a specific test that requires immobility. Yet, sedation should be rapidly inter-
rupted or lightened as soon as possible. Along the same line, even in patients with
ARDS, daily interruption or lightening of sedation [49-51] and early mobilization
[52] should be attempted to avoid severe impairment of respiratory defenses and
prolonged intubation.
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20.5.2 Extracorporeal Membrane Oxygenation and Tracheal
Extubation

Tracheal intubation is the main risk factor for VAP and therefore should be avoided
whenever possible or used for the shortest time possible. Very recently, extracorpo-
real membrane oxygenation (ECMO) has been used in awake ARDS patients who
were extubated and allowed to breathe spontaneously [53]. In an interesting pre-
liminary study, Hoeper MM et al. [54] studied six ARDS immunocompromised
patients with only lung failure, who underwent an “awake ECMO” strategy, through
extubation shortly after initiation of ECMO. Overall, 66% of the patients survived.
Only one patient developed VAP, but after being re-intubated for complications.
These fascinating results call for future larger studies to avoid tracheal intubation,
which is the main culprit of the disease.

Novel Endotracheal Tubes In the latest years, several improvements in the design
of ETT have been achieved, specifically to address HVLP cuff limitations. We
recently demonstrated [14] that the main determinants in the design of ETT cuff for
sealing effectiveness are the cuff material, outer diameter, length, and the internal
cuff pressure. In particular, narrower cuffs form less folds, upon inflation within the
trachea. Cuffs made of new materials such as polyurethane [55] have been devel-
oped and tested in laboratory and clinical trials. A few studies in medical ICU
patients [56, 57] or cardiac surgical patients [58, 59] have shown that polyurethane
cuffs reduce risks of developing VAP. Yet, in a recent multicenter study [60], cuffs
composed of cylindrical polyvinyl chloride, cylindrical polyurethane, conical poly-
vinyl chloride, or conical polyurethane were compared for the prevention of tra-
cheal colonization, and no differences were found. Importantly, the majority of
aforementioned studies used novel ETTs in all patients, irrespective of their inher-
ent risks of developing VAP. Conversely, we think that their use should only be
limited to the patients at very high risk. In particular, to date, no studies have tested
novel ETTs in ARDS patients, who present the highest risk factors for VAP.

In ARDS patients who are often ventilated with high level of positive end-expiratory
pressure (PEEP), it could be assumed that aspiration of oropharyngeal secretions
across the cuff is largely counterbalanced by PEEP. Lucangelo et al. [61] investigated
the effects of 5-8 cmH,O of PEEP in normoxemic ventilated patients. They showed a
significant reduction in the rate of VAP (PEEP group 9.4%, control patients 25.4%,
relative risk, 0.37; 95% CI = 0.15-0.84; p = 0.017). Thus, in the absence of major
contraindication, a low level of PEEP should always be maintained in ARDS patients,
even during the weaning period to avoid pulmonary aspiration. It is also very impor-
tant to maintain the internal ETT cuff pressure between 25 and 30 cmH,O to prevent
aspiration of contaminated secretions into the lower airways or tracheal injury. Ideally,
in ARDS patients at high risk of VAP, it would be advisable to use continuous control
of internal cuff pressure, as demonstrated in previous studies [62—64], to reduce risks
of unforeseen cuff deflation and pulmonary aspiration.

Some ETTs allow aspiration of colonized subglottic secretions above the cuff
and potentially prevent macro-leakage into the trachea. A recent meta-analysis [65],
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pooling data from 17 randomized clinical trials of a total of 3369 patients, has
shown that subglottic secretion drainage reduced the overall risk ratio (RR) for VAP
by half (risk ratio, 0.58; 95% CI, 0.51-0.67; 12 = 0%). Most of the studies were
conducted in post-cardiac surgery patients; thus, although this strategy seems highly
effective, further evidence on ARDS patients is needed before wider use.

Finally, the use of ETT coated with antimicrobial agents such as silver [66] could
be another promising strategy to prevent biofilm formation and repetitive episodes
of VAP. Unfortunately, to date, only one large randomized clinical trial, the North
American Silver-Coated Endotracheal Tube (NASCENT) randomized trial [67],
evaluated benefits of a silver-coated vs. a conventional tube. They included patients
with lower degrees of severity, and they found a lower incidence of microbiologi-
cally confirmed VAP (37/766 (4.8%) vs. 56/743 (7.5%); p = 0.03), for a relative risk
reduction of 35.9%. Thus, the benefits of coated ETTs in ARDS patients at high risk
of VAP should also be investigated in future studies.

Body Position Nowadays, most of the ICU patients are kept in the semirecumbent
position, because intubated patients are at higher risk for gastropulmonary aspira-
tion when placed in the supine position (0 degree), as compared with a semirecum-
bent position (45 degrees) [33, 68, 69]. One randomized trial [70] demonstrated a
reduction in the incidence of VAP in patients positioned in the semirecumbent posi-
tion, compared with patients completely supine. Interestingly, as clearly demon-
strated by Guerin et al. [71] prone position is highly beneficial in ARDS patients.
Theoretically, the prone position could also have VAP preventive effects, because
patients, as soon as they are placed to the prone position, clear from the ETT and the
mouth all secretions that are retained. A study by Ayzac [72] and collaborators ret-
rospectively evaluated patients included in their early prone-supine study the impact
on VAP. Unfortunately, they found that the cumulative probability of VAP was
higher in the prone than in the supine position group (46.5% at 90 days in the prone
position group and 33.5% in the supine position group (p = 0.11)).

20.6 Diagnosis

In mechanically ventilated patients, VAP is suspected when a new radiographic
infiltrate develops with several unspecific clinical signs [73, 74] of pulmonary infec-
tion, such as fever or hypothermia, purulent secretions, and leukocytosis or leuko-
penia. Unfortunately, in ARDS patients, chest radiographs are difficult to interpret
(Fig. 20.2), because bilateral infiltrates are already present, prior to the development
of VAP. Also, it is difficult to differentiate among cardiogenic and non-cardiogenic
pulmonary edema, pulmonary contusion, atelectasis, and pneumonia. A few studies
appraised VAP diagnostic accuracy of portable chest radiographs in the ICU [75—
79]. Wunderink et al. [78] demonstrated that in deceased patients with autopsy-
proven VAP, no single radiographic sign had a diagnostic accuracy greater than
68%. In ARDS patients, not even the presence of air bronchograms or alveolar
opacities improved VAP diagnostic accuracy.
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Correlation of radiologic signs with autopsy-proven pneumonia

Radiologic Sign Sensitivity, %  Specificity, %  Positive, % Negative
Air bronchogram 83.3 57.8 51.3 86
- Single 16.6 95.5 66.7 68
- Multiple 66.7 62.2 69.5 77
Silhouette 79.2 33.3 38.8 75
Alveolar infiltrate 87.5 25.6 39.6 78
- Unilateral 20.5 79.0 35.7 64
- Bilateral 66.7 46.5 41.0 86
Fissure Abutment 8.3 95.6 50.0 66
Atelectasis* 29.2 62.8 30.4 61

Fig.20.2 The challenges in the diagnosis of ventilator-associated pneumonia through analyses of
portable chest radiographs. A: patient who developed clinical signs of ventilator-associated pneu-
monia after 3 days of mechanical ventilation, and, at the chest radiograph, a new progressive pul-
monary infiltrate was evident at the lower right lobe. B: patient with acute respiratory distress
syndrome, who developed clinical signs of ventilator-associated pneumonia after 7 days of
mechanical ventilation. Of note, due to the bilateral infiltrates, it is challenging to identify any new
pulmonary infiltrate. At the bottom of the figure is reported specificity and sensitivity of radiologic
signs corroborated by gross findings upon autopsy (From Wunderink et al. [78])

The Clinical Pulmonary Infection Score (CPIS) was developed to improve diag-
nostic accuracy [80]. CPIS comprises clinical variables, such as temperature, blood
leukocyte count, volume and purulence of tracheal secretions, oxygenation, pulmo-
nary radiographic findings, and semiquantitative culture of tracheal aspirate. In piv-
otal studies [80, 81], a CPIS value > 6 was an accurate threshold to identify patients
with VAP. Yet, in ARDS patients, the clinical value of CPIS remains to be
validated.

In the latest guidelines for the management of patients with VAP [82], it is
strongly recommended to obtain cultures of respiratory secretions from all patients
with clinical suspicion of VAP. Nevertheless, considering that available evidence
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[83—87] demonstrated that invasive quantitative sampling did not impact any clini-
cal outcome, including mean duration of MV, ICU length of stay, or mortality [88],
the specimens can be obtained non-invasively, and cultures can be performed semi-
quantitatively. Many sampling procedures of respiratory secretions, such as endo-
tracheal aspirates, BAL, and protected specimen brush (PSB), are available.
Previous studies in patients with ARDS have used BAL, mini-BAL, and PSB to
diagnose VAP. In addition, there are several microbiological techniques including
Gram staining and intracellular organism count from specimens obtained via
BAL. Each diagnostic technique has advantages, as well as limitations and provides
different diagnostic specificity/sensitivity. Overall, qualitative cultures of endotra-
cheal aspirates have, potentially, a high percentage of false-positive results, due to
frequent bacterial colonization of the proximal airways. Conversely, quantitative
cultures of distal samples have, theoretically, an improved specificity but worse
sensitivity.

In an important study by Meduri and collaborators [89], the diagnostic accuracy
of bilateral BAL sampling was assessed in ARDS patients with clinical suspicion of
VAP. Among 55 bronchoscopies that yielded positive culture results, 33 (60%) had
significant growth in only one lung. Bilateral growth in BAL samples was more
likely to be polymicrobial, and with a bacterial growth >10° cfu/ml. The authors
also corroborated changes in BAL accuracy, when antibiotics were administered
before BAL sampling.

In conclusion, in ARDS patients with clinical suspicion of VAP, sampling of the
lower respiratory tract is advisable to accurately diagnose VAP and appropriately
use the most effective antibiotics, after microbiology results become available.
Microbiological diagnosis of VAP is pivotal not only for determining whether a
patient has VAP, but also for narrowing or discontinuing antimicrobial therapy as
soon as possible. Considering that VAP in ARDS patients is multifocal, predomi-
nantly in lower lobes [90] and it is bilateral in 40% of the cases, non-bronchoscopic
techniques are sufficiently reliable to obtain respiratory secretions. This also in light
of the potential complications that may occur in ARDS patients during
bronchoscopy.

20.7 Treatment

A major problem in the management of patients with suspicion of VAP is when to
initiate antibiotics and the prospective susceptibility of the causative pathogens. The
indiscriminate and empiric administration of antibiotics, following clinical suspi-
cion, contributes to the emergence of multidrug-resistant (MDR) pathogens and
exposes the patient to antibiotic-related adverse effects and higher costs [91]. On the
other hand, it is mandatory to initiate prompt treatment of VAP to improve survival
[92-95]. However, the choice of the initial antibiotic treatment is challenging, par-
ticularly in ARDS patients undergoing long-term antibiotic treatment before VAP



20 Pulmonary Infections in Acute Respiratory Distress Syndrome 353

Table 20.3

Risk factors for ventilator-associated pneumonia caused by multi-drug resistant pathogens

Prior intravenous antibiotic use within 90 days

Septic shock upon diagnosis of VAP
ARDS preceding VAP
Five or more days of hospitalization prior to the occurrence of VAP

Acute renal replacement therapy prior to VAP onset

Risk factors for methicillin-resistant Staphylococcus aureus

Prior intravenous antibiotic use within 90 days

Risk factors for multi-drug resistant Pseudomonas aeruginosa

Prior intravenous antibiotic use within 90 days

ARDS acute respiratory distress syndrome, VAP ventilator-associated pneumonia

development [96]. Also, it is important to consider patient’s inherent risk factors for
MDR pathogens (Table 20.3) [82]. Finally, physicians should consider resistance
patterns, which vary extremely among countries, regions, hospitals, and ICUs. Rello
et al. [97] analyzed variations in VAP etiology among three Spanish ICUs and com-
pared them with data collected in Paris. The authors concluded that VAP pathogens
largely changed among the four clinical centers, with marked differences among the
microorganisms isolated from the Spanish and French centers. Therefore, clinicians
must be aware of the most common microorganisms in their own unit and antimi-
crobial susceptibility to avoid the administration of inadequate empiric antimicro-
bial therapy.

The latest guidelines emphasized the risks associated with ARDS for developing
late-onset VAP, caused by MRSA and non-glucose-fermenting Gram-negative
bacilli [6, 8]. Theoretically, ARDS patients are at very low risk of developing VAP
caused by multi-susceptible pathogens, because they require antibiotic therapy for
many days before the suspicion of VAP.

Thus, in summary, in ARDS patients, P. aeruginosa should always be covered,
preferably with two antibiotics of different classes, particularly in units where
>10% of Gram-negative isolates are resistant to an agent being considered for
monotherapy, and in ICUs where local antimicrobial susceptibility rates are not
available [98]. Likewise, ARDS patients are at high risk of developing MRSA
VAP; thus, this pathogen should also be covered either with vancomycin or
linezolid. A detailed description of antibiotic recommendations is reported in
Table 20.4. Of note, after the results of antimicrobial susceptibility test become
available, the therapy should always be readjusted, narrowed, or fully changed/
withdrawn. Also, for highly resistant Acinetobacter spp. and carbapenem-resis-
tant pathogens, intravenous polymyxins (colistin or polymyxin B) and inhaled
colistin are highly recommended.
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Table 20.4 Suggested empiric treatment options for clinically suspected ventilator-associated

pneumonia in ARDS patients

Antibiotics for Gram-negative
bacteria with anti-
pseudomonal activity:
p-lactam-based agents

Antibiotics for Gramnegative
bacteria with anti-
pseudomonal activity:
non-f-lactam-based agents

Antibiotics for Gram-positive
bacteria with MRSA activity

Anti-pseudomonal
penicillins’

Fluoroquinolones

Glycopeptides®

Anti-pseudomonal

Ciprofloxacin 400 mg IV q8h

Vancomycin 15 mg/kg IV

penicillins' Levofloxacin 750 mg IV q24h | q8-12 h (consider a loading
Piperacillin-tazobactam dose of 25-30 mg/kg x 1 for
4.5 g IV g6h! severe illness)
Or Or Or
Cephalosporins’ Aminoglycosides* > Oxazolidinones
Cefepime 2 g IV q8h Amikacin 15-20 mg/kg IV Linezolid 600 mg IV q12h
Ceftazidime 2 g IV q8h q24h
Gentamicin 5-7 mg/kg IV
q24h
Tobramycin 5-7 mg/kg IV
q24h
Or Or
Carbapenems' Polymyxind* ®
Imipenem 500 mg IV g6h*> | Colistin 5 mg/kg IV x 1 (loading dose) followed by 2.5 mg x

Meropenem 1 g IV q8h (1.5 x CrCl + 30) IV q12h (maintenance dose)

Polymyxin B 2.5-3.0 mg/kg/d divided into two daily IV doses

Or
Monobactams?
Aztreonam 2 g IV q8h

In patients with ARDS, based on the latest guidelines [82], double therapy against P. aeruginosa
and coverage against MRSA are recommended. The initial doses may need further adjustment for
patients with hepatic or renal dysfunction

CrCl creatinine clearance, /V intravenous, MRSA methicillin-resistant Staphylococcus aureus
'Extended infusions may be appropriate

’The dose may need to be lowered in patients weighing <70 kg to prevent seizures

3In the absence of other options, it is acceptable to use aztreonam as an adjunctive agent with
another p-lactam-based agent because it has different targets within the bacterial cell wall

“Drug levels and adjustment of doses and/or intervals required

*On meta-analysis, aminoglycoside regimens were associated with lower clinical response rates
with no differences in mortality

“Polymyxins should be reserved for settings where there is a high prevalence of multidrug resis-
tance and local expertise in using this medication. Dosing is based on colistin base activity (CBA);
for example, one million IU of colistin is equivalent to about 30 mg of CBA, which corresponds to
about 80 mg of the prodrug colistimethate. Polymyxin B (1 mg = 10,000 units)

Adapted from [82]

Conclusions

In conclusion, VAP is a common complication in ARDS patients. In these
patients, VAP developed later, and it is commonly caused by multidrug-resistant
pathogens. Although VAP may not increase mortality in these patients, it pro-
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longs the length of stay in the ICU, and constitutes an important burden for the
healthcare systems. Significant efforts should be undertaken to avoid such iatro-
genic complications, and future research should corroborate, specifically in
ARDS patients, preventive and therapeutic benefits of novel devices and/or
strategies.
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