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Evidence-based Management of Patients
with Respiratory Failure: An Introduction

A. Esteban, A. Anzueto, and D. Cook

“Success in science is defined as moving from failure
to failure with undiminished enthusiasm”

Sir Winston Churchill

Respiratory failure is a complex disease process whereby the underlying disease
and therapeutic measures interact. The patient’s outcome is determined by a
variety of factors including how we use therapeutic maneuvers such as mechanical
ventilation for prevention of complications, e.g., ventilator-associated pneumo-
nia. In this book, a wide range of topics related to respiratory failure are summa-
rized. The objective of this publication is to critically review and discuss the
clinical evidence available for the diagnosis and management of patients with
respiratory failure. Presentations in this book are a summary of comprehensive
and critical review of the literature with the ultimate objective of improving the
clinical outcomes of patients with respiratory failure.

All the chapters in this book have followed a strict methodology for data search
and criteria to identify the appropriate publications. The authors searched several
bibliographic databases to identify relevant studies, including but not limited to
MEDLINE, EMBASE, HEALTHStar, CINAHL, The Cochrane Controlled Trials
Registry, and The Cochrane Data Base of Systematic Reviews. Use of EMBASE
maximized the possibility of identifying relevant European publications. Other
literature sources such as reference lists and personal files were also included.

The target of these reviews was to identify all pertinent information related to
adult patients who are mechanically ventilated either via endotracheal tube, tra-
cheostomy, or face mask. Thus invasive and non-invasive ventilation studies were
included. We also identified studies that described complications arising from the
use of mechanical ventilation which resulted in significant morbidity or mortality.
We excluded clinical studies in pediatric and/or neonatal patients. Clinical settings
relevant to these reviews were intensive care units (ICUs), intermediate care units,
step-down units and post-anesthetic recovery rooms. We excluded studies related
to home ventilation and chronic ventilator facilities.

In this book, each chapter describes the specific design of the clinical studies
including patient’s clinical characteristics, methods, and results. The methodologi-
cal features related to each topic are also highlighted. The authors classified the
studies reviewed using a level of evidence that was based on previous described
classifications. The levels of evidence were based on the studies that have an



emphasis on preventive and therapeutic interventions. Thus, randomized control-
led trials had a higher level than observational studies. However, due to the focus
and strict entry criteria of many randomized trials, the authors accepted the
premise that observational studies may be better suited than randomized studies
to address issues such as prevalence, incidence, risk factors, prognosis, and mecha-
nisms of a disease process. For example, one recent international observational
study illustrated how factors present at baseline ( e.g., coma), factors related to
patient management (e.g., ventilator plateau pressures), and factors that develop
during the course of mechanical ventilation (e.g., oxygenation ratio) are all predic-
tive of mortality among patients undergoing mechanical ventilation [1].

The authors used the following evidence grading system:

Level A evidence: randomized trials, systematic reviews, and/or meta-analyses of
randomized trials that had a clearly defined methodology, large sample size, and
yielded consistent results if more than one trial existed.

Level B evidence: randomized trials, systematic reviews and/or meta-analyses of
randomized trials that are of a lower quality, smaller sample size, and yielded
inconsistent results if more than one trial existed.

Level C evidence: controlled observational studies, uncontrolled observational
studies, utilization reviews, surveys of stated clinical practice, and/or physiological
studies.

Level D evidence: clinical judgment, expert opinion or consensus, and/or case
reports.

The authors indicate clinical evidence and separate this rating from clinical inter-
pretation. We did not used a quantitative scoring system to assess the validity of
the literature search due to the diversity of the objectives, designs, clinical popula-
tions, interventions, predictors of outcome and multiple interventions identified.
Each chapter also includes 3-5 conclusions that summarize the evidence available,
and the authors provide their insight into future research directions.

Several prior publications have focused on critical care to improve our skills at
searching and appraising clinical research, including Evidence Based Critical Care
Medicine [2], systematic reviews of observational and experimental evidence lead-
ing to Evidence Based Guidelines on Weaning from Mechanical Ventilation [3],
and numerous workshops and symposia on evidence-based clinical practice at
national and international meetings. We hope that this book will highlight the
awareness of the extensive and still growing body of literature related to the care
of patients with respiratory failure. Furthermore, in the future more practitioners
will be aware of the ongoing preventive and therapeutic interventions tested in
randomized control trials that will result in an improvement in the management
of these patients [4].

Currently, we rely on observational studies such as utilization reviews [5, 6] to
evaluate whether the best clinical care that has been determined in randomized
trials are actually used in patient management. But, there is a growing body of
evidence that  this  is  not the case. There  are several examples  of the lack of
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implementation of these studies: In nosocomial pneumonia the lack of utilization
of strategies such as semirecumbency bed position [7]; in mechanical ventilation
weaning, the lack of use of two hour spontaneous breathing trials to expedite safe
weaning [6], and in the acute respiratory distress syndrome (ARDS) the lack of use
of low tidal volume ventilation [8]. All these measures have been shown to improve
patient outcome. The data suggest that there is a need to develop strategies to
change  clinician behavior, such  as  interactive education, frequent reminders,
feedback information, and frequent re-evaluation to see if there is an improvement
in the application of these measures [9].

In summary, this book on the Evidence Based Management of Patients with
Respiratory Failure provides important information to improve patient outcome
by clearly identifying the research evidence that we can apply in our clinical
practice.
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Mechanical Ventilation: Epidemiology and Outcomes

A. Esteban, N. D. Ferguson, and F. Frutos-Vivar

Introduction

Mechanical ventilation with positive pressure is a technique that has been em-
ployed in the intensive care unit (ICU) with increasing frequency since its intro-
duction in the mid to late 1960s. Since that time, a number of new ventilator
modes have been developed, many of which have been incorporated into routine
clinical practice without good evidence of their efficacy or their superiority over
other modes of ventilation. Indeed, in most cases physicians must rely only on
short physiologic studies performed on animals or small numbers of patients to
help them decide which mode or modes of mechanical ventilation they should use
for their patients with respiratory failure in the ICU. This situation is in stark
contrast to the amount of testing and data required to bring a new pharmaceutical
agent to market.

A consensus conference on mechanical ventilation, convened 10 years ago, was
unable to make recommendations based on clinical studies [1]. Instead its recom-
mendations were only based on expert opinion, which is of course the lowest level
in the ranking of evidence. The conference did, however, highlight the need for
clinical studies in a number of areas of mechanical ventilation. In the ensuing 10
years, a number of these important clinical trials have been performed. Two of the
main areas that have been explored extensively with randomized trials include: 1) the
use of lower tidal volume ventilation to try and reduce ventilator-induced lung injury
(VILI) [2–6]; and 2) determining the method that is most effective in liberating
patients from the ventilator [7–11]. These randomized trials have been very useful in
addressing focused clinical questions, but of course they tell us little about the
epidemiology of mechanical ventilation or, how it is actually used in daily practice
in an ‘average’ ICU.

We conducted a search of MedLine, consulted personal files and consulted other
experts in the field in order to identify studies that have been published in the last
25 years (1976–2002) that address the epidemiology of mechanical ventilation in a
general ICU population. A total of 184 articles were identified. The majority of these
papers were studies analyzing only patients with respiratory failure requiring
mechanical ventilation secondary to either chronic obstructive pulmonary disease
(COPD) or acute respiratory distress syndrome (ARDS). When we limited our
search to studies examining an unselected ICU patient population, and which were
multicenter in nature with at least 100 patients, we found only four studies[12–15].



The largest of these studies followed, from initiation of mechanical ventilation until
hospital discharge, 5183 patients from 20 countries who required mechanical venti-
lation for greater than 12 hours [14].

Prevalence of Mechanical Ventilation

In one of the first studies that examined the initial results and outcomes following
the introduction of mechanical ventilation and the formation of a respiratory care
unit, Rogers et al. reported on the 212 patients who were ventilated during the first
5 years in their ICU [16]. These patients had an extremely high mortality rate of
63% [16]. Subsequently, Nunn and colleagues describe a population of 100 ICU
patients who required mechanical ventilation, a cohort comprising 23.5% of all
patients admitted to their ICU over the relevant time frame [17]. More recently, in
the large multicenter population that was used to develop the APACHE III score,
49% of patients received mechanical ventilation[18]. Of note, however, is that this
population contained a large number of patients ventilated post-operatively, and
among all ventilated patients, the total duration of ventilation was less than 24 hours
in 64% of cases [18].

Examining the prevalence data from our three studies, we see that in 48 Spanish
ICUs, 46% of ICU patients required mechanical ventilation for more than 24 hours
[12]. Similarly, in the one-day point prevalence study involving 4153 patients in 8
countries, 39% of the ICU patients were treated with mechanical ventilation [13].
Finally, of 15,757 patients admitted to the ICU during the International Study of
Mechanical Ventilation [14], 5183 (33%) required mechanical ventilation for more
than 12 hours.

Demographic Data of Ventilated Patients

In our two recent international studies, the age of patients receiving mechanical
ventilation was similar, with medians (inter-quartile range) of 61 (44–71) in 1996
[13] and 63 (48–73) in 1998 [14]. In both cases 25% of the patients were more than
75 years of age. The distribution of gender in both studies was also similar, with men
out-numbering women in a ratio of approximately two to one, a finding similar to
observations made in populations with sepsis, ARDS, and myocardial infarction.

Mode of Ventilation

Only recently have a few studies become available that allow insights into the way
in which ventilator modes are used in daily practice outside the realm of clinical
trials. Unfortunately, the number of trials comparing the use of different ventila-
tory modes and examining important patient-related outcomes such as mortality
and duration of ventilation are even fewer.

Venus and coworkers published the results of a survey conducted by mail in the
United States [19]. Of the respiratory care departments that responded, 72%
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indicated that synchronized intermittent mechanical ventilation (SIMV) was their
mode of first choice [19]. Examining actual patient data rather than self-reported
practices, and turning again to our three previously identified studies, we find that
assist-control mode (also known as volume control mode) was used most commonly
in all three studies. Assist-control mode was used in 55% and 47% of the patients in
the Spanish study [12] and the international point-prevalence study [13], respectively.
SIMV was used in 26% of patients in 1992 [12] and this decreased to 6% in 1996
[13]; however the combination of SIMV and pressure support (PS) was more com-
mon in the latter study (25 vs. 8%).

The study performed in 1998 provides additional information regarding the
choice of ventilator mode throughout the duration of the patients’ ventilation
course. Assist control ventilation was again the most frequently employed mode,
and in approximately 60% of patients it was used during the entire course of
mechanical ventilation [14]. This finding was present in both ARDS and COPD
patients alike.

The available information about the use of non-invasive mechanical ventilation,
(that given using a mask interface), is contradictory. In a multicenter French study,
35% of the mechanically ventilated patients that they studied received this therapy
through non-invasive means [20]. Meanwhile, in the international multicenter
mechanical ventilation study, only 4% of patients received non-invasive ventilation
[14]. Possible explanations for these different findings include regional practice
variations among countries and among different ICUs. Additionally, because the
international study only included patients who were ventilated for more than 12
hours, patients who received non-invasive ventilation for shorter periods of time
would not have been included in the findings [14].

Ventilator Settings

Traditionally the tidal volume used to ventilate patients admitted to the ICU has
been between 10–15 ml/kg. This practice probably stemmed from similar prac-
tices which had been used in the operating room, where the objectives are to
maintain normal gas exchange and oxygenation and to prevent atelectasis. This
method for setting tidal volume is not ideal for patients whose lungs are already
injured, such as those with ARDS. Numerous animal studies have been performed
in the last 25–30 years which show that certain ventilator strategies may them-
selves be injurious [21–27].

Recently five randomized controlled trials have been published that compared
different tidal volumes and measured mortality as their primary endpoint 10[2–6].
Two of these studies showed a significant reduction in mortality favoring the low
tidal volume group [3, 5], while the other three studies found no significant differ-
ences between the tested ventilation strategies [2, 4, 6]. Comparison of the size of
the actual tidal volumes (in ml/kg) used among the studies is difficult because of
differences in the methods for estimating weight. Nevertheless, it appears that the
two positive studies achieved the largest separation of tidal volumes between the two
groups and may have used larger tidal volumes in the control arms, with or without
smaller tidal volumes in the treatment arms, than were used in the three negative
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studies. Additionally, one of the positive studies [3] deliberately used higher levels of
positive end-expiratory pressure (PEEP) than employed in the negative studies, and
the other may have generated significantly higher levels of intrinsic PEEP [5, 28].

Each of these five studies utilized a control group treated with a tidal volume
and PEEP level that they considered to be conventional at the time that the study
was conceived and performed. Given the results outlined above, an important task
is to determine exactly what we can consider as conventional during the mid 1990s.
Looking only at patients with ARDS, in the 1996 point-prevalence study, the mean
tidal volume used was 8.7 ml/kg (standard deviation 2.0) [13], and in the 1998 study
it was 8.5 ml/kg (standard deviation 2.0) [14]. Put another way, however, the
inter-quartile range of tidal volume in the first week of ARDS was 10.0, meaning that
a quarter of the patients were being ventilated with tidal volumes above 10 ml/kg
actual body weight [14]. These estimates for mean tidal volumes are similar to
findings from the ARDS Network study, where patients were found to have a mean
tidal volume of 8.6 ml/kg immediately prior to randomization [29]. Therefore, while
we may say that a tidal volume of around 8.5 ml/kg may be termed the most
‘conventional’ for the mid to late 1990s, it is also important to remember that the
weight used to calculate this figure (i.e., actual, ideal, predicted, or dry weight) will
influence this number. Additionally, it is necessary to realize that this is a summary
statistic and as such does not clearly reflect the fact that many patients were being
ventilated with tidal volumes considerably higher (and lower) than the mean value.

In terms of PEEP levels, the two most recent of our observational studies show
that the majority of patients receiving mechanical ventilation receive low levels of
applied PEEP (=5 cm H2O), as seen in 78% [13] and 85% [14] of cases. Patients
diagnosed with ARDS tend to receive significantly higher PEEP levels than those
with COPD (9 ±3 vs. 5±2 cm H2O; mean ± standard deviation) [14]. Nevertheless,
these values in most cases appear to be lower than those recommended to achieve an
‘open-lung’ approach [3, 30], and it seems that clinicians do not routinely search for
so-called optimal PEEP levels.

Outcomes

In our international study of 5183 patients, the median duration of mechanical
ventilation was 3 days (inter-quartile range 2–7), and only a small percentage (3%)
were ventilated for longer than 3 weeks [14]. When the different pathologies that
necessitated the initiation of mechanical ventilation are analyzed, however, we
find significant differences in the duration of ventilation. For example, among the
522 patients with COPD, the median duration of ventilation was 4 days (inter-
quartile range 2–6), whereas in the 231 ARDS patients it was 6 days (inter-quartile
range 3–11; p-value 0.001). Other studies have compared the effects of different
indications for ventilation on subsequent ventilation duration. One study found
that patients with acute lung injury had a duration of ventilation of 15 days
compared to a mean of only 2 days in patients with post-operative respiratory
failure [31]. Similarly patients with pneumonia have been reported to have longer
durations of ventilation than ventilated patients without pneumonia (11 vs. 3.7 days
[32].
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The mortality rates among different studies of mechanically ventilated patients
vary according to the composition of the groups in observational studies. Addi-
tionally one may look at the control groups of clinical trials, but it must be
remembered that these patients have satisfied a number of inclusion and exclusion
criteria in order to be included in the trial, and as such usually do not represent the
typical ICU population. When we analyze observational studies of unselected
ventilated ICU patients only a few studies are available. The hospital mortality in
one study of 612 patients was 64% [33]. In the Spanish multicenter study, 290
patients died in the ICU, representing 34% of all ventilated patients studied [12]. In
a small study of 57 patients undergoing prolonged ventilation, mortality was 44%
[34]. Finally, in the international observational study involving 5183 patients in 361
ICUs in 20 countries the ICU mortality among all ventilated patients was 31%, and
the in-hospital mortality was documented to be 39% [14].

Conclusion

In conclusion, based largely on three recent observational studies, especially the
largest and most recent, we are now in possession of a significant amount of
knowledge about who mechanical ventilation is given to, how this technique is
employed, and what outcomes are associated with it in a typical medical-surgical
ICU.

Approximately one in every 3 patients admitted to the ICU will receive mechani-
cal ventilation for more than 12 hours. These patients will have an indication of
acute respiratory failure in two thirds of cases. Assist control ventilation has been
found to be most commonly used in a number of studies across different locations,
a finding that appears unchanged over the period from 1992 to 1998. The duration
of ventilation for most patients is brief (with a median of 3 days), with only a small
minority of patients requiring prolonged mechanical ventilation. Finally, the most
generalizable mortality rate for an unselected ventilated ICU population appears
to be around 31% for mortality in the ICU, and 39% for in-hospital mortality. These
data are, of course, subject to change over time as new information regarding the
optimal treatment of ventilated patients becomes available, and as existing infor-
mation is more fully incorporated into usual practice. Future observational studies
will be needed to assess for changes in practice over time, to document the ‘real-life’
efficacy of treatments demonstrated effective in clinical trials, and to review the
extent to which effective treatments are adopted into usual clinical practice.
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Ventilator Modes:
Which do we use and how should we use them?

F. Frutos-Vivar, N. D. Ferguson, and A. Esteban

Which Modes of Ventilation should be Used?

At the moment, we have a lot of different modes of ventilation available. Unlike
other therapies used in the intensive care unit (ICU), such as pharmacological
therapies, the incorporation of a new mode of ventilation does not require the
demonstration  (in  a clinical trial) that it is similar or better than previously
established modes of ventilation, as long as the ventilator itself is not a completely
new device. Synchronized intermittent mandatory ventilation (SIMV), for exam-
ple, became available on  ventilators in  1970, but the first study assessing  its
efficacy was not until 1973, and similarly pressure support (PS) appeared in 1980
and yet the first publications realted to its use are from 1985.

Search Strategy

A search in the databases MEDLINE, PubMed, and OVID was performed using the
key  words:  [Respiration,  artificial/methods OR Positive  Pressure Respiration/
methods OR Intermittent Positive Pressure Breathing/methods OR Intermittent
Positive Pressure Ventilation/methods] AND [Respiratory Insufficiency/ therapy
OR Respiratory Distress Syndrome, therapy OR Pulmonary Disease, Chronic ob-
structive/therapy]. The search was limited to studies performed in human adults,
and articles whose focus was either weaning or non-invasive ventilation were
excluded because these topics are the subject of another articles in this book.
Observational studies, comparative studies, clinical trials, or randomized clinical
trials were all allowed as publication types. Finally, the references of the most
relevant studies were reviewed in order to detect any important omissions from
the results of the search strategy described above.

Results

With the described strategy, 581 articles were identified. Following a manual
review of titles and abstracts we selected 82 articles that analyzed the effects of one
or more modes of ventilation on either physiological or clinical variables.



A. Physiological variables

In general, the studies that assessed several methods of ventilation compared their
effects on blood gases, pulmonary mechanics, or hemodynamics. Most studies
examined volume  controlled modes versus pressure  controlled modes or the
effects of conventional ventilation versus high frequency ventilation.

a. Volume controlled vs. pressure controlled ventilation
The arguments for using pressure controlled ventilation (PCV) over volume con-
trolled ventilation (VCV) are the potential decrease in the need for high inspira-
tory pressures and improvements in gas exchange. Three studies [1–3] in critically
ill patients have shown that ventilation with a decelerating inspiratory flow pat-
tern is associated with a significant reduction in the peak inspiratory pressure and
in the total inspiratory resistance. In addition, oxygenation was improved in these
patients.

One of the theoretical advantages of pressure-limited ventilation may be that
flow is adapted to both the patient’s demand as well as the mechanical properties
of the lung [4]. Kallet et al. [5], in a study of 18 patients with acute lung injury or
acute respiratory distress syndrome (ARDS), found that the higher inspiratory
peak flow obtained with PCV than with VCV (103.2 l/min. vs. 44 l/min.) produced
a decrease in the work of breathing (WOB), so that for an equal level of minute
ventilation the WOB with PCV was 0.59 ± 0.42 joules/s. vs. 0.70 ± 0.58 joules/s with
VCV. This flow pattern has also been seen to improve gas distribution [6].

Beneficial effects of PCV on oxygenation may arise because the decelerating flow
pattern could increase alveolar recruitment. The results of the reported studies are,
however, contradictory. Davis et al. [7], in a study including 25 patients with acute
lung injury, observed that oxygenation improved when patients were ventilated
with decelerating flow (i.e., a pressure controlled ventilation pattern) versus ven-
tilation with constant flow. Further evidence for the importance of the flow pattern
comes from Muñoz et al. [8], who did not find differences in oxygenation when
they compared VCV using a decelerating flow pattern to PCV. Recently, a random-
ized controlled trial has been published of 54 consecutive chronic obstructive
pulmonary disease (COPD) patients comparing constant, decelerating and sine
flow waveforms [9]. The authors found that the most favorable flow pattern for
ventilating patients with COPD appeared to be the decelerating waveform because
it produced significant reductions  of peak inspiratory pressure, mean airway
resistance and physiologic dead space ventilation, although with no changes in
mean airway pressure and arterial oxygenation. This last finding is similar to
reports by several authors [10–15] who compared VCV with constant flow and PCV
with decelerated flow. The disagreement between studies regarding oxygenation
could be due to the fact that a main determinant of oxygenation and hemodynamics
is the mean airway pressure generated rather than the actual mode of ventilation
[16].

b. High frequency ventilation vs. conventional ventilation
Most of the studies that have evaluated high frequency ventilation have been
performed in neonates and children. The experience in adults has, until recently,
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been limited to observational studies evaluating safety and efficacy. Most of these
were performed in the 1980s and involved high frequency jet ventilation (HFJV).

Hurst et al. [17], in a randomized clinical trial including 100 patients with acute
respiratory failure, compared high frequency jet ventilation (HFJV) with conven-
tional ventilation. The therapeutic aim was oxygenation and the ventilation (pH
> 7.35, PaCO2 35–45 mmHg, PaO2/FiO2 > 225). Patients in the HFJV group reached
the objective requiring a lower mean airway pressure. Recently, a new interest in
high frequency oscillatory ventilation (HFOV) has emerged. Fort et al. [18] studied
17 patients with severe ARDS and found that HFOV improved gas exchange and
decreased the required FiO2. Similarly, Mehta et el. [19] found that HFOV improved
oxygenation and ventilation in 24 ARDS patients who were failing with conven-
tional ventilation.

RECOMMENDATION: There is insufficient evidence to recommend any one mode
of ventilation over another in terms of oxygenation, pulmonary mechanics, or
hemodynamics

LEVEL OF EVIDENCE: B (for the specific questions outlined above)

B. Clinical Outcomes: Mortality

a. Volume controlled ventilation vs. Pressure controlled ventilation
Rappaport et al. [2] did not find significant differences in the mortality of 27
patients receiving care in a medical ICU for acute, severe hypoxic respiratory
failure (PaO2/FIO2 <150) randomized to VCV (64%) or PCV (56%). The primary
endpoint of this study was not mortality, and as such its sample size was far below
that required to achieve adequate power to rule out an important difference in
mortality. To estimate the effect of these modes of ventilation on mortality, the
Spanish Lung Failure Collaborative Group performed a randomized clinical trial
[20] involving 79 patients who met criteria of ARDS, randomized into two groups:
PCV (n = 42) and VCV (n = 37). Mortality in the PCV group was 51% versus a
mortality in the VCV group of 78% (relative risk 0.65, 95% confidence interval:
0.46–0.96). When mortality was adjusted for differences in other variables such as
organ dysfunction, however, mode of ventilation was not associated with the
mortality.

b. High frequency ventilation vs. conventional ventilation
In the study by Hurst et al. [17] there were no differences in mortality, in length of
stay in the ICU, or in the length of stay in the hospital, but again these were not the
main objectives of the study. To assess the safety and effectiveness of HFOV in
adult patients with ARDS, Derdak et al. [21] randomized 148 patients to HFOV
(n=75) or conventional ventilation (n=73). The 30-day mortality rate tended to
favour the HFOV group; 37% versus 52% in the conventional arm. This difference
was not statistically significant (p=0.10), but again this study was underpowered
to show a mortality benefit.
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c. Conventional ventilation vs. low frequency ventilation
with extracorporeal removal of CO2
Morris et al. [22] randomized 40 patients with severe ARDS who met extracor-
poreal membrane oxygention (ECMO) entry criteria to one of two groups: 19
patients were ventilated with conventional ventilation with inverse ventilation
ratio (PCV-IRV) and 21 patients were ventilated with inverse ventilation ratio
(PCV-IRV) and low-frequency positive pressure ventilation with extracorporeal
carbon dioxide removal (LFPPV-ECCO2R). Survival of the control group was 42%
and survival of the new therapy group was 33% [relative benefit: 0.79 (95% confi-
dence interval: 0.35 to 1.77). The conclusion from this study was that LFPPV-
ECCO2R should not be recommended for therapy of ARDS patients.

RECOMMENDATION: There is insufficient evidence to recommend any mode of
ventilation over another in terms of mortality or length of ventilation or length of
ICU stay.

LEVEL OF EVIDENCE: B (for the specific questions outlined above)

Which Modes of Ventilation are Being Used?

Until recently there was limited data on physician’s preferences for different
modes of mechanical ventilation. Venus et al. [23] reported the results of an
American survey of hospital-based respiratory care departments. Seventy-two
percent of the responders indicated that intermittent mandatory ventilation
(IMV) was their primary mode of ventilatory support. The main limitation of this
study, however, is that it was based upon the expressed preferences of the physi-
cians, rather than observations of their actual practice.

Search Strategy

A search in the databases MEDLINE, PubMed, and OVID was performed using the
key words: [Respiration, artificial/utilization OR Positive-Pressure Respiration/
utilization]. The search was limited to studies performed with human adults, and
again articles about weaning and non-invasive ventilation were excluded because
these topics are the focus of other chapters. The references of the most relevant
studies were reviewed to detect important omissions from the list generated by the
search strategy.

Results

With the described strategy, 51 articles were located. After a manual review of
titles and abstracts, four articles were identified that focused on the epidemiology
of modes of ventilation.

In the last ten years, our group has published three epidemiological studies
[24–26] that reflect the clinical use of each mode of ventilation, as shown in Table 1.
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In these studies we have found that the most used mode is VCV. This predominance
is independent of the reason for initiation of mechanical ventilation (Table 2), and
is maintained over the entire course of mechanical ventilation (Fig. 1). However,
in a recent one-day point prevalence study, performed in the Nordic countries and
including 108 patients, the authors found that the majority of patients (86%) were
ventilated, on the day of the study, with pressure-regulated modes [27].

Table 1. Utilization of the modes of ventilation in the epidemiological studies

1992 1996 1998

Esteban et al. [24] Esteban et al. [25] Esteban et al. [26]

VCV 55% 47% 53%

PCV 1% – 5%

SIMV 26% 6% 8%

SIMV-PS 8% 25% 15%

PS 8% 15% 4%

VCV: volume controlled ; PCV: pressure controlled ventilation;

Table 2. Comparison of the modes of ventilation used in patients with COPD and ARDS (Modified
from [26])

COPD ARDS

Day1 Day 3 Day 7 Day1 Day 3 Day 7

VCV 66% 64% 67% 67% 64% 61%

SIMV 5% 3,5% 2% 4% 25 2%

SIMV-PSV 10% 11% 11% 10% 11% 10%

PSV 8% 8,5% 12% 1% 3% 4%

PCV 45% 4% 2% 10% 13% 16%

SIMV: synchronized intermittent mandatory ventilation; PSV: pressure support ventilation; VCV:
volume controlled ventilation; PCV: pressure controlled ventilation; SIMV: synchronized inter-
mittent mandatory ventilation; PSV: pressure support ventilation
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Conclusion

Our review of the literature indicates that at the present time there is no strong
evidence suggesting that one mode of ventilation should be chosen over another.
This applies not only to patient-centered outcomes such as mortality, but also to
physiologic variables like gas exchange and work of breathing. As outlined above,
these recommendations in most cases reflect a lack of high quality studies rather
than a well documented equivalence among ventilator modes in terms of effects
on outcome. Large, multicenter, observational studies tell us that with this ab-
sence of evidence, clinicians are most commonly using VCV at the current time.
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Management of Patients with Respiratory Failure:
An Evidence-based Approach

L. Gattinoni, D. Chiumello, and F. Vagginelli

Introduction

The acute respiratory distress syndrome (ARDS) is an acute diffuse lung inflam-
mation associated with hypoxemia. Mechanical ventilation, despite being a life
saving treatment, can cause or increase lung injury. This has been shown in an
impressive number of experimental studies both in healthy and in sick lungs [1].
From these data, it is apparent that the lung damage may primarly arise from the
use of high tidal volume ventilation, causing overdistension or overstretching of
the lung units, or from an inadequate level of positive end-expiratory pressure
(PEEP), causing cyclical closing and reopening of the alveoli.

Tidal Volume

Based on expert opinion it was suggested that the airway plateau pressure should
be limited between 30–40 cmH2O or the transpulmonary pressure between 25–30
cmH2O depending on the lung or chest wall elastance [2].

Three randomized controlled trials evaluated the effect of a deliberate reduction
of tidal volume to maintain the plateau pressure below 30 cmH2O (limiting the
alveolar lung stretch injury), compared to a conventional tidal volume [3–5]. In all
these trials, the reduction of tidal volume did not reduce the mortality. The ARDS
Network trial found, in 860 patients who were randomized to receive a low tidal
volume strategy (6 ml/kg) compared to a conventional tidal volume strategy (12
ml/kg), that the mortality was significantly reduced in the low tidal volume group
(40 vs 31%) [6]. The positive finding obtained by this randomized controlled trial
compared to the other three could be due to many factors, such as the larger sample
sizes, the higher differences in the airway pressure between the two groups, and the
possible formation of intrinsic PEEP caused by the relatively high respiratory rate
used to avoid respiratory acidosis. In a subsequent analysis of the patients that were
previously enrolled in the ARDS network trial, it was found that the efficacy of the
low tidal volume ventilation strategy in reducing mortality did not differ according
to the pathogenic pathway of ARDS (sepsis, pulmonary or extrapulmonary, aspi-
ration, and trauma) [7]. So, from these data, it is now recommended to broadly
apply the low tidal volume strategy in ALI/ARDS patients.



However, it is worth remembering that the ARDS network trial just showed that
12 ml/kg is a worse strategy than 6 ml/kg. At the present, the place of intermediate
tidal volumes (8–10 ml/kg) is not defined. In fact, for some patients in whom the
plateau pressure remains in a safe range using 8–10 ml/kg we do not know of a
physiological reason to forego this kind of ventilation, which may allow safer
PaCO2/pH ranges and possibly prevent reabsorption atelectasis due to low V/Q
ratios.

Positive End-expiratory Pressure

PEEP has been used, since the first description of ARDS, mainly to improve
arterial oxygenation. In recent years, PEEP has been considered not only as a tool
to improve gas exchange but also as a means to limit or avoid ventilator-induced
lung injury (VILI) according to the “keep the lung open concept”. Although the
beneficial effects of this strategy have been shown in several experimental settings,
we still lack a rational approach for setting the PEEP level in clinical practice [8].

In fact, PEEP may directly and indirectly modify lung mechanics, hemody-
namics, and gas exchange; however, the PEEP levels aiming to achieve the ‘best’
mechanical improvement or the ‘best’ hemodynamic setting or the ‘best’ gas
exchange do not usually coincide, and we do not know which is the best target.

Increasing PEEP leads possibly to lung recruitment, unfortunately always asso-
ciated with the overstretching of some lung regions; the final mechanical effect
could be an improved, unchanged or decreased compliance, depending on which
phenomenon is prevalent (recruitment vs overstretching). The effect of PEEP on
lung recruitment depends in part on the underlying pathogenesis of ARDS. Ex-
trapulmonary ARDS usually presents a higher potential for recruitment than
pulmonary ARDS, in which consolidation of the lung units prevails over the
collapse [9].

Furthermore, PEEP usually decreases, at various degree, the cardiac output [10].
This effect may be negative relative to oxygen transport, but it may be positive on
PaO2 increase. In fact it is known for more than twenty years that the decrease in
cardiac output is strongly associated with a decrease of shunt fraction and to an
increase in PaO2, although the mechanisms are still not understood. Indeed, if the
aim of PEEP is to increase the PaO2, this may usually be reached by increasing the
PEEP level. However, the PaO2 increase may be due to recruitment of perfused
units, associated with overstretching, or simply due to a cardiac output decrease.
Accordingly, we still lack a rational clinical approach for PEEP setting, but, at least,
we do know that targeting to the PaO2 changes or to mechanical changes alone may
be misleading. A recent randomized controlled trial compared a strategy with high
PEEP/low FiO2 versus low PEEP/high FiO2 maintaining the tidal volume constant
(i.e., low tidal volume ventilation). The results did not show any difference in
outcome. In conclusion, after thirty years of research we are not able to identify the
best compromise for PEEP setting at the bedside.
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Lung Protective Strategy

The lung protective approach was introduced to limit lung damage by preventing
alveolar collapse and overstretching, regardless of arterial carbon dioxide level
and to maintain the lung open [11]. The application of the lung protective strat-
egy, with a tidal volume less than 6 ml/kg and high PEEP compared to the conven-
tional strategy, with a tidal volume of 12 ml/kg and low PEEP, significantly im-
proved the survival rate at 28 days (38 vs 71%) [11].

Ranieri et al. randomized 44 ARDS patients to receive a ventilatory strategy with
high PEEP and low tidal volume or a conventional strategy with high tidal volume
[12]. The conventional strategy group presented higher levels of several types of
cytokine in the bronchoalveolar lavage and in the plasma compared to the study
group, indicating a higher inflammatory response. Indeed a ‘gentle’ treatment of
the acute lung injury (ALI)/ARDS lung may be recommended, although we still do
not know the best combination of tidal volume/PEEP for a given patient.

FiO2

In healthy subjects, it is known that during general anesthesia ventilation with
100% oxygen may cause alveolar collapse. The most severely hypoxemic ARDS
patients are usually ventilated with a high FiO2 which potentially favor the col-
lapse of the alveolar units with a low ventilation-perfusion ratio due to gas reab-
sorption. Santos et al. found, in patients with respiratory failure breathing 100%
oxygen, an increase in the shunt due to reabsorption atelectasis [13]. However, the
deleterious effects of 100% oxygen could be exacerbate by a low level of PEEP
which favors alveolar derecruitment. Unfortunately we lack clinical data clearly
showing the iatrogenic potential of high inspired FiO2.

Modes of Ventilation

The most common modes of ventilation in ALI/ARDS patients are the volume
cycled and the pressure controlled ventilation (PCV). It was suggested that the
decelerating flow of the PCV may ameliorate the gas exchange compared to the
constant flow  of  volume  cycled ventilation. However,  at present, no  relevant
differences between volume cycled ventilation and PCV have been reported rela-
tive to gas exchange, hemodynamics, or lung mechanic [14].

Prone Position

The prone position is used to improve the arterial oxygenation in ALI/ARDS
patients. The rate of response is around 60–70 %. At present, it is not possible to
predict which patients can favorably respond to the prone position.
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There is only one multicenter study that evaluated the effect of prone position
on the outcome [15]. In this randomized trial, 304 patients were enrolled and
randomized to a predefined prone position strategy (i.e., at least 6 hours daily for
ten days) and to a conventional strategy (i.e., supine). The mortality did not
significantly differ between the prone and the supine group at the end of day 10 (21
vs 25 %), at the time of discharge from intensive care (51 vs 48 %), or at 6 months
(62 vs 59 %). However, these negative results could be explained by the inadequate
statistical power, the short length of the prone position (i.e., an average of only 7
hours per day), and the limitation of the prone position to only 10 days.

In a post hoc analysis, a significantly lower 10 day mortality was found in the
prone group compared to the supine group in the patients with the lowest
PaO2/FiO2 (< 88 mmHg), with the highest Simplified Acute Physiology Score (SAPS
> 49) and the highest tidal volume (> 12 ml/Kg).

At present, the prone position still remains a rescue life saving maneuver in
severe hypoxemia. Its place in the clinical prevention of lung damage and outcome
is still not defined.

Recruitment Maneuver/derecruitment

The American Consensus Conference on ARDS suggested the periodic use of
recruiting maneuvers to prevent lung atelectasis during low tidal volume ventila-
tion [2]. To recruit the lung is mandatory to provide a sufficient opening pressure,
i.e., transpulmonary pressure, which may be as high as 35–40 cmH2O. Targeting
the recruitment maneuver to the predetermined airway pressure may be inappro-
priate in patients with increased chest wall elastance/increased abdominal pres-
sure. In fact, for a given applied airway pressure, the resulting transpulmonary
pressure depends on the relationship between chest wall and total elastance of the
respiratory system. Accordingly Grasso et al. recently demonstrated in 22 ARDS
patients that the application of a recruitment maneuver (i.e., continuous positive
airway pressure [CPAP] of 40 cmH2O for 40 seconds) was effective in improving
arterial oxygenation only in patients with early ARDS (average time spent on
mechanical ventilation 1 day) [16]. This could be explained by the higher
transpulmonary pressure (29 vs 18 cmH2O) that was reached in responders com-
pared to nonresponders. The nonresponders presented with a stiffer chest wall.
Interestingly, in the nonresponders, recrutiment maneuvers caused a significant
decrease in arterial pressure and cardiac output that returned to baseline values
after the recrutiment maneuver.

We found in 10 ARDS patients, that a recrutiment maneuver (performed as
periodic increases of plateau pressure to 45 cmH2O) significantly increased the
arterial oxygenation from 93 to 138 mmHg and the end expiratory lung volume
from 1.5 to 1.9 l [17]. When considering the pathogenesis of ARDS, the recruitment
maneuver was more effective in extrapulmonary than in pulmonary ARDS.

Once opened, the recruited lung must be kept open over time. Physiologically it
is well known that what causes the derecruitment is eihter a progressive appearance
of reabsorption atelectasis due to a low V/Q ratio in some lung regions or a PEEP
level inadequate to prevent the compression atelectasis. Interestingly, Richard et
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al. demonstrated that a reduction of tidal volume from 10 to 6 ml/kg caused
significant alveolar derecruitment [18]. This may be due to a low alveolar ventila-
tion with high inspired high FiO2 and hypercapnia. In these conditions, the effects
of recruitment maneuvers are rapidly lost because of reabsorption atelectasis. The
maintenance of the recruitment effect on gas exchange also depends on the ade-
quacy of PEEP levels. It has been shown that oxygenation is usually maintained by
increasing PEEP (may last up to four hours if the PEEP level is adequate) [19] and
may be rapidly lost if the PEEP is inadequate.

Indeed the recruitment maneuver cannot be rationalized without considering
the derecruitment as the two phenomena are deeply related. Accordingly, Villagra
et al. showed that a recruitment maneuver in ARDS patients ventilated with the
lung protective strategy was ineffective in improving the arterial oxygenation in
the majority of the patients [18]. Probably the lung was already fully recruited by
the high level of PEEP  used  in  these patients and the majority of them had
pulmonary ARDS with less potential for recruitment compared to extrapulmonary
ARDS. In summary, before using a recruitment maneuver we should consider:
• the potential for recruitment in a given patient
• the transpulmunary pressure to which the recruitment maneuver  must be

targeted
• the airway pressure which must be applied to reach the targeted transpulmonary

pressure
• the ventilatory setting (PEEP and alveolar ventilation) to be used after recruit-

ment to maintain the recruitment effects.

Table 1. Levels of evidence for the current studies in ARDS/ALI

Evidence

Tidal volume Brochard et al. [3] B
Stewart et al. [4] B
Brower et al. [5] B
ARDS Network. [6] B

PEEP Dreyfuss et al. [1] C
Gattinoni et al. [9] C
Dantzker et al. [10] C

Lung Protective Strategy Amato et al. [11] B
Ranieri et al. [12] B

FiO2 Santos et al. [13] C

Prone position Artigas et al. [2] D
Gattinoni et al. [15] B

Recruitment maneuvers Artigas et al. [2] D
Grasso et al. [16] C
Pelosi et al. [17] C
Lapinsky et al. [19] C
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Unfortunately the method, the duration, and the timing of recruitment maneu-
vers are still not defined. We must also consider the possible negative effects of
recrutiment maneuvers in reducing cardiac output and arterial pressure and in
inducing barotrauma.
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What is the Utility
of Monitoring Pulmonary Mechanics in the Treatment
of Patients with Acute Respiratory Failure?

S. Benito, M. Subirana, J. M. García

Introduction

Monitoring is to use an instrument with the purpose of making a measurement,
rather than of providing treatment. The variable measured can be of interest from
a physiopathologic point of view, for later adjustment, or it may be associated with
patient outcome. In either case, the adjustment of the variables should be to the
patient’s benefit.

Pulmonary mechanics is the method of physiological measures used for diag-
nostic purposes and which allows exploration of the mechanical properties of the
total respiratory system. It can be adapted to patients under mechanical ventilation,
as they can be easily sedated in order to obtain the measurement. Reduced to the
simplicity of a loop, it provides information about the complexity of the thoracic
system: the lung, airways, ribcage, respiratory muscles, and abdomen. Pulmonary
mechanics analyses the respiratory movement; the components involved are de-
scribed in the equation of the movement, these being the elastic properties, the
resistance to flow, and inertia. For clinical study, inertia can be ruled out. Pulmo-
nary parenchyma is responsible for the elastic behaviour and the airway is respon-
sible for airflow resistance. In order to eliminate the non-elastic forces, the explo-
ration must be performed under static conditions.

Evidence-based medicine (EBM) methodology has been extensively developed
in recent years, and applied to the evaluation of diagnostic tests. In this chapter on
the utility of pulmonary mechanics monitoring, the EBM strategy has been used
and results are commented on.

Study Identification

The databases MEDLINE, CINAHL, and the Cochrane Library were consulted by
means of a structured electronic search. A total of 255 article summaries and four
systematic reviews were obtained. Once the relevant abstracts were read, the
originals were recovered and, from their bibliography, additional articles were
obtained. For this chapter, 64 original articles were analyzed, covering a period of
thirty years.



Evaluation of Diagnostic Examination Studies

According to the EBM criteria (Table 1) for critical appraisal, diagnostic studies
must be compared with a standard reference and in the population of patients that
will be later used in clinical practice. The studies must provide the rates of prob-
ability of the examination results or the necessary data for their calculation. They
should be reproducible and useful for patient management and contribute to
modification of treatment. The degree of recommendation and the levels of evi-
dence for the diagnostic examinations differ depending on the topic in question.
Systematic reviews prioritize cohort studies that validate the quality of the test and
are of high specificity.

Critical appraisal of the 64 retrieved articles shows they do not meet the EBM
criteria and should be rejected. To analyze diagnostic tests based on clinical studies
and final outcomes, EBM is possibly a very well consolidated methodology but it
is less useful in evaluating results from basic research and physiopathology which
includes pulmonary mechanics studies.

Table 1. Oxford Centre for Evidence-based Medicine Levels of Evidence for Diagnosis (May 2001),
adapted from http://www.cebm.net/levels_of_evidence.asp#levels

Level

1a SR (with homogeneity) of Level 1 diagnostic studies; CDR*
with 1b studies from different clinical centres

1b Validating cohort study with good reference standards;
or CRD* tested within one clinical centre

1c Absolute SpPins and SnNouts

2a SR (with homogeneity) of Level >2 diagnostic studies

2b Exploratory cohort study with good reference standards;
CDR* after derivation, or validated only on split-sample** or databases

3a SR (with homogeneity) of 3b and better studies

3b Non-consecutive study; or without consistently applied reference standards

4 Case-control study, poor or non-independent reference standard

5 Expert opinion without explicit critical appraisal, or based on physiology,
bench research or “first principles”

SR: systematic review; *: Clinical Decision Rule -These are algorithms or scoring systems which
lead to a prognostic estimation or a diagnostic category. $ An “Absolute SpPin” is a diagnostic
finding whose Specificity is so high that a Positive result rules-in the diagnosis. An “Absolute
SnNout” is a diagnostic finding whose Sensitivity is so high that a Negative result rules-out the
diagnosis. ** Split-sample validation is achieved by collecting all the information in a single
tranche, then artificially dividing this into “derivation” and “validation” samples.
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Analysis of Intervention: Compliance

How is it Measured?

1. Total compliance of the respiratory system: We obtain the value of the compli-
ance by dividing the tidal volume by the total positive end-expiratory pressure
(PEEP, which includes intrinsic PEEP) subtracted from the pressure measure-
ment at zero flow with a pause of 1.2 sec at the end of inspiration (Fig 1). The
compliance value depends on the value of the increase in induced volume and
the pulmonary volume, specifically of the functional residual capacity (FRC)
and the increase produced by the PEEP applied [1].

2. Pressure-Volume (P/V) loop: The patient should be supine, sedated, and para-
lyzed. After suctioning the secretions and producing a deep insufflation the
patient is connected to a syringe of 2 l and to a pressure transducer, while the
volume is set at FRC. 100 millilitres are insufflated; after a pause of 1 second,
another 100 millilitres are insufflated, until reaching 25 ml/kg or 40 cmH2O of
airway pressure (Paw). Deflection follows this point and is performed with the
same pauses and decrements. The pause points are joined [2].

What Information does it Give?

The P/V loop yields the lower inflection point (LIP) and upper inflection point
(UIP), the compliance in various portions of the loop, and hysteresis. The pulmo-
nary distensibility status from FRC to total lung volume (TLV), can be explored by
means of the P/V loop in its static condition, by tidal volume loops at different
PEEP increases, and by an airway pressure curve at the same tidal volume value
and increses of PEEP values (Fig. 2).

Fig. 1. Total compliance of the respiratory system during mechanical ventilation
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Is it the Only Way to obtain these Data?

In addition to the supersyringe system [1], systems of continuous flow and occlu-
sion have been described [3, 4].

What are the risks of the measurement?

Performing a P/V loop technique is well tolerated, although it can cause changes
in oxygenation and hemodynamics. For this reason, patients must be strictly
monitored during the maneuver [5].

Utility of Measurement of Pulmonary Mechanics

Is the P/V Loop Measurement Effective in Patients
with Acute Respiratory Failure?

Models of the P/V loop have been described to correspond with the thorax X-ray
in patients with different stages of acute respiratory distress syndrome (ARDS)
[2]. The behaviour of the P/V loop has been related to the amount of healthy lung
and the recruitment of pulmonary zones when using varying values of PEEP [6, 7],
as well as to the pulmonary or extrapulmonary origin of the ARDS [8].

Is the Compliance Measurement in Patients
with Acute Respiratory Failure Effective in Deciding the Value of PEEP
to set on the Ventilator?

Table 2 shows articles that used the inflection pressure as a value to decide the
level of PEEP in mechanically ventilated patients. Note that for some authors, LIP
is  the value of PEEP  to improve  oxygenation  [2] and ventilation  [9]. Others

Fig 2. P/V loop and, at differ-
ent PEEP increases, tidal vol-
ume loops and airway pressure
curves.
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recommend setting the level of PEEP to improve arterial blood gases and only in
some cases with the loop [10]; still other authors recommend the use of discretely
superior values [6, 14, 15]. For others recruitment that is tried with PEEP cannot
be assured with PEEP levels equal to the LIP [11–13]. The work of Amato and
colleagues [15] deserves a separate analysis. It was a randomized controlled trial,
with a ventilatory technique of lung protection in which it used a value of PEEP
calculated from the P/V loop. With this modality a mortality reduction in relation
to the control group was observed.

Table 2. PEEP versus LIP

Study Design Pathology Nº Technique Result

Matamis [2] Cross-sectional ARDS 19 Syringe LIP = PEEP

Gattinoni [6] Cross-sectional ARF 20 Syringe Best PEEP> LIP most of
the recruitment

Blanch [9] Cross-sectional ARF 13 Syringe LIP= PEEP = ↓ (PaCo2-
PetCO2)

Brunet [10] Cross-sectional ARDS 8 Syringe PEEP = blood gases;
optimized P-Vc

Jonson [11] Cross-sectional ALI 11 Computer- Recruitment occurs far
controlled above LIP
ventilator

Richard [12] Cross-sectional ALI 15 Computer- PEEP = or above
controlled LIP → alveolar
ventilator instability

Maggiore [13] Cross-sectional ALI 16 Computer- LIP is a poor predictor
controlled of alveolar Closure
ventilator

Mancini [14] Cross-sectional ARDS 8 Syringe P flex + 2 ↑ oxygenation
(PVS)

Amato [15] Randomized ARDS 53 Insp. Static PEEP= LIP+2; protective
P/V curve ventilation ↓ mortality

ARDS: acute respiratory dictress syndrome; ARF: acute respiratory failure ; ALI: acute lung injury;
LIP: lower inflection point; PEEP: positive end-expiratory pressure; P/V: pressure/volume
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Is the Measurement of Compliance Effective
in Diminishing the Pulmonary Injury induced
by the Ventilator in Patients with Acute Respiratory Failure?

Richard et al. [12] analyzed the risk of alveolar derecruitment with low tidal
volumes when the pulmonary protection modality is used. They concluded that to
avoid derecruitment, a  PEEP level equal  to  LIP +4 can  be used, or  periodic
recruitment  maneuvers can be made. Takeuchi et al. [16] analyzed the most
appropriate method to determine PEEP during the ventilatory strategy of lung
protection. Although an experimental model is not applicable for an EBM review,
the conclusions may be worthy of consideration for this question. PEEP calculated
on the basis of the P/V loop diminished pulmonary injury as compared with the
PEEP calculated by the suitable oxygenation method, and the 2 cmH2O below the
LIP was more effective.

Conclusion

• The P/V loop provides information about the state of the lung in the ARDS, and
has helped to improve our understanding of the lung in mechanical ventilation.

• The most adequate area to ventilate the patient is possibly between the LIP and
the UIP. This would suggest using the PEEP and the tidal volume placed outside
the zones of derecruitment and overdistension.

• In its present state, the technique cannot be recommended for general use. In
addition, due to a lack of suitable studies, its clinical implications are not well
known.

Future investigation

• Systems to perform a P/V loop with continuous flow by means of the ventilator.
• Standardization of the maneuver. Previous history of volume (insufflation,

opening maneuver) in zero end-expiratory pressure (ZEEP), insufflation to 40
cmH2O, deflation.

• Help with ventilation decision-making (tidal volume, PEEP). Comparative stud-
ies in homogenous patients (LIP, +2, +4, hysteresis, UIP) and with final clinical
results.

References

1. Suter P, Fairley HB, Isenberg MD (1978) Effect of tidal volume and positive end-expiratory
pressure on compliance during mechanical ventilation. Chest 73:158–162

2. Matamis D, Lemaire F, Harf A, et al (1984) Total respiratory pressure-volume curves in the
adult respiratory distress syndrome. Chest 86:58–66

3. Mankikian B, Lemaire F, Benito S, et al (1983) A new device for measurement of pulmonary
pressure-volume curves in patients on mechanical ventilation. Crit Care Med 11:897–901

34 S. Benito, M. Subirana, J. M. García



4. Servillo G, Svantesson C, Beydon L, et al (1997) Pressure-volume curves in acute respiratory
failure. Automated low flow inflation versus occlusion. Am J Respir Crit Care Med
155:1629–1636

5. Lee WL, Stewart TE, MacDonald R, et al (2002) Safety of pressure volume curve measurement
in acute lung injury and ARDS using a syringe technique. Chest 121:1595–1601

6. Gattinoni L, Pesenti A, Avalli L, et al (1987) Pressure-volume curve of total respiratory system
in acute respiratory failure. Computed tomographic scan study. Am J Respir Crit Care Med
136:730–736

7. Benito S, Lemaire F (1990) Pulmonary pressure-volume in acute respiratory distress syn-
drome in adults: role of positive end expiratory pressure. J Crit Care 5:27–34

8. Gattinoni L, Pelosi P, Suter P, et al (1998) Acute respiratory distress syndrome caused by
pulmonary and extrapulmonary disease: different syndromes? Am J Respir Crit Care Med
158:3–11

9. Blanch L, Fernandez R, Benito S et al (1987) Effect of PEEP on the arterial minus end-tidal
carbon dioxide gradient. Chest 92:451–454

10. Brunet F, Jeanbourquin D, Monchi M, et al (1995) Should mechanical ventilation be optimized
to blood gases, lung mechanics, or thoracic CT scan? Am J Respir Crit Care Med 152:524–530

11. Jonson B, Richard JC, Straus C, Mancebo J, Lemaire F, Brochard L (1999) Pressure-volume
curves and compliance in acute lung injury. Evidence  of recruitment above  the lower
inflection point. Am J Respir Crit Care Med 159:1172–1178

12. Richard JC, Maggiore SM, Jonson B, Mancebo J, Lemaire F, Brochard L (2001) Influence of
tidal volume on alveolar recruitment. Respective role of PEEP and a recruitment maneuver.
Am J Respir Crit Care Med 163:1609–1613

13. Maggiore SM, Jonson B, Richard JC, Jaber S, Lemaire F, Brochard L (2001) Alveolar derecruit-
ment at decremental positive end-expiratory pressure levels in acute lung injury. Comparison
with the lower inflection point, oxygenation and compliance. Am J Respir Crit Care Med
164:795–801

14. Mancini M, Zavala E, Mancebo J, et al (2001) Mechanisms of pulmonary gas exchange
improvement during a protective ventilatory strategy in acute respiratory distress syndrome.
Am J Respir Crit Care Med 164:1448–1453

15. Amato MBP, Barbas CSV, Medeiros DM, et al (1998) Effect of a protective-ventilation strategy
on mortality in the acute respiratory distress syndrome. N Engl J Med 338:347–354

16. Takeuchi M, Goddon S, Dolhnikoff M, et al (2002) Set positive end-expiratory pressure during
protective ventilation affects lung injury. Anesthesiology 97:682–692

What is the Utility of Monitoring Pulmonary Mechanics in the Treatment 35



What are the Best Methods for Weaning Patients
from Mechanical Ventilation?

S. K. Epstein

Introduction

Although invasive mechanical ventilation has beneficial effects on acute respira-
tory failure pathophysiology, in most instances it principally provides support
while the respiratory system recovers. Invasive mechanical ventilation is associ-
ated with significant time-dependent risks and complications including ventila-
tor-associated pneumonia (VAP), sinusitis, airway injury, thromboembolism, and
gastrointestinal bleeding. Therefore, once significant clinical improvement oc-
curs, efforts shift to rapidly removing the patient from the ventilator; a process
variably referred to as weaning, liberation, or discontinuation. Fortunately, 75%
of patients satisfying weaning readiness criteria tolerate their initial spontaneous
breathing trial (SBT), conducted with no or minimal ventilator assistance, indicat-
ing that mechanical support is no longer required. A minority are initially intoler-
ant of spontaneous breathing and require a more gradual weaning process. Once
spontaneous breathing or weaning is tolerated, the question of whether the en-
dotracheal tube is still required is addressed to determine suitability for extuba-
tion. A large recent body of evidence provides the basis for offering concise
recommendations on the best methods for weaning from mechanical ventilation
(Table 1).

Assessment of Readiness: Using Clinical Factors
and “Weaning Predictors”

Rapid liberation from mechanical ventilation must be balanced against the risks
of premature trials of spontaneous breathing (e.g., structural respiratory muscle
injury or fatigue, cardiac dysfunction).

Assessment of readiness commences within hours for intubation related to
rapidly reversible processes (e.g., cardiogenic pulmonary edema, drug overdose)
while for other processes, 24–48 hours of full ventilatory support may be required
before evaluating the patient for weaning. Subjective readiness criteria alone ap-
pear insufficient and have been supplemented [1, 2], or replaced [3, 4], by objective
clinical assessments (e.g., evidence of clinical improvement, PaO2/FiO2 ≥150 on
positive end-expiratory pressure [PEEP] ≤5, adequate hemodynamics) that serve
as surrogate markers of recovery. These objective assessments should serve as



Table 1. Evidence-based recommendations.

Summary Statement Level of
Evidence

Assessment of readiness for trials of spontaneous breathing should be based B
primarily on evidence for some clinical improvement, adequate oxygenation
and hemodynamic stability.

The majority (~75%) of patients satisfying readiness criteria will tolerate their first A
spontaneous trial and do not require a slow progressive withdrawal from
ventilatory support.

Under most circumstances weaning predictors are minimally helpful in deciding B
whether or not to initiate SBTs or reduce the level of ventilatory support.
If a weaning predictor is to be used, the frequency-tidal volume ratio appears
to be the most accurate.

Readiness testing is best performed with a 120-minute SBT conducted on T-piece A
or on low levels of CPAP or pressure support. (For the initial SBT,
a 30-minute T-piece or PSV trial is adequate.)

Tolerance for the spontaneous breathing trial is assessed by monitoring vital signs, B
oximetry, gas exchange and absence of clinical signs indicative of increased work
of breathing.

Weaning intolerance most often results from an imbalance between respiratory C
muscle capacity and respiratory load, cardiac dysfunction, or psychological causes.
Patients failing SBTs or weaning should undergo extensive evaluation to identify
reversible causes.

Progressive withdrawal of ventilatory support can be carried out using T-piece, B
pressure support or a combination of pressure support and SIMV.

SIMV alone should not be used for weaning. A

Non-invasive ventilation can be used to facilitate weaning in select patients with acute B
on chronic respiratory failure.

Once a patient has passed the SBT or weaning trial, extubation should be carried C
out if there is adequate cough, minimal secretions, and no evidence of upper
airway obstruction.

Upper airway obstruction should be sought in high risk patients using either the C
qualitative or quantitative cuff leak test.

Secretions should be assessed by determining the frequency of airway suctioning. C

NIV can be used in COPD patients with early signs of extubation failure. NIV should B
not be used routinely after extubation or with overt post-extubation respiratory failure
when intubation is immediately needed.

A protocol, implemented by respiratory care practitioners and ICU nurses should be A
used to assess daily readiness (and monitor) for spontaneous breathing trials and to
direct the weaning process.

Protocols to decrease the use of continuous intravenous sedation reduce the duration A
of weaning.

SBT: spontaneous breathing trial; SIMV: synchronized intermittent mandatory ventilation; NIV:
non-invasive ventilation; COPD: chronic obstructiove pulmonary disease; PSV: pressure support
ventilation
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guidelines rather than rigid criteria. For example, in one large randomized control-
led clinical trial, 30% of patients never satisfying objective readiness criteria were
still ultimately weaned from mechanical ventilation [3]. Similarly, one prospective
observational study and a post-hoc analysis of one randomized controlled trial
show that failure to satisfy some individual readiness criteria (e.g., Glasgow Coma
Scale >8, hemoglobin ≥10 mg/dl) does not preclude successful weaning [5, 6].

Recognition of important design flaws in observational studies has led to an
extensive reevaluation of objective physiologic criteria (‘weaning predictors’) and
their role in assessing weaning readiness. A comprehensive evidence-based medi-
cine review concluded that relatively few of the more than 50 available predictors
led to clinically significant changes in the probability of weaning success or failure
[7, 8]. Only five predictors measured during ventilatory support (negative inspira-
tory force [NIF], maximum inspiratory pressure [MIP], minute ventilation,
P0.1/MIP, CROP [compliance, rate, oxygenation, pressure]) have possible value in
predicting weaning outcome [7, 8]. Only the latter two have likelihood ratios
suggesting clinical utility, but the small number of patients studied precludes
recommending their application. Accuracy is better for three additional parame-
ters (respiratory frequency, tidal volume, frequency/tidal volume ratio [f/VT]),
measured during 1–3 minutes of unassisted breathing, but even these tests are
associated with only small to moderate changes in the probability of success or
failure [7, 8]. To date, there are no published randomized controlled trials specifi-
cally examining the role of weaning predictors in weaning decision making. Given
the limited predicted value of weaning predictors and the inherent safety of a
closely monitored SBT, a task force recommended that these tests not be routinely
used [8].

Readiness Testing

After objective criteria are satisfied, formal readiness testing is conducted by a
SBT on low levels of pressure support ventilation (PSV ≤ 7 mmHg), continuous
positive airway pressure (CPAP), or unassisted through a T-piece. A SBT is gener-
ally mandatory because nearly 40% of patients directly extubated after satisfying
readiness criteria require reintubation.

Randomized trials comparing PSV to T-piece, CPAP to T-piece, and automatic
tube compensation (ATC) to PSV or T-piece have shown no differences in terms
of successful weaning and extubation [9]. In one randomized controlled trial of 484
patients, the SBT failure rate tended to be higher for T-piece compared to PSV (22
v 14%), suggesting that endotracheal tube-related imposed work of breathing
causes weaning failure in some patients [10]. Tolerance for 120 minutes of sponta-
neous breathing signals that a patient no longer requires ventilatory support [2, 3,
10–12]. Yet, two randomized controlled trials found similar rates of weaning
success when comparing patients randomized to either 30– or 120 minutes of
T-piece [11], or PSV breathing [13]. These investigations examined only the first
attempt at spontaneous breathing; therefore, the ideal duration for subsequent
SBTs remains unknown.
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Careful assessment during the SBT is based on both objective and subjective
criteria. Although these criteria are collectively widely applied [2, 3, 10–12], the
individual components have not been subjected to rigorous validation to identify
optimal thresholds. Post-hoc analyses of randomized controlled trials demonstrate
that sequential analysis of respiratory rate, heart rate, oxygenation, and blood
pressure can separate weaning failure from success patients but do not identify
patients who pass the SBT but fail extubation [10, 11].

Identifying and Treating the Causes of Weaning Failure

Observational, physiologic studies demonstrate that weaning failure can result
from an imbalance between respiratory load (increased work of breathing, resis-
tive, elastic, ventilatory) and respiratory muscle capacity; imposed work of
breathing, myocardial dysfunction (cardiac ischemia or congestive heart failure),
or psychological factors (anxiety, delirium) [14, 15]. Therefore, intolerance for
weaning trials should prompt a thorough investigation for the underlying cause
with the goal of identifying, and ultimately treating, reversible factors. That said,
neither observational nor randomized controlled trials have been conducted to
determine if systematic identification and correction of these processes improves
outcome.

Modes of Progressive Withdrawal

Once the limiting factors are addressed, further efforts to wean the patient are
indicated. An area of uncertainty is the duration of rest required prior to initiating
further weaning attempts. Physiologic studies indicate that respiratory muscle
fatigue is infrequently detected during a failed, but well-monitored, SBT, but when
present may take ≥ 24 hours to fully recover [16]. Nevertheless, one large random-
ized controlled trial found no difference in outcome for patients given multiple
daily SBTs and those given a single daily trial (e.g., 24 hours of rest between
attempts).[1]

After failing an initial SBT, patients often undergo more gradual reductions in
ventilatory support (progressive withdrawal), theoretically slowly shifting work
from ventilator to patient until tolerance for a minimal level of support signals that
ventilatory support is no longer required. Two large multicenter randomized
controlled trials directly compared different weaning techniques in patients who
satisfied readiness criteria but failed to tolerate a two-hour trial of spontaneous
breathing [1, 2]. Taken together, these studies indicate that a slow reduction in PSV
and daily SBTs using a T-piece are equivalently efficient in weaning patients from
mechanical ventilation  [9]. Brochard and coworkers found that PSV reduced
weaning duration compared to T-piece and synchronized intermittent mandatory
ventilation (SIMV) groups (5.7 v. 9.3 days) and was more likely to be associated
with weaning success [2]. Esteban et al. also incorporated a strategy of daily SBT
(T-piece) with maintenance on full ventilatory support during intervening periods
[1]. The T-piece (either once daily or multiple daily trials) technique shortened the
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median duration of mechanical ventilation when compared to progressive with-
drawal with either PSV  or SIMV  (3 v. 4 v. 5 days) [1]. An  additional major
contribution of these studies was the demonstration that SIMV alone slows the
process of weaning. This finding is anticipated because during lower levels of SIMV,
respiratory muscle contraction is similar for both unsupported and supported
breaths, indicating poor neuromuscular apparatus adaptation to changing loads
[17]. Adding PSV to SIMV reduces work for both unsupported and supported
breaths. A single, small randomized controlled trial of 19 chronic obstructive
pumonary disease (COPD) patients found a trend toward shorter weaning duration
among patients on SIMV/PSV compared to SIMV alone [18]. To date, no studies
are available examining the utility of combining progressive withdrawal with daily
SBTs.

Two randomized controlled trials indicate that non-invasive ventilation (NIV)
can be used to facilitate weaning in selected patients with acute on chronic respi-
ratory failure. Nava and colleagues randomized 50 intubated COPD patients who
failed a T-piece trial to standard PSV weaning or to immediate extubation to
non-invasive PSV using a full face mask and standard intensive care unit (ICU)
ventilator [19]. The NIV strategy resulted in statistically significant reductions in
the duration of mechanical ventilation, length of ICU stay, and 60–day survival. An
additional investigation of 53 patients (approximately one half with COPD) found
that NIV led to reduced duration of invasive mechanical ventilation, though other
outcomes were equivalent [20]. Larger studies, including patients with other forms
of respiratory failure and well-defined selection criteria are required before this
technique can be generally recommended.

Extubation

Once the patient tolerates a trial of spontaneous breathing the focus shifts to
determining if the endotracheal tube is still required. Approximately 2–25% of
patients require reintubation (extubation failure) within 24–72h of planned ex-
tubation [21]. Most investigations demonstrate that reintubated patients suffer
increased hospital mortality, prolonged ICU and hospital stays, and more fre-
quently need long-term acute care [10, 11, 21, 22]. On the other hand, unnecessary
delays in extubation prolong ICU stay, heighten the risk for pneumonia, and
increase hospital mortality [5].

Standard weaning predictors are not satisfactorily accurate in predicting ex-
tubation outcome [7]. Tests designed to identify specific causes of extubation
failure (excessive respiratory secretions, upper airway obstruction, inadequate
cough) have been examined in prospective observational studies. For example,
three of four studies found that cuff leak volumes (the difference between inspired
and expired tidal volume during endotracheal tube cuff deflation) of <110 ml or
<10–15% of delivered tidal volume identify patients at elevated risk for post-ex-
tubation stridor [21]. Cough effectiveness and capacity to adequately protect the
airway and expel secretions have been assessed in two prospective, observational
studies of brain-injured and medical-cardiac ICU patients respectively. Both inves-
tigations found that weak spontaneous cough and frequent need for airway suc-
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tioning (more often than every two hours) were predictive of extubation failure [5,
23]. The importance of adequate neurologic function for extubation success re-
mains uncertain as two prospective observational studies in brain-injured patients
arrived at opposite conclusions [5, 24].

When medical strategies fail to reverse post-extubation respiratory failure it is
imperative to rapidly re-establish ventilatory support. Several prospective and
retrospective observational studies noted that rapid reinstitution of invasive ven-
tilatory support (within 12 hours of extubation) is associated with lower mortality
[21]. A number of observational studies suggested that NIV was effective in pre-
venting reintubation in two thirds of patients with extubation failure. In contrast,
randomized controlled trials showed that routine use of NIV after extubation [25]
or application in heterogeneous populations with overt extubation failure [26] did
not decrease the need for reintubation or improve survival. A single case-control
investigation observed that NIV effectively reduced the need for reintubation in
COPD patients with early signs and symptoms of post-extubation hypercapnic
respiratory failure [27].

Application of Weaning Protocols to Facilitate Liberation
from Mechanical Ventilation

Uncontrolled studies and randomized controlled trials demonstrate improved
outcome with an organized approach to weaning from mechanical ventilation
(e.g., using a protocol) implemented by physicians or by respiratory care practi-
tioners and ICU nurses. Ely and colleagues randomized 300 mechanically venti-
lated medical patients to either standard care or an intervention strategy that
coupled a daily readiness screen with SBTs [3]. Control patients were screened
without further intercession while, intervention patients passing the readiness
screen underwent a two-hour SBT on CPAP or T-piece coupled with a prompt to
managing clinicians encouraging extubation for those passing the SBT. The inter-
vention strategy resulted in significant reductions in weaning time (1 vs. 3 days),
duration of mechanical ventilation (4.5 v. 6 days), overall complication rate, and
ICU costs. Three subsequent randomized controlled trials conducted in medical,
surgical, and pediatric ICUs found that a respiratory care practitioner-ICU nurse
implemented protocol shortened the duration of mechanical ventilation com-
pared to traditional physician-directed weaning [4, 28, 29]. Despite these suc-
cesses, significant questions remain on how to best implement and sustain wean-
ing protocols, especially in unique patient populations. As an example, a daily
screen/SBT strategy failed to improve outcome in a cohort of neurosurgical pa-
tients [24].

Randomized trials have demonstrated that protocols directed at minimizing the
use of sedative infusions can shorten the duration of mechanical ventilation [30,
31]. Observational and case control studies indicate that a reduced duration of
mechanical ventilation occurs when nurse/patient ratios improve and when a
bedside weaning board and flow sheet is used to enhance communication between
critical care practitioners.
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Venous Thromboembolism in the ICU:
What is the Epidemiology
and What are the Consequences?

D. Cook, M. Crowther, and M. Meade

Introduction

Venous thromboembolism (VTE) is a common complication of critical illness,
conferring considerable morbidity and mortality in hospitalized patients. Patients
with deep venous thrombosis (DVT) are at risk of developing pulmonary embo-
lism (PE) which may be fatal. Approximately 90% of cases of DVT leading to PE
are believed to arise in the lower extremities.

In one study, PE was found at autopsy in 59 of 404 hospitalized patients (14.6%,
95% CI 11.3–18.4%), and PE was unsuspected in 14/20 patients who died from PE
(70.0%, 95% CI 45.7–88.1%) [1]. In one longitudinal study over 25 years, 9% of
autopsies identified PE, and in 84% of patients, the clinical diagnosis was missed
[2]. In a clinical study highlighting this problem in practice, 13/34 (38.2%) of ICU
patients with known DVT who had no symptoms of PE were diagnosed with PE by
ventilation-perfusion scans [3]. We posit that in critically ill patients with impaired
cardiopulmonary reserve, a small PE, which might be of minimal clinical impor-
tance in less ill patients, might have severe or fatal consequences. It is possible that
many mechanically ventilated  patients  with sudden episodes of  hypotension,
tachycardia,  or  hypoxia  may have undetected  PE. The contribution  of PE to
difficulty weaning patients from mechanical ventilation has been also questioned
[4].

The clinical importance of DVT in medical-surgical ICU patients lies primarily
in its association with PE, and in the fact that DVT is more easily diagnosed than
PE. Thus, the consequences of DVT have the potential to be particularly serious,
yet paradoxically, unrecognized in ICU patients. Concern about undiagnosed VTE
in the ICU is heightened by research showing that 10 [5] to100% [4, 6] of DVTs
found by ultrasound screening were clinically unsuspected (Evidence Category C).

Risk Factors for VTE

Understanding the epidemiology of VTE requires knowledge of VTE risk factors.
Inherited and acquired abnormalities in coagulation predispose to VTE. The two
most common abnormalities in the coagulation cascade associated with VTE are
the factor V Leiden mutation and the prothrombin 20210A regulatory sequence
mutation. Additional inherited procoagulant states include deficiencies of protein



C, protein S and antithrombin, each of which are naturally occurring anticoagu-
lant proteins, and elevations in the levels of homocysteine, and coagulation factors
VIII, IX and XI.

When compared to general hospital patients or outpatients, critically ill patients
have an increased risk of DVT due to immobility, sedation, paralysis [7], and
activation of the inflammatory and coagulation cascades. Using primarily univari-
ate  analyses and some multivariate analyses, studies in medical-surgical ICU
patients have identified VTE predictors in the intensive care unit (ICU) [4, 8–10].
These include patient demographics (e.g., female sex), prior VTE, recent morbidity
(e.g., duration of pre-ICU hospital stay), ICU procedures (e.g., central venous
catheters), treatments (e.g., mechanical ventilation), and lack of use of prophylaxis
(decreasing risk). These studies have yielded some useful risk factor information;
the findings underscore how some risk factors are present at baseline and immu-
table (e.g., personal history) while others are modifiable (e.g., central venous
catheterization).

In summary, VTE is a multicausal disease. However, no studies have been
designed to analyze the influence of, and interaction among, genetic markers,
premorbid illnesses and events and exposures that predispose to VTE among
mechanically ventilated patients (Evidence Category C).

Diagnosis of VTE

A key issue in understanding the epidemiology of VTE is knowing the incidence of
DVT. The incidence of DVT is dependent upon the diagnostic method employed,
since different detection methods yield different incidence rates. In terms of the
physical examination, a helpful constellation of signs and symptoms in a mathe-
matically derived and validated clinical model has been shown to predict DVT in
both outpatients and non-critically ill inpatients [11]. However, diagnosing DVT
in the ICU is more challenging. Symptoms are rarely elicited from mechanically
ventilated patients, most of whom receive sedation and analgesia. The physical
examination tends not to receive the same priority by ICU clinicians as
cardiorespiratory monitoring devices. Therefore, basing our understanding of the
epidemiology of DVT on events detected by the clinical history and physical
examination is unsuitable.

The reference standard for DVT remains lower extremity venography. Venog-
raphy is highly sensitive for DVTs including those poorly seen by ultrasound
(localized, non-occlusive or pelvic); venography is the only reliable test to detect
calf vein thrombus. However, venography is rarely performed in ICU patients [12].
Concern about transporting potentially unstable patients to the Radiology Depart-
ment, the invasivenes of the test, and the risk of contrast dye-induced nephropathy
may also contribute to aversion to venography in this setting. Bilateral lower
extremity compression Doppler ultrasound is the most widely used diagnostic test
for DVT according to our Canadian survey [12], a survey of UK radiologists [13],
and VTE researchers in the medical-surgical ICU population [4, 6, 14]. A meta-
analysis reported a pooled sensitivity of Doppler ultrasound for proximal DVTs in
symptomatic patients of 97% (95%CI 96–98%) and in asymptomatic patients, 62%
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(95%CI 53–71%) [15]. The test properties of ultrasonography for DVT in mechani-
cally ventilated ICU patients have not been determined.

Since the likelihood of embolization from undiagnosed, untreated proximal
DVT is high, strategies which screen for proximal DVT in this critically ill popula-
tion have the potential to reduce the risk of PE and its cardiopulmonary conse-
quences through early treatment. However, we have no diagnostic test for DVT that
has been demonstrated to be both accurate and feasible for daily practice in
mechanically ventilated patients. Universal screening for DVT with ultrasonogra-
phy, although the most widely accepted DVT diagnostic test in this setting, cannot
be recommended due to the absence of evidence about its impact on clinically
important outcomes (Evidence Category C and D). The properties of various
diagnostic tests for PE are summarized elsewhere, but no studies have rigorously
evaluated their properties in the ICU setting (Evidence Category D) .

Incidence of VTE

A key point about the epidemiology of VTE is that the incidence is dependent on
the population of ICU patients evaluated as well as the diagnostic method em-
ployed. Thus, across-study comparisons about the incidence of VTE are problem-
atic. Nevertheless, some critically ill populations have a high rate of VTE com-
pared to other populations; in this sense, the subpopulation of critically ill patients
is also a risk factor for VTE. For example, in a study of screening ultrasonography,
among 716 trauma patients who did not receive prophylaxis, 349 adequate
venograms were performed; 58% (95%CI 52–63%) of patients had DVT between
days 14–21, of which one third were proximal [16]. Medical-surgical ICU patients
have a mid-range risk of VTE, lower than trauma and neurosurgery patients, but
higher than ward medical or surgical patients. A schematic showing risk stratifica-
tion is found in Figure 1.

VTE Prophylaxis

Multiple lines of evidence support the principle that prophylaxis reduces the risk
of VTE in patients at risk [17]. A systematic review of randomized trials of VTE
prophylaxis included several critically ill populations [7]. Trauma patients have a
lower rate of DVT when receiving low molecular weight heparin (LMWH) com-
pared to unfractionated heparin. One randomized trial in trauma patients found
that 31% of patients receiving enoxaparin developed DVT compared to 44% in the
heparin group (relative risk reduction 30%) [18] (Evidence Category A). Pooling
all studies comparing either unfractionated heparin or LMWH against mechanical
approaches to prophylaxis, the pooled odds ratio is 0.46 (95%CI 0.16–1.29) fa-
vouring anticoagulants (Evidence Category A). For neurosurgical patients, pool-
ing data from 5 randomized trials comparing mechanical approaches to no pro-
phylaxis yields an odds ratio of 0.28 (95% CI 0.17–0.46) in favour of mechanical
prophylaxis (Evidence Category A). Pooling the results of three trials comparing
combined LWMH and mechanical approaches versus mechanical alone yields a
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pooled odds ratio of 0.59 (95% CI 0.40–0.85) favoring combination prophylaxis
(Evidence Category A).

One large randomized trial of acutely ill medical patients demonstrated that
LMWH was associated with lower DVT rates than placebo; however, this trial
excluded patients requiring mechanical ventilation [19]. Considering mechanically
ventilated patients, two randomized trials have tested DVT prophylaxis in the
medical-surgical ICU. One double blind trial allocated 119 medical-surgical ICU
patients at least 40 years of age to unfractionated heparin 5,000 IU twice daily or
placebo [20]. Using serial fibrinogen leg scanning for 5 days, the rates of DVT were
13% in the heparin group and 29% in the placebo group (relative risk reduction
0.65). Rates of bleeding and PE were not reported. In a second multicenter trial by
Fraisse and colleagues [21], 223 patients with an acute exacerbation of COPD
requiring mechanical ventilation for at least 2 days were allocated to nadroparin
3,800 or 5,700 IU once daily, or placebo. Weekly duplex ultrasound was used to
screen for DVT, and venography was attempted in all patients. The DVT rate was
16% in the nadroparin group and 28% in the placebo group (relative risk reduction
0.45). A similar number of patients bled (25 vs 18 patients, respectively, p=0.18).
In  summary, both unfractionated  heparin and LMWH provide effective VTE
prophylaxis in the medical-surgical ICU population (Evidence Category A)., al-
though no trials have compared these approaches.

Finally, the incidence of VTE is dependent on the extent to which VTE prophy-
laxis is applied. One cross-sectional utilization review showed that mechanically
ventilated surgical patients are less likely to receive VTE prophylaxis than surgical
patients who are spontaneously breathing, perhaps reflecting concern about main-
taining hemostasis following heparin administration in the immediate post opera-
tive period [22]. Early utilization reviews have indicated insufficient application of
VTE prophylaxis, but recent studies suggest that attention to VTE prevention is
increasing [22, Lacherade, unpublished data], which should decrease the burden
of illness of VTE in mechanically ventilated patients (Evidence Category C).

Fig. 1. Risk of VTE in the ICU
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Non-invasive Ventilation:
How, when, for whom, and what outcome?

L. Brochard

Introduction

Restricting the benefit of clinical research to randomized clinical trials would be a
mistake in  the field of non-invasive ventilation (NIV). Observational studies,
physiological studies, and matched paired case-control studies have put together
an enormous body evidence demonstrating the benefits of NIV and the working
mechanisms of this technique. The randomized controlled trials have confirmed
the evidence and helped to more formally indicate when NIV should be a first line
treatment. Randomized controlled trials, however, are non-blinded, are highly
selective regarding the inclusion of patients, and do not represent the real life.
Additional studies conducted out of the context of clinical trials are of utmost
importance to ensure that the results of these trials can be observed in real life.

In this chapter, the main studies focusing on the efficacy of NIV in acute
respiratory failure will be reviewed. Articles published in non-English language and
meta-analysis will not be considered. When data are available, the discussion will
address the type of ventilatory modality.

Non-invasive Ventilation in Acute Exacerbation
of Chronic Respiratory Failure (Table 1)

The studies including acute on chronic respiratory failure most frequently con-
cern patients with chronic obstructive pulmonary disease (COPD). Definitions for
chronic diseases, however, are sometimes imprecise.

Patients with hypercapnic forms of acute respiratory failure are most likely to
benefit from NIV. The pathophysiology of most episodes of acute decompensation
of chronic respiratory failure was demonstrated in a physiological study [1], and
involves the inability of respiratory muscles to generate adequate alveolar ventila-
tion in the presence of severe abnormalities in respiratory mechanics (intrinsic
positive end-expiratory pressure [PEEP], high inspiratory resistances). Therefore,
despite massive stimulation  of  the  respiratory  centres  and large  negative in-
trathoracic pressure swings generated by the respiratory muscles, these patients
generate small tidal volumes at the mouth, which are inadequately compensated
for by an increase in breathing rate [1]. This rapid shallow breathing has limited
efficiency for removing CO2 and is associated with a potential risk of respiratory



Table 1. Main studies of the efficacy of non-invasive ventilation (NIV) in patients with chronic
obstructive pulmonary disease (COPD)

Author, year [ref] Population/ Type of study Conclusions for NIV
Number of pts Location

Brochard, 1990 [1] COPD/ICU Case control study Reduction of ETI, length of stay
n = 26

Vitacca, 1993 [7] COPD/ICU The two modalities had better
n = 29 . RCT PSV results than conventional

vs ACV treatment
. Cohort (35)

Bott, 1993 [6] COPD/ward RCT Improvement of ABG, dyspnea
n = 60 Reduction of ETI criteria

Reduction in mortality (after
excluding 4 patients who did
not receive NIV)

Kramer, 1995 [8] Mixed 74 % RCT Improvement of ABG, dyspnea
n = 31 of COPD/ICU Reduction of ETI (67 % to 9 %

in COPD)

Brochard, 1995 [9] COPD/ICU RCT Improvement of ABG
n = 84 Reduction of ETI (74 % to 26 %),

of complications, LOS
Reduction in mortality

Barbé, 1996 [21] COPD/ RCT No benefit of NIV
n= 24 emergency Note: no patient required ETI

ward

Angus, 1996 [10] COPD RCT Improvement in ABG
n = 17 NIV vs

doxapram

Celikel, 1998 [11] COPD RCT Improvement of ABG
n = 30 Reduction of criteria for ETI,

of LOS

Confalonieri, 1999 Community- RCT Improvement of ABG
[40] acquired Reduction of ETI (50 % to 21 %),
n = 56 pneumonia – of complications, of ICU stay

41% of Improvement in 2 month
COPD/ICU survival for COPD (38% vs 89 %)

Plant, 2000 [12] COPD / ward RCT Improvement of ABG
n = 236 Reduction of criteria for ETI

Reduction in mortality

Girou, 2000 [45] COPD and Case / control study Reduction in complications
n = 100 cardiogenic (infections) and in mortality

pulmonary
edema/ICU
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Table 1. Continued

Author, year [ref] Population/ Type of study Conclusions for NIV
Number of pts Location

Conti, 2002 [15] COPD admitted RCT Reduction of ETI (48 % vs 100%)
n = 49 to the ICU (late Similar ICU outcome

NIV) need for Fewer long-term readmissions
ventilation: (65 % vs 100 %)

Long-term follow-up

Vitacca, 1996 [16] COPD NonR CT Better survival at one year
n = 57 follow-up (30% vs 63%)

Confalonieri, 1996 COPD Casecontrol Better survival at one year
[18] study follow-up (50 % vs 71 %)
n = 48

Bardi, 2000 [17] COPD NonR CT Better survival at one year
n = 30 follow-up

Post-extubation

Hilbert, 1998 [55] COPD with Case-control Reduction in ETI
n = 60 post extubation study

respiratory
distress

Nava, 1998 [59] Deliberate RCT Improvement of weaning success
n = 50 shortening of Reduction of LOS,

MV after of complications
48 hours Reduction in mortality

Girault, 1999 [60] Deliberate RCT Feasibility
n = 33 shortening No change in outcome

of MV Longer duration of
after 4–5 days ventilation with NIV

Carlucci, 2002 COPD with RCT Lower ETI rate (6 vs 25%)
[58] post extubation Reduction of LOS

respiratory and mortality (9 vs 35%)
distress

MV: mechanical ventilation; ETI: endotracheal intubation; RCT: randomized controlled trial; non
RCT: non-randomized controlled trial; LOS: length of stay; ICU: Intensive care unit ; PSV: pressure
support ventilation; ACV: Assist-control ventilation; ABG: Arterial blood gases
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muscle fatigue. During these episodes, severe gas exchange deterioration accom-
panies a worsening of the clinical condition, with dyspnea, right ventricular failure,
and encephalopathy. This vicious circle can be stopped by NIV, which allows the
patient to take deeper breaths with less effort [1, 2]. NIV with two levels of pressure
(pressure support [PSV] and PEEP) delivers a positive inspiratory pressure in
synchrony with the patient’s inspiratory effort, while maintaining a lower level of
pressure during expiration allows to counterbalance the effects of dynamic hyper-
inflation, which result in a positive residual alveolar pressure at the end of expira-
tion.

Several studies have demonstrated that NIV reverses the clinical abnormalities
related to hypoxemia, hypercapnia, and acidosis [1, 3].

Clinical Trials Evaluating Need of Intubation And Outcome

Acute exacerbation of COPD is a frequent reason for hospital and ICU admission,
and the efficacy of NIV in this situation has been extensively studied. A recent
international consensus conference recommended that NIV be considered as a
first-line treatment in these patients [4] and the British Thoracic Society Guide-
lines recommend that every hospital should be able to deliver NIV on a 24 hour-a-
day basis in this indication [5]. In 1990, a case-control study had first demon-
strated that NIV could markedly reduce the need for endotracheal intubation [1].
Subsequently, several prospective randomized trials confirmed that NIV reduces
the need for endotracheal intubation and the rate of complications, shortens
length of stay, and improves survival in patients with COPD [6-11]. A major
reduction in the need for endotracheal intubation was found by Kramer et al. [8].
In this study, 74% of patients had COPD and the reduction in intubation rate in
this group was from 67 to 9%. Two studies, conducted in the United Kingdom,
showed the efficacy of NIV out of the ICU [6, 12]. In the largest study in the ICU,
in which 85 patients with COPD were randomized to treatment with or without
facemask PSV [9], the endotracheal intubation rate was 74% in the controls with
standard medical treatment as compared to only 26% in the NIV group. This
reduction was associated with fewer complications during the ICU stay, a reduced
length of hospital stay, and, more importantly, a significant reduction in mortality
rate (from 29 to 9%). The overall decrease in mortality was ascribable to reduc-
tions in the need for endotracheal intubation and in various ICU-related compli-
cations. A prospective, multicenter randomized trial conducted in the UK by Plant
et al. compared standard therapy alone (control group) with NIV in 236 COPD
patients admitted to general respiratory wards for acute respiratory failure [12].
The failure rate (reaching criteria for ETI) was higher in the control group (27%
vs. 15%), and NIV was associated with a lower in-hospital mortality rate. Because
of admission policy in the UK, all patients who failed NIV were not transferred to
an ICU and for this reason the results may not be extrapolated to all kinds of
medical institution. The authors stressed the fact that for the most severe patients
(pH <7.30 on admission) the benefit of delivering NIV out of the ICU became
marginal, with a high mortality rate. These patients would probably have bene-
fited from an early ICU admission for timing NIV delivery.
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These studies indicate that early NIV to prevent further deterioration must
become an important part of the first-line therapy of acute exacerbation of COPD
[13].

A very low pH, marked alteration in mental status when NIV is started, and
presence of comorbidities or a high severity score characterize patients who expe-
rience NIV failure [14]. Several of these factors seem to indicate that a late delivery
of NIV in the course of the exacerbation reduces the likelihood of success. Every
effort should be made to deliver NIV early and close monitoring is, therefore, in
order when NIV is started late. In addition, a recently published randomized
controlled trial indicates that the efficacy of NIV is diminished when this therapy
is applied lately in the course of the exacerbation. Indeed, Conti et al. showed a
reduction of intubation from 100 to 52%, which was associated with only marginal
short-term benefits. NIV was applied to patients with COPD who had stayed a mean
of 14 hours in the emergency ward before being admitted to the ICU at the time
they needed intubation [15]. Interestingly, there were still significant long-term
benefits associated with the use of NIV such as a decrease in the readmission rate.

Clinical trials Evaluating Long-term Survival

Three studies have suggested that the use of NIV is associated with a better
one-year survival compared to a standard ICU therapy [16, 17] or compared to
invasive mechanical ventilation [18].

Clinical Trials Evaluating Location of Application of NIV

The two studies by Bott et al. and by Plant et al. were performed in the respiratory
ward, with a training period of 8 hours over the three months preceding the study
for the latter study [6, 12]. During the study, one hour per month on average was
deemed necessary in each center to maintain the level of expertise of the person-
nel. One study was performed in the emergency ward but patients included had a
very low severity [21]. In another study in the emergency ward, some patients with
COPD were included [22]. The results of this study suggested that NIV could have
inappropriately delayed endotracheal intubation. However, the small samples in
this study, some imbalance between groups, and the lack of precise description of
NIV settings make it difficult to draw conclusion from this study.

The feasibility of treating patients with COPD out of the ICU has been demon-
strated, but applicability of the results need to take into account the need for
training personnel.

Other management strategies associated with NIV

1. Negative pressure ventilation: This technique is only available in very few
centers in the world. Its efficacy for treatment of acute exacerbations of COPD
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seems to be superior in terms of outcome than a traditional approach with
invasive mechanical ventilation [19], and may be similar to face mask NIV [20].

2. Helium-oxygen mixture: The use of a helium-oxygen mixture seems very prom-
ising during NIV in patients with COPD [23, 24]. Several randomized controlled
trials are in progress to test the hypothesis that this gas mixture could increase
the success rate of this technique.

Non-invasive Ventilation
in Cardiogenic Pulmonary Edema (Table 2)

Studies mixed patients with different etiologies for cardiac failure. The results may
differ, however, in case of ischemic heart failure

Continuous positive airway pressure (CPAP) raises intrathoracic pressure, de-
creases shunting, and improves arterial oxygenation and dyspnea in these patients
[25]. Interestingly, CPAP can lessen the work of breathing substantially and im-
prove cardiovascular function by decreasing the left ventricular afterload in non-
preload-dependent patients [26]. Pressure support plus PEEP induces similar
pathophysiological benefits.

Most patients with cardiogenic pulmonary edema improve rapidly under medi-
cal therapy. A few, however, develop acute asphyxic  respiratory distress and
require ventilatory support until the medical treatment starts to work. This may be
particularly common in elderly patients with heart disease and in patients with
concomitant chronic lung disease [27]. Several NIV modalities have been tried
successfully, the goal being to avoid endotracheal intubation.

Clinical Trials Comparing CPAP or Pressure Support Plus PEEP

Randomized trials comparing either CPAP or pressure support plus PEEP to
standard medical therapy found closely similar results with the two techniques in
terms of improvement in arterial blood gases and breathing rate. Both CPAP and
pressure support plus PEEP significantly reduced the endotracheal intubation rate
rate [25, 28-30]. Two studies, however, indicate a need for caution. One compared
pressure support plus PEEP and CPAP [31]. Acute myocardial infarction was
more common in the pressure support plus PEEP group than in the CPAP group
and it remains unclear whether this should be ascribed to a randomization bias or
to a deleterious effect of pressure support plus PEEP itself. A higher rate of acute
myocardial infarction was not found in the NIV arm of a randomized controlled
trial with pressure support and PEEP, nor in the observational studies [32, 33].
The second study compared intravenous bolus therapy of high-dose nitrates, to
conventional medical therapy (a different medical therapy) and pressure support
plus PEEP. The first of these two treatments was far more effective clinically than
NIV and resulted in a better outcome [34]. These two studies draw attention to the
vulnerability of patients with cardiogenic pulmonary edema, particularly those
with ischemic heart disease. They indicate that both appropriate drug therapy and
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Table 2. Main studies of the efficacy of non-invasive ventilation (NIV) in patients with cardiogenic
pulmonary edema

Author, year [ref] Mode of Type of study Conclusions for NIV
Number of patients ventilation

Rasanen, 1985 CPAP RCT Improvement in physiological
[28] parameters in “treatment failure”
n = 40 Reduction of ETI

(65% vs 35%, p = 0.06)

Bersten, 1991 CPAP RCT Improvement in physiological
[29] parameters
n = 39 Reduction of ETI (35 % to 0%)

and ICU stay

Lin, 1995 CPAP Case control Improvement in physiological
[25] study parameters
n = 100 Reduction in “treatment failure

criteria” and ETI

Mehta, 1997 CPAP vs PSV RCT Larger improvement in
[31] + PEEP physiological parameters with PSV
n = 27 Higher rate of AMI with PSV

(71% vs 38%)

Rustherholtz, 1999 PSV + PEEP Cohort Low failure rate (21 %). Success in
[32] hypercapnic patients. Failure for
n = 26 AMI patients

Hoffmann, 1999 PSV + PEEP Cohort Low failure rate (1/29)
[33]
n = 29

Masip, 2000 PSV + PEEP RCT Improvement in physiological
[30] parameters
n = 40 Reduction of ETI (5% vs 33 %)

and ICU stay

Sharon, 2000 PSV + PEEP RCT More ETI and complications with
[34] Vs NIV (85% vs 25% of failure)
n = 40 High doses Note:

of nitrates medical therapy was different

MV: mechanical ventilation; ETI: endotracheal intubation; RCT: randomized controlled trial; non
RCT: non-randomized controlled trial; LOS: length of stay; ICU: Intensive care unit ; PSV: pressure
support ventilation; ACV: Assist-control ventilation; ABG: Arterial blood gases; PEEP: positive
end-expiratory pressure; CPAP: continuous positive airway pressure; AMI: acute myocardial
infarction.
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close monitoring are in order when using any form of NIV, especially in patients
with ischemic heart disease.

Ventilatory support seems to be a useful adjunct to medical treatment in case of
asphyxic pulmonary edema, but caution is needed in case of ischemic heart failure
when using NIV.

Non-invasive Ventilation
in Hypoxemic Respiratory Failure (Table 3)

The studies include very different etiologies causing hypoxemic respiratory fail-
ure.

Clinical Trials Evaluating CPAP

A recent investigation evaluated whether facemask CPAP produced physiologic
benefits and reduced the need for endotracheal intubation in patients with acute
lung injury (ALI) [35]. Despite an early favorable physiological response to CPAP
in terms of comfort and oxygenation, no differences were found in the need for
endotracheal intubation, in-hospital mortality, or length of ICU stay. In addition,
the use of CPAP was associated with more complications, including stress ulcer
bleeding and cardiac arrest at the time of endotracheal intubation. These results
suggest that CPAP alone cannot be recommended to avoid endotracheal intuba-
tion in patients with ALI. Its use should be limited to a short initial period of time
if no other method is available.

Clinical Trials Evaluating Pressure Support and PEEP

Until the late 1990s, the most convincing successes with NIV were obtained in
patients with acute respiratory acidosis in whom hypoxemia was not the main
reason for respiratory failure. One randomized controlled trial by Wysocki et al.
found no benefit of NIV in patients with no previous history of chronic lung
disease, except in the subgroup of patients who developed acute hypercapnia [36].
However, the beneficial results of NIV have now been extended to different forms
of hypoxemic respiratory failure with carefully selected patients [37-39]. Recently,
studies have shown that, in selected patients, NIV may reduce the need for intuba-
tion and improve outcomes [37-42]. One randomized controlled study by An-
tonelli et al., showed marked benefits of NIV using pressure support and PEEP in
hypoxemic patients free from COPD, hemodynamic instability or neurological
impairment, who were randomized when they reached pre-defined criteria for
intubation [37]. Improvements in oxygenation were similar with the non-invasive
or the invasive approach. Despite a 30% failure rate, patients treated with NIV had
shorter duration of ventilation and ICU stay and experienced fewer complica-
tions. Thus, NIV can be effective in selected patients with hypoxemic respiratory
failure but with no hemodynamic or mental impairment. Other randomized con-
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Table 3. Main studies of the efficacy of non-invasive ventilation (NIV) in patients with hypoxemic
respiratory failure

Author, year [ref] Population/ Type of study Conclusions for NIV
Number of pts Location/Mode

of ventilation

Wysocki, 1995 COPD/ICU Case-control No benefit of NIV
[36] study Except in the sub-group with acute
n = 41 hypercapnia (n = 17)

Wood, 1998 RCT/ RCT No benefit of NIV
[22] Emergency Trends for poorer outcome  (p=0.1)
n = 27 department Note: imbalance in randomisation,

small samples

Antonelli, 1998 ALI/ICU/PSV RCT Improvement of ABG
[37] + PEEP Reduction of ETI (10/32 vs 100%),
n = 64 of complications, ICU stay

Trends for better survival

Antonelli, 2000 Organ RCT Improvement of ABG
[38] transplant/ Reduction of ETI (20% vs 70%),
n = 40 ICU/ of complications

PSV + PEEP Reduction in ICU mortality
(20% vs 50%)

Delclaux, 2001 ALI/ICU/CPAP RCT No benefit of CPAP
[35] More adverse events (p = 0.01)
n = 123

Martin, 2001 Mixed/ICU/ RCT Improvement of ABG
[39] PSV + PEEP Reduction of ETI
n = 61 (21 % to 6% ETI/100 days), of LOS

Hilbert, 2001 ] Cancer, RCT Improvement of ABG
[41] hematologic Reduction of ETI (77% to 41%),
n = 52 malignancies/ of complications

ICU/PSV + Reduction in ICU and hospital
PEEP mortality (81% to 50%)

Azoulay, 2001 Cancer, Cohort, Reduction of ETI, improved survival
[46] hematologic case-control
n = 237 malignancies/ study

ICU/PSV +
PEEP

Auriant, 2001 Lung surgery/ RCT Improvement of ABG
[49] ICU/PSV + Reduction of ETI (50% to 21 %),
n = 48 PEEP of complications

Reduction in mortality (37.5% to 12.5%)

Rocco, 2001 Bilateral lung Low rate of complications and death
[50] transplant/ (18/21 with no need for ETI)
n = 21 ICU/PSV +

PEEP
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trolled trials have confirmed these beneficial results ([18, 39]). As discussed later,
however, patients with severe community-acquired pneumonia and hypoxemia
may not represent a good indication for NIV [43].

Clinical Trials Evaluating Different Subgroups
of Hypoxemic Respiratory Failure

Immunosuppression: Because one of the main benefits of NIV may be a reduction
in infectious complications [44, 45], patients at high risk for nosocomial infection
when mechanically ventilated may be particularly likely to benefit from NIV.

Table 3. Continued

Author, year [ref] Population/ Type of study Conclusions for NIV
Number of pts Location/Mode

of ventilation

Keenan, 2002 Post extubation RCT No benefit of NIV
[56] respiratory
n = 81 distress

Confalonieri, 2002 Pneumocystis Case-control Improvement of ABG
[47] carinii study Reduction of ETI, of complications
n = 24 pneumonia Reduction in mortality

Ferrer, 2002 [70] Hypoxemic RCT Improvement of ABG
N= 105 acute Reduction of ETI (13 vs 29%),

respiratory of septic shock
failure Reduction in ICU mortality (18 vs 39%)

and at 90 days.

Community acquired pneumonia

Confalonieri, 1999 Community RCT No benefit in non COPD
[40] acquired
n = 56 pneumonia

some COPD

Jolliet, 2001 [52] Community Cohort study High intubation rate
n = 24 acquired

pneumonia

Antonelli, 2001 Community Prospective ARDS and pneumonia:
[43] acquired observational risk factors for failure

peumonia study

Domenighetti, 2002 Community Cohort Less efficacy of NIV in CAP than in
[53] acquired pulmonary edema
n = 18 pneumonia
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Several recent trials have shown major benefits of NIV as a preventive measure
during episodes of acute hypoxemic respiratory failure in solid organ-transplant
patients or in patients with severe immunosuppression, particularly related to
hematological malignancies and neutropenia [38, 41, 46]. The rates of intubation
and of infectious complications, length of stay, and mortality were significantly
reduced by the use of NIV. Because of the high risk associated with endotracheal
intubation in patients with severe immunosuppression, NIV seems to be of par-
ticular interest in this group [38, 41, 46].

Along a similar line, patients suffering from pneumocystis cariniii pneumonia
during the course of human immunodeficiency virus (HIV) infection seem to
benefit from NIV, as shown in a case-control study by Confalonieri et al. [47].

In immunosuppressed patients, careful selection of patients and early onset of
NIV are necessary to avoid endotracheal intubation and to be beneficial to the
patients.

Lung surgery: Several studies looked at the use of NIV after lung surgery [48-50].
Auriant et al. conducted a randomized controlled trial in patients who experienced
respiratory distress after lung resection [49]. The reason why intubation should be
avoided is the very poor outcome of patients who usually require reintubation
shortly after lung surgery. A reduction in endotracheal intubation and a clear
benefit in terms of hospital survival was observed with NIV. A non-controlled study
suggested interesting results of using NIV in patients with respiratory distress after
bilateral lung transplant [50]. NIV seems to be useful tool to prevent reintubation
after lung surgery.

Community-acquired pneumonia: Confalonieri et al, in a randomized controlled
trial showed major benefit of NIV in patients with community-acquired pneumo-
nia, by reducing the number of endotracheal intubations, complications, and
length of stay [40]. This benefit, however, was almost entirely explained by the
subgroup of patients with COPD. The same group showed in a case-control study
a benefit of NIV in patients with pneumocystis carinii pneumonia, reducing in-
tubation, length of stay, and mortality [47]. Other studies with severely hypoxemic
patients with pneumonia have shown a high rate of failure in this subgroup [43,
51-53]. More data are necessary in this group of patients and it is difficult today to
recommend NIV for severe community-acquired pneumonia.

Post-extubation respiratory failure: The physiological rationale for this approach
was recently demonstrated by Vitacca et al. [54]. One case-control study by Hilbert
et al., suggested favorable effects of NIV to prevent reintubation in patients with
COPD [55]. The prospective randomized trial by Keenan et al. was performed in
all patients experiencing post-extubation respiratory distress. The study by Keenan
did not find any benefit of NIV [56]. Another prospective randomized trial did not
find any preventive effect of NIV [57]. In contrast, another randomized trial in
COPD showed beneficial effects [58]. The question  of the efficacy of NIV in
preventing reintubation in all patients, therefore, remains open. The benefits of
this technique may be observed only in patients with COPD.
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Non-invasive Ventilation
to Shorten Invasive Ventilation (Table 1)

A number of patients with COPD still require endotracheal intubation because
they fail NIV, have a contraindication to NIV (such as a need for surgery), or have
criteria for immediate intubation. However, when there is a need for prolonged
ventilatory assistance, these patients can be switched to NIV after a few days of
endotracheal intubation [59, 60]. This approach was shown to reduce the intuba-
tion time in two randomized controlled trials [59, 60]. In a study by Nava et al.,
complications were reduced and survival rates at day 60 were higher with this
approach [59]. This benefit was not found in another study, in which the total
length of ventilation was increased in the NIV arm [60]. Further studies on this
potentially attractive indication for NIV are, therefore, needed.

Non-invasive Ventilation for Other Conditions

Patients not to be Intubated

Several reports have described the effects of NIV in patients with acute respiratory
failure who were poor candidates for endotracheal intubation because of ad-
vanced age, debilitation, or a ‘do not resuscitate` order [61, 62]. The overall
success rate in these reports approximated 60 to 70 %. Gas exchange improved
rapidly in successfully treated patients. Even when respiratory failure did not
resolve, NIV provided symptomatic relief from dyspnea.

Patients with Acute Severe Asthma

A few studies indicate that NIV can be used in asthmatic patients [51, 63]. Two
cohort studies described the beneficial short-term effects of using NIV in asth-
matic patients deteriorating despite medical therapy [51, 63].

Fiberoptic Bronchoscopy

Several studies have suggested or demonstrated that fiberoptic bronchoscopy
could be performed under delivery of NIV (CPAP for hypoxemic patients or
pressure support + PEEP) [67–69] and that this approach improved the tolerance
of bronchoscopy and could also prevent subsequent complications and need for
endotracheal intubation [68].
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Non-invasive Ventilation with Other Modes

Several recent studies have compared PSV to proportional assist ventilation
[64–66]. The efficacy of the two techniques seemed similar, although very few
patients required intubation. Studies in more severe patients are needed.
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Pulmonary Recruitment in Acute Lung Injury

L. Blanch, A. Villagra, and J. Lopez-Aguilar

Introduction

Mechanical ventilation is a supportive life-saving therapy in patients with acute
lung injury (ALI) although it can inflict further lung damage to the lungs, indistin-
guishable from the pulmonary alterations attributable to ALI, if it is not appropri-
ately applied. Several studies also suggest that mechanical ventilation can cause
inflammation of the lung capable of damaging distal organs and this response can
be magnified if artificial ventilation results in high intrathoracic pressure, high
lung volume leading to overdistension, and cyclic alveolar recruitment and dere-
cruitment. Two randomized controlled studies focused on studying the effects of
mechanical ventilation in patients with acute respiratory distress syndrome
(ARDS) have shown that the use of high tidal volumes was associated with an
increase in mortality [1, 2]. In both studies, the application of a tidal volume of 6
ml/kg and  a moderate or high  positive end-expiratory pressure (PEEP) level
increased survival. Recruitment maneuvers have been proposed as adjuncts to
lung protective ventilatory strategies to forestall atelectasis when small tidal vol-
umes and low/moderate PEEP are used in ARDS. Recruitment maneuvers are
based on the assumption that almost complete alveolar recruitment could be
feasible during the early course of ARDS. In this context, recrutiment maneuvers
could potentially recruit the lung parenchyma for gas exchange, and to prevent
further lung damage to the re-aerated part of the lung.

Experimental Research on Recruitment Maneuvers

Recrutiment maneuvers restored oxygenation in surfactant-depletion models of
ALI. Rismensberger et al. [3] have shown in saline-lavaged rabbit lungs that a
single recrutiment maneuver resulted in better oxygenation without augmenting
histologic injury at PEEP less than the lower inflection point (LIP) of the pres-
sure/volume (P/V) curve, compared with the group with PEEP set above the LIP of
the P/V curve without a recrutiment maneuver. Furthermore, these authors, using
the same model, showed that a single sustained inflation to 30 cmH2O boosted the
ventilatory cycle onto the deflation limb of the P/V curve. This strategy resulted in
better oxygenation, static lung compliance and lung volumes. The different com-
binations of tidal volume and PEEP, and their effects on lung recruitment have an



influence on the effects of recrutiment maneuvers on lung function. In saline-lav-
aged rabbits, Bond et al. [3] showed that oxygenation improved after recrutiment
maneuvers during volume controlled ventilation only during low tidal ventilation
(7 ml/kg) and zero end-expiratory pressure (ZEEP) and, Van der Kloot et al. [5]
demonstrated no effect of recrutiment maneuvers when experimental animals
with ALI were ventilated with a PEEP level higher than the LIP of the static P/V
curve of the respiratory system. Interestingly, Takeuchi et al. [6] demonstrated
that PEEP set at 2 cmH2O above the LIP of the P/V curve of the respiratory system
was the most effective in maintaining gas exchange and minimizing lung injury
compared to a PEEP level set at the maximum curvature of the deflation P/V
curve. Whether recrutiment maneuvers are necessary to prevent alveolar collapse
over time when optimal PEEP is used remains a matter of debate. Fujino et al. [7]
have shown that repetitive high-pressure recrutiment maneuvers were required to
maximally recruit lung in a sheep model of ARDS and, the combination of other
adjuncts to mechanical ventilation can be necessary to obtain a maximal response.
Cakar et al. [8] showed in an oleic acid model of ALI that recrutiment maneuvers
had a greater effect in the prone than supine position and the oxygenation benefit
of the recrutiment maneuvers was sustained in the prone position at lower PEEP
compared with supine position.

Recruitment Maneuvers during Anesthesia

The rationale for using recrutiment maneuvers during anesthesia is to forestall
atelectasis in dependent lung areas. During anesthesia, atelectatic lung may be
re-expanded by a vital capacity maneuver, or by applying an inflation pressure of
40 cmH2O to the lungs. Re-expansion may have a sustained effect for at least 40
minutes if 40% oxygen in nitrogen is used. However, if pure oxygen is used after
re-expansion, lung collapse reappears within a few minutes [9]. This time course
of atelectasis suggests that gas composition and resorption phenomena play an
important role in the recurrence of collapse in previously re-expanded atelectatic
lung tissue.

Recruitment Maneuvers in Patients with ARDS

Lapinsky et al. [10] reported beneficial effects on oxygenation after 40 seconds of
continuous PEEP of 40 cmH2O in 14 patients with ARDS. The recrutiment maneu-
ver was considered safe although a sustained effect was achieved only if PEEP was
increased after the recrutiment maneuver. Using a different technique to facilitate
recruitment, Pelosi et al. [11] tested the effects of periodic increases in peak airway
pressure (plateau pressure of 45 cmH2O) in patients with ARDS ventilated with
PEEP (14.5 cmH2O) and observed significant improvements in oxygenation, in-
trapulmonary shunt and lung mechanics. Similarly, Foti et al. [12] compared the
effect of volume controlled ventilation at low PEEP with superimposition of peri-
odic volume recruitment maneuvers with volume controlled ventilation at high
PEEP in patients with ARDS. Sighs at low PEEP effectively improved oxygenation
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and alveolar recruitment, but were relatively less effective than a continuous high
PEEP level, thus suggesting that high PEEP better stabilizes alveoli, preventing the
loss in lung volume.

Two observational studies have shown a modest and variable effect of the
recrutiment maneuver on oxygenation when the ARDS patient is ventilated with a
high level of PEEP. Richard et al. [13] demonstrated in patients with ARDS that
increasing PEEP or performing a recrutiment maneuver appeared to be the two
strategies to counteract low tidal volume and moderate PEEP-induced de-recruit-
ment. When recrutiment maneuvers were performed in patients already ventilated
with high PEEP, oxygenation modestly improved and had minimal effects on
requirements for oxygenation support. Villagra et al. [14] studied the effect of a
recrutiment maneuver that consisted of two minutes of pressure control ventilation
(mean peak airway pressure 47 ± 4.5 cmH2O) and high end-expiratory pressure
(mean PEEP 30 ± 4.9 cmH2O) in ARDS patients receiving a lung protective ap-
proach strategy (tidal volume < 8 ml/kg and PEEP 3–4 cmH2O higher than the LIP
on the P/V curve). Interestingly, recrutiment maneuvers did not improve oxygena-
tion in the majority of patients regardless of the stage of ARDS, and venous
admixture increased during recrutiment maneuver in non-responders. This dele-
terious effect suggests that the recrutiment maneuver increased lung volume by
overdistending the more compliant already-opened and aerated alveolar units,
rather than recruiting collapsed units. Alveolar overdistension would favor capil-
lary collapse in the healthy areas and diversion of blood flow into the collapsed
areas. Furthermore,  a negative correlation was found between recruited lung
volume induced by PEEP before recrutiment maneuver and recrutiment maneuver
-induced changes in oxygenation. These observational studies suggest that recru-
timent maneuvers are not effective when the lungs have been near-optimally
recruited by PEEP and tidal volume [13, 14].

Crotti et al. [15] have shown that the dynamics of recruitment and derecruitment
in human ARDS of pulmonary origin are similar to those observed in oleic acid
models of ALI. However, the potential for recruitment in human ARDS compared
to highly recruitable animal models is rather limited. A recent study [16] found that
recrutiment maneuvers transiently improved oxygenation only in patients with
early ARDS who did not have impairment of chest wall mechanics and with a large
potential for recruitment, as was indicated by low values of lung elastance. Clearly,
further studies are needed to identify with simple and reliable technology those
patients who will benefit from a recrutiment maneuver before recrutiment maneu-
vers can be recommended as a routine practice to improve outcome in ARDS.

Recrutiment Maneuvers after Ventilator Disconnections
and during Spontaneous Breathing

Patients with ARDS need periodic suctioning of secretions due to their inability to
spontaneously clear airway secretions. Lu et al. [17] studied the physiologic effects
of endotracheal suctioning in anesthetized sheep and found that endotracheal
suctioning was associated with atelectasis, brochoconstriction, and a decrease in
arterial oxygen saturation. The combination of hyperoxygenation before the re-
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crutiment maneuver and a recrutiment maneuver after endotracheal suctioning
entirely reversed the suctioning-induced increase in lung tissue resistance and
atelectasis.

Diaphragmatic contraction during partial ventilatory support augments distri-
bution of ventilation to dependent, poorly aerated but perfused lung regions.
Several recent reports have suggested that the addition of periodic hyperinflations
during continuous positive airway pressure (CPAP) [18], the application of sighs
during pressure support ventilation (19), and the use of airway pressure release
ventilation improved lung function (20). The beneficial effects of periodic sighs and
spontaneous breathing seems to favor the opening of previously collapsed lung and
prevent lung collapse associated with low tidal volume and low PEEP levels used
in patients who are recovering from an acute episode of respiratory failure.

Conclusion

Recrutiment maneuvers superimposed on mechanical ventilation have the poten-
tial to recruit atelectatic lungs in the course of general anesthesia although the
physiologic benefits are less evident in patients with ARDS. Patient selection, long
term benefits, and safety of recrutiment maneuvers also remain to be determined.
Many different methods are recommended to achieve maximal lung recruitment
but no evidence exits about which should be used. Finally, evidence for the bene-
ficial effect of recrutiment maneuvers in ARDS is from non-randomized trials or
from observational studies and, evidence from large, prospective and randomized
clinical studies is still lacking. Therefore, the use of recrutiment maneuvers in
ARDS is controversial even as rescue therapy to improve oxygenation in the most
severe forms of human ARDS.
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Lung-Protective Ventilation Trial:
A Comparison of Physiologic Effects
and Patient-important Outcomes

M. O. Meade, N. Adhikari, and K. E. Burns

Introduction

Lung-protective ventilation is one of the most important advances in critical care
over the past two decades. In response to a growing understanding of the lung
damage that results from overdistention, cyclic alveolar collapse, and prolonged
exposure to high levels of oxygen, investigators have developed and tested several
ventilation strategies designed to minimize ventilator-associated lung injury.

Among the many factors that delay the implementation of results from random-
ized clinical trails into clinical practice, a fundamental issue is inconsistency of
results among and within trials. Systematic reviews incorporating meta-analyses
help to address inconsistent results among related studies. Understanding the
limitations of surrogate outcomes can help clinicians to deal with apparent incon-
sistencies among results within single trials.

A surrogate endpoint refers to a laboratory or physiologic measurement that
substitutes for a direct measurement of patient function or survival. Effects on
surrogate outcomes, therefore, provide indirect evidence of benefit or harm. Sur-
rogate outcomes are most useful when confirmation of patient-important benefit
would require unduly large or long clinical trials; they are valid only when there is
a  strong,  independent, and  consistent association with a clinically important
outcome.

There are many examples of discord between the effects on surrogate and
patient-important outcomes, reflecting an imperfect understanding of complex
physiology. For example, the antiarrhythmic agents encainide and flecainide sup-
press premature ventricular contractions following acute myocardial infarction
and held great promise for routine care. Ultimately, they were found to increase
patient mortality despite a strong physiologic rationale [1]. Similarly, a vast
number of inflammatory mediator-directed therapies can reduce serum mediator
levels and improve some measures of organ function among patients with sepsis;
however, among more than 20 randomized controlled trials none of these agents
has been found to improve survival [2]. Another notable example is that of prehos-
pital fluid resuscitation for patients with penetrating chest trauma. Rapid improve-
ment of hypotension is an attractive and compelling physiologic goal. However,
the relatively hidden tradeoffs, hemodilution, disrupted thrombus, and increased
blood loss are costly and the net effect is an iatrogenic increase in mortality [3].



The aim of this document is to highlight conflicts between physiologic outcomes
and effects on survival of ventilation strategies currently used for lung-protection
among patients with acute lung injury (ALI). Our aim is not to conduct a systematic
review of this literature to answer questions related to inconsistent results from
related trials.

Methods

We searched MEDLINE, EMBASE, CINAHL, HealthSTAR, the Cochrane Database
of Systematic Reviews and the Cochrane Controlled Trials Register, from 1990 to
2002, for randomized controlled trials reporting on survival effects of ‘lung-pro-
tective’ strategies (tidal volume limitation, open-lung ventilation, and inhaled
nitric oxide) among critically ill adults with acute lung injury (ALI). We also
searched for surveys and audits of current use of these strategies in clinical prac-
tice.

Inhaled Nitric Oxide

Inhaled nitric oxide (NO), a selective pulmonary vasodilator, augments blood flow
to ventilated lung units. Clinicians commonly administer inhaled NO as an ad-
junctive drug therapy to improve oxygenation and thereby reduce exposures to
high levels of inspired oxygen and protect the lungs from ventilator-associated
injury.

Four published randomized controlled trials have evaluated the effect of varying
doses of inhaled NO on survival among 428 patients with ALI or acute respiratory
dictress syndrome (ARDS) [4–7]. Two studies were concealed [4, 6] one was
blinded [4], one included adults and children [5], and one large trial randomized
only patients who were identified as “NO-responders” [6]. Cross-overs were rare,
follow-up was complete, and all trials included an intention-to-treat analysis. In
addition, we are aware of two industry-sponsored trials of inhaled NO therapy
among approximately 600 patients with ALI or ARDS [8, 9].

Among the published trials, responses with respect to physiologic outcomes
were consistent and dramatic. Inhaled NO therapy produced an acute improve-
ment in oxygenation for, on average, 65% of patients. In two studies this translated
into a sustained reduction in respiratory support [4, 5]. Effects of inhaled NO on
mortality are more sobering. With one exception, all trials showed a non-statisti-
cally significant increase in mortality. The remaining study reported no effect on
mortality (relative risk (RR) 0.97; 95% confidence interval [CI] 0.60-1.57) [4].
Pooling results from these four trials reveals a trend to increased mortality for
patients receiving inhaled NO therapy (RR using a random effects model 1.21; 95%
CI: 0.90-1.40). Although statistical aggregation of studies is controversial in the
presence of clinical and statistical heterogeneity, the best current evidence suggests
that inhaled NO, when applied routinely in ALI/ARDS, increases mortality.

In summary, the acute physiologic effects of inhaled NO therapy led clinicians
to expect patient-important benefits, which were refuted in subsequent random-
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ized trials. The acceptance and dissemination of this finding into routine practice
contrasts with the experience of encainide and flecainide. For both interventions,
physiologic responses were positive, but randomized controlled trials suggested
increased mortality without a clear physiologic mechanism for harm. However,
while physicians rarely use encainide and flecainide in the management of arrhyth-
mias following acute myocardial infarction, inhaled NO is commonly used for its
rapid, favorable physiologic effects.

Tidal Volume Limitation

Investigators have studied the effects of tidal volume limitation extensively in
animal experiments, clinical case series and five randomized controlled trials
[10–14]. The physiologic rationale is that the reduction of inspiratory pressures
and volumes reduces volutrauma. However, these physiologic gains are relatively
inconspicuous compared to the effects on conventional parameters of gas ex-
change. In fact, tidal volume limitation may worsen these physiologic outcomes,
causing hypoxemia and hypercapnia. Among patients with severe ALI, marked air
hunger and ventilator dyssynchrony may necessitate increased administration of
sedative and neuromuscular blocking agents.

The US National Institutes of Health funded a multicenter, concealed and
randomized trial of tidal volume limitation among 861 patients across the spectrum
of ALI severity [10]. The two groups were similar with respect to baseline charac-
teristics and post-randomization use of other interventions that might influence
their survival. Despite the anticipated deleterious effects on gas exchange, the
relative risk of hospital mortality associated with tidal volumes set at 6 ml/kg
predicted body weight was 0.78 (experimental mortality rate 31.0%; control mor-
tality 39.8%; 95% CI 0.65-0.93). This survival benefit is of the same order of
magnitude as that derived from the use of aspirin in acute myocardial infarction.
Though results of individual trials are not consistent in this finding, in aggregate
the results of all five randomized controlled trials also suggests a clinically signifi-
cant reduction in mortality. Hopefully, forthcoming systematic reviews with meta-
analyses will help to clarify the reasons for different results among these related
trials.

In summary, the effect of tidal volume limitation on conventional physiologic
outcomes is also distinctly misleading for at least some of the low tidal volume
strategies that have been tested. In contrast to the example of physiologic benefit
failing to be matched by clinical benefit (inhaled NO), the observed deterioration
in conventional physiologic endpoints was associated with improved survival.
Nevertheless, compelling effects on physiologic parameters may play an important
role in influencing clinical practice. Notwithstanding the potentially large survival
advantage associated with tidal volume limitation, the findings of recent audits
conducted in Asia and in North America show that the results of the NIH-spon-
sored trial have had limited impact on patient care [15, 16].
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Open Lung Ventilation

Open lung ventilation refers to the use of strategies designed to recruit collapsed
lung units for participation in gas exchange (for instance, using a lung recruitment
maneuver) and to maintain ventilation among recruited lung units (with high
levels of positive end-expiratory pressure [PEEP]). The goal is to ventilate within
a ‘safe’ region of the pressure/volume (P/V) curve of the lung: applying inspiratory
pressures below a level associated with regional overdistention and end-expira-
tory pressures above an elusive critical closing pressure [17]. The proposed
mechanisms of lung protection include reductions in volutrauma, shearing injury
and oxygen toxicity.

In a landmark trial comparing an open-lung strategy to a more conventional
high tidal volume/low PEEP strategy, investigators enrolled 53 patients with severe
ARDS and stopped the trial early in response to disproportionately high mortality
in the control group [14]. They observed better oxygenation and better evolution
of lung function (described as a composite measure of effects on gas exchange, lung
compliance, and respiratory support) among patients in the experimental group.
In this trial, favorable physiologic outcomes were mirrored by a statistically sig-
nificant reduction in 28-day mortality (relative risk [RR] 0.53; 95% confidence
interval [CI] 0.31-0.91).

The compelling results of this small randomized controlled trial prompted a
second  and larger  randomized  controlled trial, the ‘ALVEOLI’  trial, which is
complete but unpublished. The investigators concealed allocation, achieved bal-
anced cointervention use between groups and 100% follow-up, and conducted an
intention-to-treat analysis. In this study, stopped prematurely in accordance with
a priori rules for ‘futility’, the investigators may have missed an important benefit
to the use of high PEEP.

In summary, physiologic responses to open lung ventilation are favorable but
survival effects are unclear. Given the limitations of surrogate outcomes, the role
for open lung ventilation will not be resolved without more data from the recently
completed study and two large multicenter trials currently underway in Canada
and France.

Conclusion

We have reviewed three examples of the limitations of physiologic outcomes as
they relate to lung-protective ventilation trials. For two of the three interventions,
basing current practice on physiologic effects may lead to iatrogenic deaths
among critically ill patients with ALI.

The methods of our review included an unbiased search for relevant trials and
a critical appraisal of included studies. We did not formulate or explore a priori
hypotheses about heterogeneity among related trials; however, our aim was not to
conduct a systematic review of the literature. Moreover, we did not discuss some
other potentially lung-protective strategies including prone ventilation and surfac-
tant therapy. Rather, we have presented an approach to surrogate outcomes in
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clinical trials of lung protection that may be useful in the face of apparently
inconsistent results within trials and in the management of patients with ALI.

Based on this review, current evidence suggests that tidal volume limitation (6
ml/kg predicted body weight) is an important intervention to reduce mortality,
despite the temporary worsening of gas exchange. Current evidence also suggests
that clinicians should not administer inhaled NO therapy as a means of reducing
oxygen toxicity, since the available evidence suggests that this may increase mor-
tality. The results of unpublished randomized controlled trials will be extremely
useful to resolve residual uncertainty on this issue. In the meantime, our findings
do not apply to the use of inhaled NO for patients with severe refractory hypoxemia
on 100% FiO2 or for those patients with hemodynamically significant pulmonary
hypertension. Finally, more clinical trials are needed to resolve the role for open
lung ventilation in lung protection and improving survival of critically ill patients.
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Acute Exacerbation
of Chronic Obstructive Pulmonary Diseases:
What is the impact of bronchodilators,
corticosteroids and antibiotics?

A. Anzueto

Introduction

Methods

Relevant articles published between 1966 and July 1st, 2002, were retrieved from
Medline using the index terms “chronic obstructive pulmonary disease”, “chronic
bronchitis” combined with “acute exacerbations” as well as specific terms relating
to various interventions such as “steroids”, “bronchodilators”, “anticholinergics”,
“antibiotics”, and “mucolytics”. The Cochrane control trials register until the end
of the year 2001 was also searched. Well conducted, randomized, controlled trials
constitute strong or Level-A evidence; well designed controlled trials without
randomization including cohort and case control studies constitute Level-B or fair
evidence; non-randomized clinical trials, observational studies constitute Level-C;
and expert opinion, case studies, and before and after studies are Level-D or weak
evidence. These ratings appear as roman numerals in parenthesis after each rec-
ommendation in these guidelines.

Epidemiology and Risk Factors

Chronic obstructive pulmonary disease (COPD) is now the 5th leading cause of
death and the prevalence is increasing [1, 2]. Chronic bronchitis can be defined
clinically as a disorder with expectoration of sputum on most days during at least
three consecutive months for more than two successive years, other causes of
cough and sputum having been excluded [3]. Chronic bronchitis accounts for
approximately 85% of COPD. Chronic bronchitis frequently coexists with emphy-
sema and small airways disease with the contribution of each disorder varying
from person to person. It is essential to recognize that chronic bronchitis may
occur without airway obstruction but most patients will have some evidence of
COPD [4].



Acute Exacerbations of Chronic Bronchitis

Like the disease itself, exacerbations of chronic bronchitis are defined clinically. It
has become traditional to use some combination of the following three criteria
originally described by Anthonisen and colleagues [5] to define acute exacerba-
tions of chronic bronchitis: increased cough and sputum, sputum purulence, and
increased dyspnea over baseline. There are no validated characteristic laboratory
or radiographic tests to make the diagnosis of acute exacerbations of chronic
bronchitis so that definition of an exacerbation remains problematic. Seemungal
and colleagues have proposed major and minor criteria to define an exacerbation.
[6]  The major  criteria are the three proposed  by Anthonisen. Minor criteria
include wheeze, sore throat, cough and symptoms of a common cold such as nasal
congestion or discharge. They defined an exacerbation as the presence of at least
two major symptoms or one major and one minor symptom for at least two
consecutive days. It is clear that the incidence of acute exacerbations of chronic
bronchitis will vary depending on which definition is used. Utilizing the Anthon-
isen criteria the typical patient with chronic bronchitis will average 2–3 acute
exacerbations of chronic bronchitis annually.

Most exacerbations, particularly those meeting the Anthonisen criteria, are
believed to result from infection but exposure to allergens, pollutants or irritants
(cigarette smoke, dust) may all precipitate a worsening of chronic bronchitis. Rarer
causes of exacerbations include congestive heart failure, pneumonia, pulmonary
emboli, pneumothorax, inappropriate oxygen administration, and drugs such as
tranquilizers. Exacerbation rates are an important determinant of disease specific
health status as measured by a standard quality of life questionnaire [7]. Exacerba-
tions may lead to hospitalization which carries with it a 4% short term mortality
rate for patients with mild to moderate disease [8] but as high as 24% if admitted
to an intensive care unit (ICU) with respiratory failure [9–12]. This latter group of
patients with severe disease have one year mortality rates of up to 46% [9–11]. Many
patients requiring hospitalization for acute exacerbations of chronic bronchitis will
require subsequent re-admissions because of persistent symptoms [9, 12, 13]. In
addition, they will experience at least a temporary decrease in their functional
abilities [14].

There are no characteristic physical findings in acute exacerbations of chronic
bronchitis. Although some authors have suggested that severe exacerbations of
chronic bronchitis are associated with a body temperature of >38.5 C [15] this is
not widely accepted. In fact, a study of patients hospitalized because of a severe
acute exacerbation of chronic bronchitis found that the mean temperature on
admission was 36.4 C [9]. The presence of an elevated body temperature should
suggest a viral infection [16] or underlying pneumonia as a cause of an acute
exacerbation of chronic bronchitis. The lack of a clear definition of acute exacer-
bation of chronic bronchitis has hampered investigation into appropriate therapy
of the disorder.

Chest roentgenograms are not helpful in making the diagnosis of acute exacer-
bation of chronic bronchitis although should be considered if there is a possibility
of pneumonia or congestive heart failure contributing to the presentation. An
exception to this general rule should be made for patients seen in emergency rooms
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or admitted to hospital. In these settings, routine chest roentgenograms have been
shown to reveal abnormalities that lead to changes in management in 16–21% of
patients [17–19].

Sputum Gram stain and culture have a very limited role in investigation of the
etiology of acute exacerbations of chronic bronchitis since, for reasons discussed
above, the airways of patients with chronic bronchitis are chronically colonized
with bacteria. Therefore, the finding of a particular organism does not necessarily
imply a causal relationship to the acute exacerbation of chronic bronchitis. Sputum
analysis should be reserved for patients with frequent exacerbations or chronic
purulent sputum in whom the presence of more virulent and/or resistant bacteria
is more likely (Level C evidence).

Objective measurements of lung function are necessary to confirm the presence
of airflow obstruction. There is a very poor correlation between chronic symptoms
of dyspnea and measurement of the forced expiratory value in one second (FEV1)
[19]. In addition, there is a very poor correlation between the amount of sputum
produced and the degree of airflow limitation [20, 22]. Yet the FEV1 remains the
best predictor of mortality [23] and has been shown to be important in predicting
need for admission to the ICU [24]. There is also evidence that FEV1 is highly
predictive of clinical outcomes during acute exacerbations of chronic bronchitis
[25]. Despite this there is continued evidence that spirometry is being underutilized
in the patient group at risk of developing chronic bronchitis [26–28]. The continued
reliance on clinical indicators as a basis for obtaining spirometry leads to under-
diagnosis of chronic bronchitis and other causes of airflow obstruction. Despite
this strong argument in favor of screening spirometry in high-risk individuals there
is little evidence to suggest that spirometry has a role in evaluating an acute
exacerbation of chronic bronchitis. Measurement of FEV1 may not be possible in
a patient with a severe acute exacerbation of chronic bronchitis. In addition, it is
not clear that there is a correlation between transient falls in lung function and the
severity of the exacerbation [6]. Therefore, although it is helpful to know the
premorbid FEV1 as a predictor of adverse outcome during an acute exacerbation
of chronic bronchitis, it is not recommended that spirometry be performed during
the actual exacerbation (Level C evidence). However, the development of an acute
exacerbation of chronic bronchitis should be a motivating factor to obtain objective
measurements of pulmonary function following recovery in patients who had not
previously had spirometry (Level C evidence). The use of peak expiratory flow rates
is not recommended as a substitute for spirometry as it is much more effort
dependant, has not been demonstrated to predict outcome in COPD, and should
not show variability in a disease defined as having fixed airflow obstruction.

Management of Acute Exacerbations of Chronic Bronchitis

Treatment of acute exacerbations of chronic bronchitis should provide sympto-
matic relief, prevent transient loss of pulmonary function that may lead to hospi-
talization, and lead to a re-evaluation of the disease in a particular patient in order
to determine if the risk of future exacerbations can be reduced. Patients should be
removed from any source of irritants that may worsen lower airway inflammation.
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These include dust, pollutants, and first and second hand smoke. Pharmacologic
therapy aims at decreasing work of breathing, reducing airway inflammation,
reducing the bacterial burden in the lower airways, and treating any accompany-
ing hypoxemia.

Bronchodilator Therapy

The majority of the studies examining the role for inhaled bronchodilators in
exacerbations of COPD have been done in patients presenting to the emergency
room or hospitalized because of the exacerbation. Therefore, it is not clear
whether the results of these studies are applicable to the much larger population of
patients with acute exacerbations of chronic bronchitis who are treated at home.
In addition, the endpoint most commonly measured is FEV1 and this may not be
the most relevant parameter as it may not change much in a single acute exacerba-
tion of chronic bronchitis. Some of the studies comparing anticholinergics to
short-acting beta-agonists have combined asthmatics with COPD patients. None-
theless, certain general statements can be made based on the available literature
[29].

Most studies comparing short-acting beta-agonists to inhaled anticholinergic
agents show no appreciable difference between the two in terms of effects on
pulmonary function [30–33]. There may be fewer side effects with ipratropium
when compared to salbutamol [34]. Most studies examining the effects of combi-
nation therapy do not report any added benefit of adding a second agent [30,
34–36]. One study demonstrated a greater improvement in FEV1 with combination
therapy compared to a beta-agonist alone [37] while another showed shorter
emergency room stays for the group on combination therapy [38]. None of these
studies are well standardized in terms of dose of medication or dosing frequency.
Therefore, it is difficult to make specific recommendations. Some patients clearly
benefit from combination bronchodilator therapy and there does not appear to be
a significant increase in side effects with this combination (Level B evidence).

Although there has been recent interest in the role of long-acting beta-agonists
in the chronic therapy of COPD these agents have not been studied in acute
exacerbations of chronic bronchitis and are not recommended for treatment of this
condition at the present time. A number of studies have compared the use of
metered dose inhalers (MDIs) to nebulized bronchodilators. Nonetheless, as sup-
ported by a meta-analysis of studies in patients with either asthma or COPD, there
does not appear to be any difference in pulmonary function outcomes between
delivery systems [39]. Therefore, the choice of delivery system should be based on
patient ability to use MDIs with a spacer, and cost. In most situations MDIs with
an appropriate spacer would be preferred (Level B evidence).

There does not appear to be a role for initiation of therapy with methylxanthines
in acute exacerbations of chronic bronchitis. The addition of aminophylline to
inhaled bronchodilators has not been shown to lead to improved FEV1 but does
increase side effects [40, 41]. For patients who are already on an oral methylxan-
thine product it is reasonable to continue the medication during an acute exacer-
bation. However, one must keep in mind possible drug interactions with antibiotics
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(e.g.,  ciprofloxacin, clarithromycin)  and adjust the dose accordingly (Level C
evidence).

Corticosteroid Therapy

A number of randomized, placebo-controlled trials have been published confirm-
ing the value of oral and/or parenteral corticosteroids in the therapy of acute
exacerbations of chronic bronchitis. These trials are summarized in Table 1. These
studies definitively demonstrate that systemic steroids lead to a faster improve-
ment in pre- and post-bronchodilator FEV1, more rapid recovery of PaO2, de-
creased treatment failures and shorter hospitalization rates. One other random-
ized, placebo-controlled trial revealed similar benefits of hydrocortisone 100 mg
IV every 4 hours for 4 days followed by 40 mg of prednisone daily for another 4
days [42]. This study is not included in the table because it is not clear that
asthmatics were excluded from the trial. In addition, the attending physicians
were allowed to add hydrocortisone 100 mg IV every 4h in addition to the study
drug if they believed the patient must have steroids. This led to a change in
therapy for 12 out of 87 patients admitted to hospital. The one negative study
failing to show a benefit of parenteral steroids during an exacerbation of COPD
used only a single dose of methylprednisolone 100 mg in the emergency room and
measured FEV1 outcomes 1 and 3 hours following this bolus [43]. Therefore, the
follow-up interval may not have been sufficient to detect a significant improve-
ment as it is generally felt that steroids take at least 6 hours to have a beneficial
effect.

There are a number of limitations to these trials. All but one of the studies [44]
were performed in emergency rooms or hospital wards so that the results may not
be applicable to outpatient populations. The severity of the underlying lung disease
was quite variable although the majority of patients enrolled had moderate to
severe underlying disease. Finally, the dose and duration of corticosteroid therapy
varied widely among studies making it virtually impossible to provide specific
treatment recommendations. One must carefully weigh the pros and cons of higher
doses and more prolonged corticosteroid therapy in this elderly group of individu-
als. In the studies quoted, the major side effect in the steroid treated group was
hyperglycemia [45, 46].

Systemic therapy may have additional beneficial effects aside from speeding up
recovery from an acute exacerbation of chronic bronchitis. A retrospective study
performed in an emergency room setting demonstrated that steroid treated indi-
viduals had a significantly reduced likelihood of relapse compared to the group not
getting steroids [47]. Seemungal and colleagues followed a cohort of 101 COPD
outpatients over 2.5 years during which a total of 504 exacerbations were recorded.
It was up to the individual treating physician to choose whether or not to add
steroids to the treatment plan for any patient [6]. Patients receiving prednisolone
had more severe exacerbations as reflected by larger falls in peak expiratory flow
rate and a longer recovery time for symptoms and peak expiratory flow rate.
However, the rate of recovery of peak expiratory flow rate was faster in the group
given prednisolone. Of greater interest, steroids greatly prolonged the time to the
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next exacerbation from a median of 60 days in the group not receiving prednisolone
to 84 days in the treated group (p=0.037). In contrast, antibiotic therapy had no
effect on recovery time or time to next exacerbation.

There is good evidence to support the use of oral or parenteral steroids for most
moderate to severe patients with acute exacerbations of chronic bronchitis (Level
A evidence). The exact dose and duration of therapy should be individualized and
more specific recommendations must await further evidence. It appears that 10
days of therapy is more effective than 3 days but no other comparisons have been
made [48]. We recommend treatment for periods of less than 14 days (Level-IC
evidence). Whether patients with mild disease (FEV1 ≥ 60–70% predicted) also
benefit from a course of  oral steroids  during acute  exacerbations  of chronic
bronchitis is unknown at the present time. There are significant health conse-
quences to the use of continuous oral corticosteroids in COPD and similar delete-
rious effects may occur in patients treated with frequents short courses [49].

The role for inhaled steroids in acute exacerbations of chronic bronchitis has
not yet been defined. Although some studies have failed to demonstrate a role for
inhaled steroids in speeding up symptom resolution in acute exacerbations of
chronic bronchitis, these trials have not been designed to answer this question [50].
A recently published prospective, randomized trial comparing high dose nebulized
budesonide (2 mg 6 hrly for 72 hrs) versus prednisone (30 mg twice daily for 72
hrs),  demonstrated  no  difference  between active treatments, with both being
superior to placebo in terms of recovery of FEV1 [51].

Antibiotic Therapy

Despite many decades of therapeutic trials, the role for antimicrobial therapy in
acute exacerbations of  chronic bronchitis remains controversial.  There are a
number of reasons for this. Most comparative antimicrobial trials demonstrate
equivalence  [1]. These trials are mainly performed  for  registration purposes.
Accordingly, they are powered to demonstrate equivalence only as required by the
licensing authorities, and intrinsic superiority such as improved in-vitro activity
or excellent pharmacokinetics and/or pharmacodynamics cannot be demon-
strated. Complicated patients with pre-treatment resistant pathogens or with co-
morbid conditions that might interfere with the activity or assessment of the
antimicrobial are usually systematically excluded. Most clinical studies do not
capture subtle outcome differences between agents such as speed of recovery,
microbiological eradication rates, and time to next occurrence. As currently de-
signed, these studies demonstrate the efficacy of the antimicrobial but cannot
demonstrate effectiveness (performance in real life circumstances). This part of
the document will emphasize data supporting the use of antibiotics in  acute
exacerbations of chronic bronchitis. Emerging concepts regarding antimicrobial
resistance will be discussed.

The controversial role of antibiotics has been somewhat clarified by recent
studies. Randomized, placebo-controlled antimicrobial trials conducted in pre-
vious decades were inconclusive [52–57] (Table 2). Many of the earlier studies were
not powered to reach a definitive conclusion but more recent well-designed studies
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have concluded that antibiotics are effective. Anthonisen and coworkers, in a
landmark study, developed a classification system to identify patients likely to be
infected with bacterial pathogens based upon presenting clinical symptoms [5]. A
type I exacerbation is defined as a patient presenting with increased dyspnea,
increased sputum volume, and sputum purulence. A type II exacerbation refers to
a patient with two of these symptoms, while a type III exacerbation occurs when a
patient has only one symptom. Patients exhibiting a type I or type II exacerbation
have a demonstrable benefit from antimicrobial therapy (more likely to resolve in
21 days, more rapid recovery of peak flow, shorter clinical illness, fewer patients
exhibiting deterioration after the first 72 hours) implying a bacterial etiology, while
those with a type III exacerbation do not differ from patients receiving placebo.
Allegra and co-workers in another well-designed, randomized trial involving a
large number of patients, demonstrated the superiority of amoxicillin/clavulanate
to placebo [58]. A more recent randomized, double-blind, placebo-controlled
study in 93 mechanically ventilated patients with an exacerbation demonstrated
that the use  of fluoroquinolones  compared  to placebo was  associated with a
reduction in mortality, duration of hospital stay and time on mechanical ventila-

Table 1. Randomized trials of corticosteroids in COPD exacerbations

Study [Ref] Year Sample Intervention Outcomes p-value
Size Steroids vs.

Placebo

Emerman 1989 96 methylprednisolone FEV1 at 3 and 5 hours NS
[43] 100 mg × 1 Admission NS

Albert 1980 44 methylprednisolone pre- and post- p<0.001
[104] 0.5 mg/kg q6h × 72 hrs bronchodilator

FEV1 tid × 72 hrs

Thompson 1996 27 prednisone improvement in P02 p=0.002
[44] 30 mg × 3 days, improvement FEV1 p=0.006

40 mg × 3 days, decreased treatment p=0.002
20 mg × 3 days failures

Davies 1999 56 prednisolone FEV1 post-bronchodilator p<0.0001
[45] 30 mg od × 2 weeks length of hospitalization p=0.027

Niewoehner 1999 271 methylprednisolone treatment failure p=0.04
[46] 125 mg q6h × 72 hrs length of hospitalization p=0.03

followed by prednisone increased FEV1 days 1–3 p<0.05
60 mg od × 4 days
tapered over 2 versus
6 weeks

Maltais 2002 199 prednisolone 30 mg post- bronchodilator p<0.05
[51] q12h × 6 budesonide FEV1 v placebo

2mg q6h × 3 days NS BUD vs
pred
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tion, and a decrease in the need for additional antibiotics [59]. A conflicting study
purporting to show no benefit of antibiotic therapy is flawed by including patients
with relatively mild disease and/or asthma with the latter group undoubtedly
improving due to the oral steroids that the patients were given [60].

Although the Anthonisen classification is helpful in predicting an antimicrobial
response, it has only a sensitivity of 59% and specificity of 60% in predicting a
bacterial exacerbation [61]. While an advance, this would suggest that this particu-
lar classification system is only moderately successful in predicting a bacterial
etiology and confirming the role of antimicrobials. The presence of green (puru-
lent) secretions in a patient with a history of COPD is 99.4% sensitive and 77.0%

Table 2. Randomized trials of antibiotics in acute exacerbations of chronic bronchitis

Comparisons No. of Outcome of Therapy Reference
Patients

Placebo v. 37 treated patients lost half as much Elmes et al 1957
time from work and exacerbations [52]

Oxytetracycline 37 were shorter

Placebo v. 27 treated patients recovered sooner Berry et al 1960
Oxytetracycline 26 and deteriorated less often [53]

Placebo v. 28 no significant difference Elmes et al 1965
Ampicillin 28 in clinical response [54]

Placebo v. 10 no significant differences Peterson et al 1967
physiotherapy v. 10 [55 ]

chloramphenicol 9

Placebo v. 86 antibiotic therapy superior to placebo Pines et al 1972
chloramphenicol 84 but no differences between [56]
v. tetracycline 89 antibiotics

Placebo v. 20 100% vs. 100% clinical response Nicotra et al 1982
Tetracycline 20 [57]

Placebo v. 180 55% versus Anthonisen et al 1987
either co- 182 68% success (p<0.01) [5]
trimoxazole,
amoxicillin
or doxycycline

Placebo v. 179 50.3% vs Allegre et al 1991
co-amoxiclav 190 86.4% success (p<0.01) [58]

Placebo v. 47 Absolute risk reduction of 45.9 Nouira et al 2001
Ofloxacin 46 in death or need for additional [59]

antibiotics in ventilated patients
(p<0.0001)
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specific for the yield of high bacterial load and may identify a clear subset of patients
likely to benefit from antibiotic therapy [62]. It should be pointed out that the
patients in this study all had increased dyspnea, so that they were all at least
Anthonisen Type II. In a meta-analysis examining placebo-controlled trials in
acute exacerbations of chronic bronchitis, antibiotic therapy improved clinical
outcomes and hastened clinical and physiological recovery [63].

Traditionally, older antibiotics such as ampicillin, tetracycline or trimetho-
prim/sulfamethoxazole, have been the standard treatment choices for acute exac-
erbations of chronic bronchitis. The development of resistance of primary respi-
ratory pathogens to these antibiotics, the recognition of more virulent Gram-nega-
tive organisms especially among patients with significant impairment of lung
function, and the development of more potent, broad spectrum agents with im-
proved coverage of the major respiratory pathogens has forced a re-examination
of antimicrobial choices.

A failure rate that varies from 13–25% can be expected after treatment with
traditional first line antibiotics (amoxicillin, trimethoprim/sulphamethoxazole,
tetracycline, erythromycin) [64–66]. This initial treatment failure can be associated
with enormous additional expenditures especially among patients with significant
compromise of lung function. These patients tend to require hospitalization and
are at risk for the development of respiratory failure [66]. Resistance to β-lactam
antibiotics such as ampicillin can be expected in 40% of isolated strains of Haemo-
philus influenzae and in greater than 90% of strains of Moraxella catarrhalis [67,
68]. There are no clinical features that can predict the presence of β-lactamase
producing bacteria except that patients with these organisms tend to have more
courses of antibiotics [69]. Penicillin resistance is now found in > 35% of Strepto-
coccus pneumoniae isolates in some studies and is increasing worldwide [70].
Penicillin resistance in Canada has been reported to be as high as 30% [71].
Penicillin resistance is also a marker for resistance to other classes of antibiotics
including the cephalosporins, macrolides, β-lactam/β-lactamase inhibitors,
trimethoprim-sulfamethoxazole, and tetracyclines [72]. Whereas antibiotic resis-
tance and widespread clinical failure in lower respiratory tract infections have not
been linked at this time, this may only be a reflection of the rapidly changing
antimicrobial environment. Most organisms demonstrate low levels of penicillin
resistance (minimal inhibitory concentration [MIC] ≤ 2 g/ml). Since the doses of
β-lactams usually prescribed achieve high levels in blood, these current levels of
resistance may be overcome. If levels of resistance continue to increase, however,
the  value  of many classes  of  antibiotics  including β-lactams,  cephalosporins,
macrolides, tetracyclines, and trimethoprim-sulfonomide combinations may di-
minish. Antibiotic overprescribing for non bacterial infections is a major factor in
the emergence of bacterial resistance. Attention must be paid to improving antibi-
otic use as well as to identifying those patients who would benefit from aggressive
broad-spectrum therapy. One advantage of a risk stratification system is that
patients not requiring antimicrobial therapy can be identified as well as those
requiring more aggressive therapy.
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Summary of Evidence Regarding Antibiotic Therapy
for Acute Exacerbations of Chronic Bronchitis (Table 3)

1. Antimicrobial therapy is warranted for patients with an acute exacerbation of
chronic bronchitis if they fall into the Anthonisen type I or type II categories
(Level A evidence, 2 randomized, large scale double-blind trials, 1 meta-analy-
sis)

2. Antimicrobial therapy is not warranted for patients with a type III exacerbation
(Level A evidence).

3. Patients can be stratified according to their risk of treatment failure (Level C,
D evidence)

4. A high-risk group of patients can be identified on clinical grounds and the
major clinical features are significant impairment of lung function (FEV1
≤50% predicted), frequent exacerbations (≥ 4/year), long duration of disease,
significant co-morbidity, advanced age, malnutrition, and chronic oral corti-
costeroid use. (Level C evidence)

5. Risk group 0 patients (acute tracheobronchitis) should not be treated with
antibiotics unless symptoms persist beyond 7 to 10 days (Level A evidence)

6. For risk group 0 patients with persistent symptoms, a macrolide or tetracycline
is recommended since Mycoplasma pneumoniae, Chlamydia pneumoniae, or
Bordetella pertussis may be pathogens (LevelC evidence)

7. Although resistant H. influenzae and M. catarrhalis may be pathogens, tradi-
tional first-line agents (aminopenicillins, doxycycline, trimethaprim-sul-
phamethoxazole) continue to be efficacious and are recommended for patients
without risk factors for treatment failure (Level B evidence). Second generation
macrolides and some second and third generation cephalosporins (cefuroxine,
cefprozil, cefixime) may be better choices given concerns regarding emerging
antimicrobial resistance (Level C evidence).

8. There are no data to demonstrate that, among Group I patients (low risk for
treatment failure), that there is any clinical or economic benefit derived from
using more potent, broader spectrum agents (Level A evidence).

9. Broad-spectrum potent agents such as fluoroquinolones or amoxicillin/clavu-
lanate are recommended for group II patients (Level C evidence).

10. There is some evidence that fluoroquinolones perform better than other agents
for group II patients (Level B evidence)

11. Group III patients at risk for Pseudomonas aeruginosa infection (frequent
antimicrobials, structural lung damage, and chronic corticosteroids) should
be treated with an anti-pseudomonal agent (ciprofloxacin). Alternative agents
currently must be given parenterally (Level C evidence).

12. Patients presenting with a relapse or recurrence of acute exacerbation of
chronic bronchitis, within 3 months of previous antibiotic therapy, should be
treated with a different class of antibiotics (Level C evidence)
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Table 3. Risk classification and suggested antimicrobial therapy [1, 3]

Group Basic Clinical Symptoms and Probable First Choice Alternatives
State Risk Factors Pathogens for

Treatment
Failure

0 Acute tracheo- Cough & sputum Usually viral None unless Macrolide or
bronchitis without previous symptoms persist tetracycline

pulmonary disease for > 7 to 10 days

I Chronic Increased cough H. influenzae, Second generation Fluoro-
bronchitis and sputum, Haemophilus spp., macrolide, second quinolone,
without risk sputum purulence, M. catarrhalis, or third generation β-lactam/
factors and increased S. pneumoniae cephalosporin, β-lactamase
(Simple) dyspnea Amoxicillin, inhibitor

doxycycline,
trimethoprim/
sulphamethoxazole

II Chronic As in class I plus As in class I plus Fluoroquinolone, may require
bronchitis (at least one of): • Klebsiella spp. + β-lactam/ parenteral
with risk • FEV1<50% other Gram- β-lactamase therapy
factors predicted negatives inhibitor
(Complicated) • ≥ 4 exacerbations/ • Increased consider

year probability of referral
• Age > 65 years β-lactam to a specialist
• Significant resistance or hospital

co-morbidity
(especially heart
disease)

• Use of home
oxygen

• Chronic oral
steroid use

• Antibiotic use
in the past
3 months

III Chronic • As in class II As in class II plus Ambulatory
suppurative with constant Pseudomonas patients:
bronchitis purulent aeruginosa tailor treatment

sputum; and multi-resistant to airway
• Some have Enterobacteriaciae pathogen

bronchiectasis P. aeruginosa
• FEV1, usually common

< 35% predicted (ciprofloxacin);
or Hospitalized

• Multiple risk patients:
factors parenteral therapy
(e.g. frequent usually required.
exacerbations
and FEV1 <50%
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Miscellaneous Therapies

At this point there is no evidence supporting the use of leukotriene (LT) receptor
antagonists (LTRAs) in acute exacerbations of chronic bronchitis. These agents
block the actions of the cysteinyl leukotrienes that have an important role in
asthma but no demonstrable effect in COPD. The currently available LTRAs have
no effect on LTB4, which does have a role in the pathogenesis of chronic bronchi-
tis and acute exacerbations of chronic bronchitis. Future studies will examine the
effects of specific LTB4 antagonists in acute exacerbations of chronic bronchitis.

The use of non-invasive ventilation (NIV) in acute exacerbations of COPD has
been demonstrated to reduce mortality and decrease the need for intubation and
mechanical ventilation [73, 74](Level A evidence). Overall, NIV also reduces mor-
bidity and hospital or ICU length of stay [75]. Factors predicting success include
good level of consciousness at the start of the trial, higher pH and lower PaCo2, and
improvements in pH and PaCO2 within 1 hour of NIV initiation [76–78]. Poor
outcomes are associated with decreased adherence to NIV protocol, presence of
pneumonia and poor nutritional status.

Prevention of Acute Exacerbations of Chronic Bronchitis

Cigarette smoking remains the primary risk factor for the development of chronic
bronchitis. Although only 15% of smokers will develop airflow obstruction, more
than half will develop chronic cough and sputum production with subsequent
increased risk for bacterial colonization and recurrent episodes of acute exacerba-
tion of chronic bronchitis. Unfortunately, in 1999, there were slightly more than 6
million smokers in Canada representing 25% of the population age 15 and older
[79]. Any intervention that slows the rate of decline in FEV1 is likely to have a
major impact on survival in patients with chronic bronchitis. Smoking cessation
has clearly been shown to reduce the rate of decline of FEV1 [79]. The benefits in
terms of decline of lung function are seen even in those over the age of 60 [80]. In
addition, cessation of smoking has been shown to confer a survival advantage
(Level B evidence) [81]. Smoking cessation leads to dramatic symptomatic bene-
fits for patients with chronic bronchitis (Level C evidence). Coughing stops in as
many as 77% of patients who quit smoking and improves in another 17%. When
coughing stops, it does so within 4 weeks in 54% of patients [82]. Evidence is
lacking that this decrease in cough and sputum production will lead to a sub-
sequent decline in the frequency of acute exacerbations of chronic bronchitis. It is
known that patients with chronic cough and sputum production have increased
acute exacerbation episodes  compared to similarly matched smoking control
patients so that the hope is that smoking cessation will lead to fewer exacerba-
tions.   Nonetheless, this enthusiasm must be tempered by the fact that there is
evidence for ongoing airway inflammation even in patients with COPD who do
not currently smoke [83, 84]. A recent analysis of patients in the Lung Health
Study revealed that recurrent lower respiratory infections hastened the decline in
FEV1 in current smokers but not-ex-smokers [85].
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A detailed discussion of smoking cessation can be found elsewhere [86]. No
single technique to encourage smoking cessation is successful in all groups of
patients; however, recent studies using a combination of behavioral counselling,
nicotine replacement and pharmacologic therapy to decrease the desire to smoke
revealed one year abstinence rates of as high as 35.5% [87]. A discussion of smoking
behavior and the setting of a specific cessation date should be part of every
physician-patient encounter (Level C evidence).

Patients with chronic lung disease have a higher risk for complications from
influenza infection. By virtue of its ability to further damage airway epithelial cells
influenza infection can lead to secondary bacterial proliferation and an increase in
the frequency of acute exacerbations of chronic bronchitis. Serological evidence of
influenza A or B infection has been found in up to 28% of patients with acute
exacerbations of chronic bronchitis [87, 88, 90]. In addition, COPD patients in-
fected with influenza have a significant risk of requiring hospitalization [91].
Perhaps this is related to the transient decline in pulmonary function caused by
influenza in a group of patients with less pulmonary reserve [92]. Annual influenza
vaccination reduces morbidity and mortality of influenza in the elderly by 50%. In
addition, it reduced the incidence of hospitalization for acute and chronic respira-
tory conditions by as much as 39%[93, 94]. Therefore, the use of an annual influenza
vaccine for all patients with chronic bronchitis is strongly recommended (Level B
evidence). The role for either oral or inhaled neuraminidase inhibitors which are
effective against strains of both influenza A and B is currently being studied in terms
of preventing AECB during influenza outbreaks in high-risk patients. Therefore,
no current evidence-based recommendations can be made. However, high risk
patients who have not been vaccinated should receive prophylaxis during an
outbreak (Level C evidence).

The value of pneumococcal vaccination in patients with chronic bronchitis is
less well established. At least two meta-analyses looking at efficacy of a 17-valent
or less vaccine resulted in opposite conclusions [95, 96]. Since 1983, a 23-valent
vaccine has been available and this covers 85% of the serotypes responsible for
invasive pneumococcal infection. Use of this vaccine in  elderly patients with
chronic lung disease revealed a significant lower risk for pneumonia, hospitaliza-
tion and death, and direct medical care cost savings [97]. However, acute exacer-
bation of chronic bronchitis is a mucosal infection and it is unclear whether or not
this vaccine can reduce the incidence of this complication of chronic bronchitis.
Some reports state that the vaccine has up to a 65% efficacy in patients with COPD
but do not specifically comment on acute exacerbations of chronic bronchitis [98].
It is generally agreed that pneumococcal vaccination is safe and can reduce invasive
pneumococcal infection leading to current recommendations for vaccinations in
all patients with COPD at least once in their lives. In addition, consideration should
be given to repeating the vaccine in 5 to 10 years in high-risk patients [99] (Level
C evidence).

A meta-analysis published in 1998 suggested that oral mucolytic agents such as
N-acetylcysteine or iodinated glycerol reduced the frequency of acute exacerba-
tions of chronic bronchitis, disability days, and antibiotic use [100]. The greatest
effects were seen in patients who had a large number of exacerbations. Oral
mucolytic agents reduced exacerbations by 22% in patients who had an average of
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5.5 exacerbations per year. However, a more typical chronic bronchitic patient with
2 to 3 exacerbations per year would expect to reduce exacerbations by less than 1
by taking mucolytic agents daily for 2 to 3 years. No effect on rate of decline of FEV1
was seen. A more  recent meta-analysis on the effect of oral N-acetylcysteine
revealed similar results in terms of a decrease in acute exacerbations of chronic
bronchitis in patients treated for 12–24 weeks [101]. In addition, a recently pub-
lished update of Poole’s Cochrane analysis confirmed the beneficial results of
N-acetylcysteine and determined that the number of patients needed to treat for
one patient to have no exacerbations during the study period was 6 [102]. A study
in Switzerland suggested that therapy with N-acetylcysteine was cost effective
[103]. The mechanism by which N-acetylcysteine reduces acute exacerbations of
chronic bronchitis is unclear but may be related to enhancing macrophage activity
which would help defend against mucosal infections [104]. N-acetylcysteine ther-
apy should be considered in patients with more than 5 exacerbations per year (Level
A evidence).
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Ventilator-associated Pneumonia:
What are the Accuracies and the Consequences
of Different Diagnostic Methods

A. Torres and S. Ewig

Introduction

Ventilator-associated pneumonia (VAP) is a frequent complication of mechanical
ventilation with a crude average incidence of 25%, and it is clearly related to the
presence and length of intubation among other important factors. Rates per 1000
ventilator days provides the best comparison and varies from 5 to 35 cases. The
mortality of this complication is very high ranging from 30 to 70% and depending
on several host and microbial variables. A very important feature related to mor-
tality is the prompt and adequate administration of antibiotics. However, what
may seem very simple is in fact rather more complex, as clinicians have to use
empirical treatments and microorganisms and their resistances to antibiotics vary
frequently from host to host and from unit to unit.

As can be easily understood, obtaining a microbiological diagnosis is the logical
first step in the management of VAP. How accurate are the clinical signs and
symptoms for suspecting VAP, what is the best method for obtaining respiratory
samples, and which are the best types of cultures to perform? These questions and
others have been a matter of debate and investigation for the last 15 years. Current
thinking about the diagnosis of VAP comes from the following types of study:
1. Observational and comparative studies in a subset of patients with VAP (the

most frequent)
2. Observational and comparative studies in  patients without VAP (the least

frequent)
3. Immediate postmortem studies (in human and animals) to obtain lung samples

for culturing and histological examination to be used as a reference test (the
most reliable studies).

From the information provided from all these studies four consensus conferences
or task-forces (Paris 1990, Memphis 1992, European Task-Force Barcelona 2001,
and the Chicago ICU-acquired pneumonia 2002) have been held. In addition, the
only evidence-based assessment of diagnostic tests of VAP report was published
in Chest in 2000 [1]. The present chapter will be based principally on this publica-
tion [1] and will report the opinions of the most recent task-forces or consensus
conferences (Barcelona [2] and Chicago [3]). The chapter will be divided into the
following sections:



1. Accuracy of tests for diagnosing VAP according to the published evidence,
2. Lessons learnt from post-mortem studies,
3. The information provided from randomized studies
4. Conclusions of the consensus conferences
5. Evidence-based conclusions from the present review.

Accuracy of Tests for Diagnosing VAP According
to the Published Evidence

For space limitations we will refer exclusively to the different diagnostic tests to
obtain samples for microbiological cultures and to the evidence-based assessment
of diagnostic tests for VAP (report of the Clinical Practice Guideline Panel [1]).

Methodology [4]

The evidence based report used strict evidence-based methodology that can be
summarized as follows:
• Target condition: VAP.
• Patient population: immunocompetent adults receiving ventilatory support in

hospital or long-term care settings. The panel could not address whether testing
improves health outcomes.

• Admissible evidence: the evidence considered relevant to the review was pro-
spective or retrospective studies of diagnostic testing in immunocompetent
patients with VAP published until 1997. To be admissible, studies had to provide
data on sensitivity or specificity or the raw data for calculating them, and a
reference standard for how VAP was defined. Pairs of panellists reviewed and
summarized the evidence. The MEDLINE database was searched for articles
published from 1996 to 1997 by exploding the term pneumonia and the MESH
terms “cross infection/artificial ventilation” or the text words “ventilator-asso-
ciated pneumonia”.

• Quality of individual studies: This was judged for internal validity using sample
size, selection bias, definition of interventions and outcomes, and confounding
variables. Criteria for external validity related to how well the results could be
generalized to patients and conditions outside the study settings. Grading sys-
tems for judging the quality of evidence typically identified randomized control-
led trials as the ‘gold standard’, followed by controlled observational studies and
descriptive epidemiology studies.

• Development of recommendations: This was done according to group discus-
sions based on consideration of the evidence and, when evidence was lacking,
on expert opinion.

• The principles for evaluating the diagnostic test performance were the following:
– Validity: Sensitivity, specificity and positive and negative predictive values,

numerator and denominator errors (reference standard), blinding and the
likelihood ratio. The likelihood ratio is a useful tool for integrating all the
information  and is  defined as the sensitivity divided by 1-specificity. A
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likelihood ratio of 9, for example, means that this test would be nine times
more likely in patients with pneumonia than in patients without pneumonia.

– Reproducibility which is the ability of a test to yield consistent results when
repeated by the same observer

Accuracy of Endotracheal Aspirates [5]

This technique is the simplest non-invasive means of obtaining respiratory secre-
tions from mechanically ventilated patients; it is readily performed at the bedside
and requires minimal training of health-care providers. Similar to the sputum, the
assessment of the quality of the sample is imperative before processing and has to
be done using classical criteria.

From old and more recent literature it is clear that qualitative culturing of
endotracheal aspirates are highly nonspecific. Six studies in the literature have
investigated the accuracy of quantitative cultures of endotracheal aspirates. The
cut-off point established was 100,000-1000000 colony forming units (cfu)/ml. All
these studies were prospective and most of them with consecutive enrollment. One
study included patients without VAP. Sensitivity ranged from 38 to 82% and the
mean sensitivity was 76±9%. Specificity ranged from 72 to 85% and the mean
specificity was 75±28 %. The conclusions of the panel [1] were the following:
• The sensitivity and specificity of quantitative tests on cultures of endotracheal

aspirate samples vary widely in their ability to diagnose VAP
• Qualitative endotracheal aspirate cultures usually identify organisms found by

invasive tests (high sensitivity); however they have a moderate positive predic-
tive value.

• With initial and subsequent episodes of VAP the results of diagnostic tests may
vary with the pathogenic bacterial load, the duration of ventilatory support, and
antibiotic administration.

• Gram staining and culture of endotracheal aspirate secretions may be useful in
diagnosing VAP.

Accuracy of Bronchoalveolar Lavage (BAL) Samples [6]

Quantitative cultures of BAL have been used for many years in the diagnosis of
pneumonia. Since the initial description of bronchoscopic BAL in VAP several
methodologies have been used that include protected and non-protected systems
and different amounts of volumes injected. The cut-off mostly used was 100,000
cfu/ml. The confirmation of the quality of the samples should be done by looking
at the percentage of epithelial squamous cells.

Twenty-three studies were reviewed, all of them of prospective nature. Most of
them were comparative with other techniques. Several ‘gold standards’ were used
as indicated above. Only two studies looked for squamous epithelial cells as a
measure of the quality of the sample. The sensitivity ranged from 42 to 93% and
the mean sensitivity was 73±18%. Specificity ranged from 45 to 100% and mean
specificity was 82±19 %. The likelihood ratio ranged from 0.9 to 11.6. Twelve studies
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looked for the intracellular organism (ICO) detection with a mean sensitivity of
69±20% and a mean specificity of 75±28%. The threshold of ICO detection used
ranged from 2 to 5%. The conclusions of the panel [1] were the following:
• The sensitivity of quantitative BAL fluid cultures ranges from 42 to 93 % with a

mean of 73%. The clinical implication is that BAL cultures are not diagnostic for
pneumonia in almost one fourth of cases.

• The specificity of quantitative BAL fluid cultures ranges from 45 to 100% with a
mean of 82%. This means that the diagnosis is incorrect in about 20% of cases.

• Detecting ICO in BAL culture is a quick, specific test and has a high predictive
value.

• Only two studies assessed the quality of BAL samples as measured by the
presence of squamous epithelial cells.

Accuracy of Protected Specimen Brush Samples (PSB) [7]

The protected specimen brush technique has been used for almost 20 years in
diagnosing pneumonia and variations in its methodology have been applied to the
diagnosis of VAP. The cut-off point used for quantitative cultures was 103 cfu/ml.
The majority of studies reviewed did not control for the quality of samples. Only
one study looked at the reproducibility of the technique. This study found that
25% of the time a single PSB determination would have the possibility of being a
false-positive or a false-negative. Five out of 18 studies selected used autopsy data
from VAP patients as a ‘gold standard’. As with other sections most of the studies
enrolled the patients prospectively and consecutively. Most of the studies were
comparative with other techniques such as endotracheal aspirates and or BAL.

The sensitivity of the technique ranged from 33% to 100% with a mean sensitivity
of 66±19 %. The specificity ranged from 50 to 100% with a mean specificity of
90±15%. The likelihood ratio was quite high; the median likelihood ratio was 16.
Only one study reported a likelihood ratio <1 and several studies reported ratios
> 50 based on a 100% specificity. Interestingly, most of the studies did not describe
the risk and complications of the technique. The conclusions of the panel [1] were
the following:
• Despite the wide array of studies and the use of high quality diagnostic tech-

niques in several studies to determine the cause of pneumonia, sensitivity
ranged from 33 to 100% and specificity ranged from 50 to 100%.

• Overall, PSB appears more specific than sensitive in diagnosing VAP
• In patients with suspected VAP and a positive results of testing a PSB sample,

the LR of VAP appears to be much greater than 1.

The Accuracy of Blinded Invasive Diagnostic Procedures
in Ventilator-associated Pneumonia [8]

Since fiberoptic bronchoscoy is not exempt of risks and inconveniences other
methods of sampling have been developed. The accuracy of these methods is
based on the multifocal nature of VAP. Overall three types of blinded methods
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have been reported: blinded bronchial sampling (BBS), blinded BAL, and blinded
use of PSB. The studies used the corresponding cut-off points for each technique.
As with studies of other techniques, the patients were enrolled prospectively and
consecutively. Again very few studies controlled the quality of the samples and
only few studies used the immediate postmorten histology or microbiology for
‘gold sandard’. There were five studies on BBS, seven studies on mini BAL, and
five on blind PBS. The sensitivity varied from 74 to 97% for BBS, from 63 to 100%
for miniBAL, and from 58 to 86% for blind PSB. The specificity varied from 74 to
100% for BBS, from 66 to 96% for mini BAL, and from 71 to 100% for blind PSB.
The likelihood ratio for the three types of techniques ranged from 2.26 to
18.25.The agreement with fiberoptic techniques (PSB) varied from 73 to 100%.
The conclusions of the panel [1] were the following:
• There was a lack of standardization in the type of catheter used, position of the

catheter, and in the case of BAL, the volume of fluid instilled.
• The limited number of studies performed to date suggests that the sensitivity

and  specificity  of the blinded  techniques  is similar to that with fiberoptic
bronchoscopy techniques.

• Side effects for blinded techniques appear to be minimal and, at worst, are
similar to those for bronchoscopic techniques.

Overall Conclusions from the Panel [1]

Quantitative procedures include non-bronchoscopic techniques and broncho-
scopic techniques. Because these tests have similar sensitivities, specificities, pre-
dictive values, and likelihood ratios the choice depends on local expertise, experi-
ence, availability, and cost factors. The panel recommended formal outcome re-
search with randomized controlled trials to assess various diagnostic and
management strategies. This approach would provide the opportunity to evaluate
economic outcomes using cost-benefit, cost effectiveness and cost utility analyses.

Lessons Learnt from Postmortem Studies [1, 8]

As we mentioned above, the problem of the ‘gold standard’ is inherent to most of
the studies mentioned above since there is not a clear-cut reference standard.
However, those studies that used histology and or microbiology of immediately
obtained postmortem lung samples have to be considered as the best. Eleven
studies have used this methodology but even among them there was variation
about using histology, microbiology or both ‘gold standards’ to validate diagnos-
tic techniques. These studies should have been done initially when VAP started to
be a matter for investigation because from them we learnt several things that could
have helped a lot in our understanding on VAP and in the design of ‘in vivo’
studies.

The main lessons that we learnt from post-mortem studies are the following and
have to be used for the interpretation of results obtained ‘in vivo’:
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• VAP is a multifocal process that most frequently involves the lower and posterior
segments of the lungs bilaterally.

• VAP is an infectious process in which different phases of severity and evolution
coexists. Lung damage is found frequently.

• The quantitative cultures of lung histology cannot discriminate between the
absence or the presence of histological pneumonia and they are independent on
the evolution period of VAP.

• Prior antibiotic treatment has an important influence on decreasing the lung
bacterial burden and consequently influences the positivity or negativity of
quantitative cultures according to the thresholds used. In addition, microbes
infecting or colonizing lungs from mechanically ventilated patients may be
different when comparing different parts of the lungs.

• The multifocal nature of VAP confirms that endotracheal aspirates and BAL
samples (in this order) are the best techniques to obtain causative microorgan-
isms of VAP. PSB is a technique that explores a single bronchial segment and
has a higher chance for missing causative microorganisms.

Information Provided From Randomized Studies [10–13]

The multicenter French study [10] was a randomized investigation comparing
VAP patients managed with invasive quantitative samples (PSB/BAL) versus clini-
cal strategy plus qualitative cultures. The main end points of the study were
mortality at day 14 and number of days free of antibiotics. A secondary end point
was the frequency of anti-microbial resistance. Studying a total of more than 250
patients, the French investigators found differences in mortality at day 14 (16 vs
26%), in decreasing SOFA score (6 vs 7), and in days free of antibiotics (5 vs 2) in
favor of patients managed with invasive strategies compared to these patients that
were clinically managed with the help of qualitative endotracheal aspirate cul-
tures. Mortality was not different at day 28. The two main pitfalls of this study
were: 1) They used qualitative cultures of endotracheal aspirates, as a comparator,
this technique having very poor specificity which consequently leads to overtreat-
ment, to higher numbers of resistant microorganisms, and maybe to a higher
mortality. In other words, the results of this study could be easily predicted before
the study; 2) In the non-invasive arm there was a significant percentage of inade-
quate initial treatments that explains and justify part of the differences found in
mortality. In practical terms that means that despite patients being randomised,
they were not treated equally in terms of empirical antibiotic treatment since there
were no differences in microorganisms when comparing both arms. These two
important limitations of the study make it useless for the really important ques-
tion to be answered: do quantitative cultures of invasive techniques influence
outcome of patients with VAP?

The Spanish randomized studies [11–13] assessed the influence on outcome
when managing patients with quantitative cultures of endotracheal aspirates (ex-
cept one study that used qualitative cultures [11]) versus those obtained by PSB
and/or BAL and they tried to answer the question mentioned above. They could no
find differences in mortality, length of stay, or days of mechanical ventilation when
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comparing patients managed by the invasive or non-invasive strategy. Interest-
ingly, in two studies [12, 13], they used the American Thoracic Society guidelines
on hospital-acquired pneumonia [14] to guide initial antibiotic treatments for VAP
patients.

A potential pitfall for these studies is that they did not stop antibiotics in the
presence of quantitative cultures below the threshold and with clear manifestations
of pneumonia. In addition the series were not very large, although all patients
together summed more than 200, which is a reasonable figure.

The conclusion of the randomized studies can be summarized as follows:
• Although still unclear, it seems better to manage VAP patients with quantitative

cultures of respiratory samples.
• There is no influence on outcome when managing patients with quantitative

cultures with or without invasive techniques.

Conclusions of the Consensus Conferences [2, 3]

One recent Task-Force (European Task-Force on VAP [2]) and a Consensus
Conference (Consensus Conference on ICU-acquired pneumonia [3]) have given
the following conclusions:

a. European Task Force on VAP. What is not controversial:

• Blood cultures are neither sensitive nor specific.
• Qualitative endotracheal aspirates are highly sensitive (75%) but not specific.
• Quantitative cultures of invasive and non-invasive methods are overall sensitive

and specific.
• Overall non-bronchoscopic techniques are comparable to bronchoscopic sam-

pling methods.

b. Consensus Conference on ICU-acquired pneumonia.
Current state of knowledge and unresolved strategies:

• Microbiological samples should be collected before initiation of antimicrobial
agents.

• Reliance on endotracheal aspirates leads to both over and under diagnosis of
pneumonia.

• Available evidence favors the use of invasive quantitative culture techniques
over tracheal aspirates.

• Available data suggests that the accuracy of non-bronchoscopic techniques for
obtaining quantitative cultures of lower respiratory tract samples is comparable
to that of bronchoscopic techniques.

• The cost-effectiveness of invasive vs non-invasive diagnostic strategies has not
been established.
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Evidence-based Conclusions from the Present Review

After all the evidence mentioned before we have reached the following conclu-
sions:
a. Quantitative cultures of samples of invasive techniques are not superior to

quantitative cultures of endotracheal aspirates. Category B (based in two stud-
ies).

b. Two  randomized studies comparing quantitative  cultures of samples  from
invasive techniques to qualitative cultures of endotracheal aspirates have shown
contradictory results. Category B.

c. Qualitative cultures of endotracheal aspirates have shown a poor specificity for
diagnosing VAP. Category C

d. Quantitative cultures of endotracheal aspirates, BAL, PSB, and blind techniques
have shown a reasonable sensitivity and specificity. However there is an impor-
tant variability among studies due to prior antibiotic treatment and the type of
‘gold standard’ used. The detection of ICO in BAL is a highly specific marker of
VAP. None of the methods mentioned above appears to be superior to other in
terms of accuracy. Category C.
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Are the Most Simple Methods Still Useful
in Preventing Respiratory Infections?

E. Girou

Introduction

Pathogens causing nosocomial pneumonia, such as Gram-negative bacilli and
Staphylococcus aureus, are ubiquitous in healthcare settings, especially in inten-
sive or critical care areas [1]. Transmission of these microorganisms to patients
frequently occurs via the hand of healthcare personnel that become contaminated
or transiently colonized with the microorganisms [2]. Procedures such as tracheal
suctioning and manipulation of ventilator circuit or endotracheal tubes increase
the opportunity for cross-contamination. The risk of cross-contamination can be
reduced by using aseptic technique and sterile or disinfected equipment when
appropriate and eliminating pathogens from the hands of personnel [3].

Hand hygiene is widely recognized as an important but underused measure to
prevent nosocomial infections [2]. Even if hand hygiene seems the simplest method
of prevention, all studies that have examined handwashing practices for 20 years
report great difficulties in obtainting good compliance with this measure. New
guidelines that promote the use of handrubbing with a waterless alcohol-based
product have been recently published and may increase personnel compliance and
decrease incidence of hand-transmitted infections [4].

In  this  chapter,  hand hygiene  will  refer to the three following techniques:
handwashing with a nonmedicated soap or an antiseptic soap, and handrubbing
with a waterless alcohol-based product.

Hand Hygiene Reduces Hand Contamination (Category A)

Hand hygiene aims at reducing or eradicating transient flora acquired during
patient care activities to avoid cross transmission and thus nosocomial infections.
The majority of experimental studies of products for removing transient flora
from  the hands  of healthcare workers  involve  artificial contamination  of the
volunteer’s skin with a defined inoculum of a test organism before the volunteer
uses  a plain soap, an antimicrobial soap, or a waterless antiseptic agent. No
scientific study has established the extent to which counts of bacteria or other
microorganisms on the hands need to be reduced to minimize transmission of
pathogens in healthcare facilities; whether bacterial counts on the hands must be



reduced by 1 log10 (90% reduction), 2 log10 (99%), 3 log10 (99.9%), or 4 log10
(99.99%) is unknown.

Accepted methods of evaluating hand-hygiene products intended for use by
healthcare workers require that test volunteers wash their hands with a plain or
antiseptic soap for 30 seconds or 1 minute, despite the observation in the majority
of studies that the average duration of handwashing by hospital personnel is <15
seconds [5, 6]. A limited number of investigators have used 15-second handwash-
ing or hygienic hand-wash protocols  (Table  1) [4]. Therefore, few  data exist
regarding the efficacy of hand hygiene under conditions in which they are actually
used by healthcare workers. Similarly, certain accepted methods for evaluating
waterless antiseptic agents for handrubbing require that 3 ml of alcohol be rubbed
into the hands for 30 seconds, followed by a repeat application for the same
duration. This type of protocol also does not reflect actual usage patterns among
healthcare workers. Furthermore, volunteers used in evaluations of products are
usually surrogates for healthcare workers, and their hand flora may not reflect flora
found on the hands of personnel working in health-care settings.

As summarized in Table 1, several experimental assays approaching real condi-
tions of use have examined the relative efficacy of hand hygiene techniques to
remove micro-organisms from the hands. All showed a poor bactericidal activity
of handwashing with nonmedicated soap as compared with hand hygiene with
antiseptic agents. To date, only five clinical studies (Table 2) have evaluated the
efficacy of hand hygiene procedures in routine practice [7–11].

In a prospective, randomized clinical trial, Zaragoza et al. compared the efficacy
of an alcoholic solution with handwashing with nonmedicated soap during regular
work in clinical wards and intensive care units (ICUs) of a large public university
hospital in Barcelona [11]. Healthcare workers were randomly assigned to hand-
washing or handrubbing with the alcoholic solution by using a crossover design.
The number of colony-forming units (cfu) on agar plates from hand printing in
three different samples was counted (before and after hand hygiene procedure, 10
to 30 minutes after hand hygiene procedure). A total of 47 healthcare workers were
included. The average reduction in the number of cfu from samples before hand-
washing to samples after handwashing was 50% for handwashing and 88% for
handrubbing. When both methods were compared, the average number of cfu
recovered after the procedure showed a statistically significant difference in favor
of the alcoholic solution (p<0.001). The investigators did not interfere with any
healthcare worker during the study. Thus the results reflect the real practice of hand
hygiene during care activities.

Pittet et al. performed an uncontrolled observational study to examine the
process of bacterial contamination of health care workers’ hands during routine
patient care in a large teaching hospital. Structured observations of 417 episodes
of care were conducted by trained external observers. Each observation period
started after a hand hygiene procedure and ended when the healthcare worker
proceeded to clean his or her hands or at the end of a coherent episode of care. At
the end of each period of observation, an imprint of the five fingertips of the
dominant hand was taken and bacterial colony counts were quantified. Regression
methods were used to model the intensity of bacterial contamination as a function
of method of hand hygiene, duration and type of care, with time of ungloved hands
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during patient care. Respiratory care was a care activity independently associated
with higher contamination levels. Simple handwashing with nonmedicated soap
before patient care, without hand antisepsis, was also associated with significantly
higher colony counts. The major limitation of this study is that observation bias
may have accounted for earlier hand hygiene than during routine patient care in
the absence of an external observer.

Larson et al. performed a randomized clinical trial to compare skin condition
and skin microbiology among 50 ICU personnel  using  one of two randomly
assigned hand hygiene regimens: handwashing with an antiseptic soap or handrub-
bing with an alcohol-based gel.[8] Each hand hygiene regimen was assigned for
four  consecutive  weeks.  Hand cultures  (n=193)  were obtained four  times:  at
baseline, during the first day of week 1, and as late as possible on the subject’s last
workday of weeks 2 and 4. For the handwashing group, there were no significant
differences between baseline mean log counts and mean log counts from day 1,
week 2, or week 4. For the handrubbing group, counts were significantly lower than
baseline at day 1 and week 2, but not week 4. The microbial counts on hands of
participants using handwashing increased slightly in weeks 2 and 4, whereas the
counts decreased slightly at each time interval among those using handrubbing.
However, the timing of hand cultures was questionable in this study whose primary
endpoint was not to asses hand hygiene efficacy. In a similarly designed random-
ized clinical trial, Lucet et al. did not find a significant difference in bacterial counts
between antiseptic handwashing and handrubbing [9].

In a randomized controlled trial, Girou et al. compared the efficacy of handrub-
bing with an alcohol based solution versus conventional handwashing with anti-
septic soap in reducing hand contamination during routine ICU patient care [7].
During daily nursing sessions of 2 to 3 hours, 23 healthcare workers were randomly
assigned to either handrubbing with alcohol based solution or handwashing with
antiseptic soap when hand hygiene was indicated before and after patient care.
Imprints were taken of fingertips and palm of dominant hand before and after hand
hygiene procedure. Bacterial counts were quantified blindly and 114 patient care
activities were evaluated. With handrubbing, the median percentage reduction in
bacterial contamination was significantly higher than with handwashing (83 v 58%,
P=0.012), with a median difference in the percentage reduction of 26% (95%
confidence interval, 8 to 44%). The major limitation of this trial is that the sampling
method may have underestimated the degree of contamination in both groups.

With regard to this body of data coming from experimental and clinical studies,
handrubbing with an alcohol-based product appears to be the best method to
achieve hand disinfection.

Hand Hygiene Reduces Nosocomial Infections (Category C)

Studies evaluating the impact of hand hygiene on nosocomial infection rates
examine generally all sites of infection together. Therefore, no study has measured
specifically the impact of hand hygiene on respiratory infections. In some studies,
the results are detailed according to the site of infection, but, usually, they are not
powered enough to evidence significant differences by site of infection. Most of
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the studies presented below took advantage of the discovery of poor hand hygiene
practices to evaluate interventions aimed at increasing hand hygiene compliance,
and monitored nosocomial infection rates in parallel. Such studies are very diffi-
cult to perform because the duration of follow-up has to be long to see both
increase in compliance and decrease in infections.

An intervention trial using historical controls demonstrated in 1847 that the
mortality rate among mothers who delivered in the First Obstetrics Clinic at the
General Hospital of Vienna was substantially lower when hospital staff cleaned
their hands with an antiseptic agent than when they washed their hands with
nonmedicated soap and water [12]. Semmelweis observed that the mortality rate
of puerperal fever was substantially higher in the First Clinic (16%) where doctors
and medical students provided care to women in labor as compared with the
Second Clinic (7%) where midwives assisted at all deliveries. He postulated that the
high rate of puerperal fever was caused by “cadaverous particles” transmitted from
the autopsy rooms to the obstetrics ward via the hands of students and doctors
despite washing them with unmedicated soap and water. In May 1847, Semmelweis
insisted that students and doctors scrub their hands in a chlorinated lime solution
before every physical examination. The maternal mortality rate in the First Clinic
subsequently dropped dramatically to 3% in the 7 remaining months of 1847 and
remained low for years. This intervention by Semmelweis represents the first
evidence that  cleansing heavily  contaminated  hands  with an antiseptic agent
between patient contacts can reduce nosocomial transmission of contagious dis-
eases more effectively than handwashing with nonmedicated soap and water.

In 1977, Casewell et al. found that 70% of the staff of an adult ICU had their hands
contaminated with Klebsiella [13]. These strains could be related to serotypes
infecting or colonizing patients in the ward on the same day. They identified ward

Table 2. Clinical studies assessing the effectiveness of hand hygiene to reduce hand contamination

Authors [Ref] Year Study design Study Main results
location

Zaragoza et al. 1999 Randomized controlled Hospital Handrubbing > Handwashing
[11] study with NMS

Pittet et al. 1999 Uncontrolled Hospital Handrubbing > Handwashing
[10] observational study with NMS

Larson et al. 2000 Randomized controlled Adult ICU Handrubbing = Handwashing
[8] study with AS

Lucet et al. 2002 Randomized controlled Adult ICU Handrubbing = Handwashing
[9] study with AS

Girou et al. 2002 Randomized controlled Adult ICU Handrubbing > Handwashing
[7] study with AS

NMS: nonmedicated soap; AS: antiseptic soap.
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procedures that resulted in contamination of nurses’ hands with 102 to 103

Klebsiella per hand with a survival on hands for up to 150 minutes. Handwashing
with an antiseptic agent reliably gave 98–100% reduction in hand counts, and the
introduction of routine handwashing by staff before moving from one patient to
the next was associated with a significant and sustained reduction in the number
of patients colonized or infected with Klebsiella. However, the investigators did not
quantitate the level of handwashing compliance among personnel.

In a sequential comparative trial of three handwashing agents in a surgical ICU
(i.e., nonmedicated soap and two antiseptic soaps, each regimen used exclusively
for approximately six weeks), the incidence of nosocomial infection was 50% lower
during the use of the antiseptic handwashing products than during the use of
nonmedicated soap (p<0.001) [14].

With a sequential intervention study in an ICU, Conly et al. demonstrated that
poor handwashing practices were associated with a high nosocomial infection rate,
whereas good handwashing practices were associated with a low nosocomial infec-
tion rate [15]. An educational program designed to improve handwashing proce-
dures significantly reduced endemic nosocomial infection rates. Before the educa-
tional program, the nosocomial infection rate (number of infections per 100 patient
discharges) was greater than 30% with handwashing compliances of 14 and 28%
before and after patient contact, respectively. After the institution of the first
educational program, the infection rate decreased dramatically to 12% meanwhile
handwashing compliance rates reached 73 and 81% before and after contact. The
infection rates were maintained low during the three subsequent years. The fourth
year, nosocomial infection rates increased to 33% with poor handwashing practices
(26 and 23% before and after contact, respectively). A second educational program
was implemented, and nosocomial rates dropped again to 9% with average hand-
washing compliance of 60%.

Handwashing and infection rates were studied in two ICUs of a community
teaching hospital [16]. Handwashing rates were monitored secretly throughout the
study. After six months of observation, educational interventions were started to
increase handwashing. Handwashing increased gradually, but overall compliance
rates before (22%) and after (30%) interventions were not significantly different
(p=0.07) whereas infection rates per 100 admissions remained stable (22% and
23%).

For eight months, Doebbeling et al. conducted a prospective multiple-crossover
trial involving 1894 adult patients in three ICUs [17]. In a given month, the ICU
used a hand-washing system involving either chlorhexidine or alcohol, with the
optional use of a nonmedicated soap; in alternate months the other system was
used. Rates of nosocomial infection and handwashing compliance were monitored
prospectively. When chlorhexidine was used, there were 152 nosocomial infec-
tions, as compared with 202 when the combination of alcohol and soap was used
(adjusted incidence-density ratio [IDR], 0.73; 95% confidence interval, 0.59 to
0.90). The largest reduction with chlorhexidine was in gastrointestinal infections.
However, because only a minimal amount of the alcohol rinse was used during
periods when the combination regimen also was in use and because compliance
with handwashing instructions was higher when chlorhexidine was available (48
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versus 30%, p=0.002), determining which factor (i.e., the hand-hygiene regimen or
differences in adherence) accounted for the lower infection rates was difficult.

Webster et al. evaluated hand wash products in terms of user acceptability and
effectiveness against methicillin-resistant S. aureus (MRSA) as part of a long-term
strategy to eliminate endemic MRSA from the neonatal ICU at an Australian
hospital [18]. Following the introduction of a new hand wash disinfectant, new
cases of MRSA colonization were monitored for 12 months. In addition, the use of
antibiotics, the incidence of multi-resistant Gram-negative cultures, and neonatal
infections were noted. No changes were made to any procedures or protocols
during the trial. All babies colonized with MRSA were discharged from the nursery
within 7 months of the introduction of triclosan and in the subsequent 9 months
no new MRSA isolates were reported. Compared with the previous 12 months,
fewer antibiotics were prescribed and fewer nosocomial infections recorded
(p<0.05).

Zafar et al. described nosocomial infections due to MRSA of 22 male infants in
a neonatal nursery during a 7-month period and the infection control procedures
that effectively brought this outbreak under control and eliminated recurrence for
more than 3 years [19]. After a single index case of bullous impetigo caused by
MRSA in a neonate discharged from the nursery 2 weeks previously, an additional
18 cases of MRSA skin infections were clustered in a 7-week period. Aggressive
infection control measures were instituted, including changes in umbilical cord
care, circumcision procedures, diapers, handwashing, gloves, gowns, linens, disin-
fection, placement in cohorts of neonates and staff, surveillance, and monitoring.
These measures were not effective in slowing the outbreak. The single additional
measure of changing handwashing and bathing soap to a preparation containing
an antiseptic (0.3% triclosan) was associated with the immediate termination of
the acute phase of the MRSA outbreak.

Impact of Hand Hygiene Promotion
on Nosocomial Infection Rates (Table 3)

Pittet et al. attempted to promote hand hygiene by implementing a hospital-wide
program, with special emphasis on bedside, alcohol-based hand disinfection and
measuring nosocomial infections in parallel. The overall compliance with hand
hygiene during routine patient care in a teaching hospital in Geneva, was moni-
tored before and during implementation of a hand-hygiene promoting campaign.
Seven hospital-wide prevalence surveys were done twice yearly from December,
1994, to December, 1997. Secondary outcome measures were nosocomial infec-
tion rates, attack rates of MRSA, and consumption of handrub disinfectant. Com-
pliance with hand hygiene improved progressively from 48% in 1994, to 66% in
1997 (p<0.001). During the same period, overall nosocomial infection decreased
(prevalence of 17% in 1994 to 10% in 1998; p=0.04), MRSA transmission rates
decreased (2.16 to 0.93 episodes per 10,000 patient-days; p<0.001), and the con-
sumption of alcohol-based handrub solution increased from 3.5 to 15.4 l per 1000
patient-days between 1993 and 1998 (p<0.001).
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Larson et al. conducted a quasi-experimental intervention trial to assess the
impact of an intervention to change behavior on frequency of staff handwashing
(as measured by counting devices inserted into soap dispensers on four ICUs) and
nosocomial infections associated with MRSA and vancomycin-resistant entero-
cocci (VRE). All staff in one of two hospitals received an intervention with multiple
components designed to change behavior; the second hospital served as a compari-
son. Over a period of 8 months, 860,000 soap dispensings were recorded, with
significant improvements in the study hospital after 6 months of follow-up. Rates
of MRSA were not significantly different between the two hospitals, but rates of
VRE were significantly reduced in the intervention hospital during implementa-
tion.

Table 3.  Clinical studies evaluating the  impact  of  hand hygiene promotion  on  nosocomial
infection rates

Authors [Ref] Year Study Study Impact Impact on
design location on Hand nosocomial

Hygiene infections
Compliance rates

Casewell et al. 1977 Non-randomized Adult ICU NM ➘ Klebsiella
[13] controlled study infections

Maki et al. 1989 Non-randomized Adult ICU NM ➘ infections
[14] controlled study

Conly et al. 1989 Non-randomized Adult ICU ➚ ➘ infections
[15] controlled study

Simmons et al. 1990 Non-randomized Adult ICU No effect No effect
[16] controlled study

Doebbeling et al. 1992 Non-randomized Adult ICU ➚ ➘ infections
[17] controlled study

Webster et al. 1994 Non-randomized Neonatal ICU NM ➘ MRSA cross
[18] controlled study transmission

Zafar et al. 1995 Non-randomized Neonatal ICU NM ➘ MRSA cross
[19] controlled study transmission

Pittet et al. [31] 2000 Non-randomized Hospital ➚ ➘ infections
controlled study

➘ MRSA cross
transmission

Larson et al. 2000 Non-randomized Hospital ➚ ➘ VRE cross
[32] controlled study transmission

NM: not monitored; MRSA: methicillin-resistant Staphylococcus aureus; VRE: vancomycin-resis-
tant enterococci.  significant increase; significant decrease.
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Conclusion

In conclusion, there is a good level of evidence showing that hand hygiene with
antiseptic products is effective to reduce hand contamination significantly during
patient care activities. Surely, the best technique is handrubbing with an alcohol-
based solution. This measure should decrease the risk of cross transmission of
microorganisms and thus decrease the risk of acquiring an infection, especially in
ICU patients. However, the level of evidence demonstrating a link between an
increased compliance to hand hygiene and low rates of nosocomial infections is
low according to the classification used in this chapter. Good evidence for effect of
a procedure should be obtained from placebo-controlled, double-blind, crossover
studies. For obvious reasons, no such studies on the effect of hand hygiene in ICUs
ever have been or will be performed. Hand hygiene has been general practice in
medical care since the days of Semmelweis. No ethics committee would accept a
study where some intensive care patients intentionally received care from staff
with dirty hands!

The hand hygiene research agenda should certainly include valid epidemiologi-
cal research generating  more  definitive  evidence  for the impact of improved
compliance with hand hygiene on infection rates [2]. But also, and maybe as a
priority, the key determinants of hand-hygiene behavior must be assessed and the
evidence-based  indications  for  hand cleansing must be promoted among the
different populations of healthcare workers, (considering that it might be unreal-
istic to expect healthcare workers to clean their hands after every patient contact),
the necessary  percentage increase  in hand-hygiene compliance  resulting  in a
predictable risk reduction in infection rates.
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Tracheostomy in Patients with Respiratory Failure
Receiving Mechanical Ventilation:
How, when, and for whom?

C. Apezteguia, F. Ríos, and D. Pezzola

Introduction

Tracheostomy is probably the most frequent surgical procedure performed on
intensive care unit (ICU) patients. About 10–11% of critically ill patients receiving
mechanical ventilation require tracheostomy [1]. Most of these patients need
ventilatory support for a long time, or have been identified by the physician as
potentially requiring mechanical ventilation for an extended period. Conse-
quently, patients with neuromuscular diseases are tracheostomized more often
and earlier than patients with chronic obstructive pulmonary disease (COPD);
and the latter more frequently and earlier than acute respiratory failure patients
[4]. The principal argument to tracheostomize these patients is to avoid lesions
produced by prolonged translaryngeal intubation. Other valuable benefits include
easy tube reinsertion, better secretion removal, and improved patient comfort and
mobility. The disadvantages of tracheostomy comprise perioperative complica-
tions related to the procedure and the patient’s condition, long-term airway in-
jury, and the cost of the intervention. There are also doubts concerning the actual
effects on patient outcome, the best technique to carry out the procedure, the most
appropriate timing, and the facilitating role on the weaning process, amongst
other uncertainties.

The Consensus conference on artificial airways in patients receiving mechanical
ventilation [5] recognized the existing gaps in knowledge on the subject and
established the need for further research. However, some general recommenda-
tions were given, e.g., to favor indication of tracheostomy for anticipated need of
artificial airway for longer than 21 days and to discourage it for anticipated need
of up to 10 days, with daily assessment for intermediate situations. In his position
paper, Heffner stresses that the ideal clinical study comparing the risks and benefits
of tracheostomy vs. prolonged translaryngeal intubation has not yet been done,
and emphasizes the need to individualize medical decisions according to the
patient’s clinical condition.

We will now review the available literature on several issues related to this
intervention. Some of the answers needed to improve the management of patients
receiving mechanical ventilation should be drawn from the following questions:

1. What is the outcome of patients who receive a tracheostomy?
2. When should tracheostomy be performed?



3. On whom should tracheostomy be performed?
4. Can tracheostomy facilitate weaning?
5. How should tracheostomy be performed? Are non-surgical techniques safer

than standard surgical tracheostomy?

The objective of this chapter is to systematically review the literature that ad-
dresses these questions.

Focus of the Review

We reviewed the published information (meta-analyses, randomized trials, con-
trolled non-randomized studies and the clinically most applicable observational
trials) that may help in the management of mechanically ventilated critically ill
patients. We excluded editorials, letters, narrative reviews, case reports, and arti-
cles restricted to cost analysis.

We were interested in heterogeneous ICU patients receiving mechanical venti-
lation. Our target population included adult patients who underwent a tra-
cheostomy while receiving mechanical ventilation. The clinical settings relevant to
our review included ICUs and intermediate-care units. We excluded studies of
home ventilation, those using chronic ventilation settings, tracheostomy aimed at
facilitating terminal or palliative care, and studies of highly specific populations (e.
g., patients with chronic spinal cord diseases, spinal cord injury, head and neck
tumors, craniofacial abnormalities, maxillofacial lesions or sleep breathing disor-
ders).

For the technical aspects of the procedure, we included studies that addressed
the controversy between surgical and non-surgical techniques, but we did not
include differences between non-surgical techniques and cricothyroidotomy.

Search for Relevant Studies

We conducted a comprehensive search for the relevant studies, with no language
restriction, in MEDLINE, Cumulative Index to Nursing and Allied Health Litera-
ture (CINAHL), the Cochrane Controlled Trials Registry and the Cochrane Data
Base of Systematic Reviews, and the system Literatura Latino Americana y del
Caribe de Información en Ciencias de la Salud (LILACS) from 1972 to August
2002. We examined the reference lists of all included articles for other potentially
relevant citations and personal files. In MEDLINE, the terms “tracheotomy” and
“tracheostomy” were used as Medical Subject Headings (MeSH terms) and were
also searched in titles and abstracts. Citations were limited to human studies. We
did not explicitly search for unpublished literature, but known unpublished stud-
ies were considered. We retrieved all articles that any of the three reviewers
considered potentially eligible according to the titles and abstracts. The same
reviewers examined the full text and jointly made the final decisions regarding
eligibility, based on the inclusion and exclusion criteria described above.
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Data Assessment

We examined all eligible articles regarding methodological features (summary in
Table 1). When a meta-analysis or systematic review was selected, the trials evalu-
ated in it were not reanalyzed. When more than one meta-analysis or systematic
review examined the same or almost the same articles, only the study with the best
methodological characteristics was selected. In cases of duplicate studies, only one
of  the trials  was  included. Types  of studies selected for each of the subjects
analyzed were different, according to the characteristics of the articles found in
the search. We used critical appraisal questions for most studies taken from the
Users’ Guides to the Medical Literature series published in the Journal of the
American Medical Association. The level of evidence was classified as categories A,
B, C or D, according to the system developed by the NHLBI.

Results

Out of the 4136 articles originally searched, 791 articles meeting the requirements
of the selection criteria were retrieved from the database. Only 115 proved poten-
tially eligible on the basis of reviewing the title and abstract. We eventually in-
cluded a total of 15 studies after a comprehensive review of the full article. Regard-
ing `general outcome’, two observational controlled studies were included. For
`timing (early vs. late)’, we included a systematic review, a randomized controlled
trial and an observational controlled trial. Only four studies on physiological
outcome before/after tracheostomy, indirectly informing on facilitation of `wean-
ing’, were included due to lack of available literature about clinical outcomes. Two
meta-analysis and four randomized controlled trial about `techniques’ addressing
complications were included. Methodological characteristics and the number of
patients studied in each article are summarized in Table 1.

General Outcome

In the case-control study by Esteban et al [1] of 373 tracheostomized patients
(10.7%) as an integral part of the trial data of 5081 patients receiving mechanical
ventilation [6], the tracheostomized patients were matched with 373 patients
without tracheostomy of similar characteristics. Tracheostomy was performed at
a median of 12 (7, 17) days after the beginning of mechanical ventilation; in 53.2%
of the cases during the weaning period, and in 29.7% after extubation followed or
not by reintubation. Risk factors associated with tracheostomy were duration of
mechanical ventilation, reintubation, coma, and neuromuscular disease. The tra-
cheostomy group had longer ICU length of stay (26.9 vs. 11.7 days) and hospital
length of stay (43.8 vs. 22.1 days). Tracheostomy resulted in reduction of ICU
mortality (24.4 vs. 37.3%; relative risk 0.65) but did not modify hospital mortality
(38.6 vs. 41.6%; relative risk 0.93).

To identify clinical predictors and outcomes for tracheostomy in ICU patients,
Kollef et al [2] studied 51/521 mechanically ventilated patients that had a tra-
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cheostomy (9.8%) placed 9.7 ± 6.4 days after the onset of mechanical ventilation.
Risk factors for receiving a tracheostomy were nosocomial pneumonia, aerosol
therapy, witnessed aspiration, and reintubation. Tracheostomy patients had longer
ICU (18.8 vs. 5.7 days) and hospital (30.9 vs. 12.8 days) lengths of stay. Hospital
mortality was less than the mortality of the non-tracheostomy group (13.7 vs.
26.4%, relative risk 0.52), but this effect was restricted to medical patients. The
authors concluded that, despite having longer lengths of stay in the ICU and
hospital, patients with respiratory failure who received a tracheostomy had favor-
able outcomes compared with patients who did not.

Timing: Early versus late tracheostomy

Maziak et al. [7] published a systematic review with clearly defined inclusion/ex-
clusion criteria, where they carefully analyzed five articles subjected to a rigorous
validity assessment. The reviewers  showed  the heterogeneity between studies
(three were quasi-RCTs and two retrospective studies, different populations, un-
equal definitions of early and late) and concluded there is insufficient evidence to
support that the timing of tracheotomy alters the duration of mechanical ventila-
tion or the extent of airway injury in critically ill patients.

Sugerman et al. [8] in their multicenter randomized controlled trial, after a drop
out of 20% of the patients, entered 112 to early randomization (3–5 days) and 14
to late randomization (10–14 days); an additional 22 patients from the early entry
groups were re-randomized late. The comparisons were made between the tra-
cheostomy and non-tracheostomy groups in each scenario: early (three diagnostic
groups) and late. Although there was a higher APACHE III score in the early
tracheostomy group than in the early non-tracheostomy group, the authors did not
find significant differences in ICU length of stay, frequency of pneumonia, or death
in any of the groups after either early or late tracheostomy compared with contin-
ued endotracheal intubation. However, computing ICU length of stay among
tracheostomized patients, it is shorter in the early surgery group than in the late
tracheostomy group (20 ± 2 vs. 38 ± 5 days, p = 0.0008). A total of 124 patients
underwent laryngoscopy at endotracheal extubation or at tracheostomy removal;
there were no significant differences between the groups. The endoscopic follow-up
at 3 to 5 months was scarce.

In the prospective observational study by Brook [9], 53 patients were examined
who had tracheostomy done by day 10 of mechnaical ventilation (5.9 ± 7.2 days)
and 37 had late tracheostomy (16.7 ± 2.9 days). Male sex (OR 3.84 [2.32–6.34]) and
higher PaO2/FiO2 ratios (OR 1.01 [1.00–1.01]) were associated with early tra-
cheostomy. In the early tracheostomy group, a briefer period of mechanical venti-
lation (28.3 ± 28.2 days vs. 34.4 ± 17.8 days; p = .005) was observed and a reduction
in ICU length of stay (15.6 ± 9.3 days vs. 29.3 ± 15.4 days; p < .001) but not in hospital
length of stay. Timing of tracheostomy was not associated with occurrence of
nosocomial pneumonia or hospital mortality.
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Facilitation of Weaning

Diehl et al. [10] compared work of breathing (WOB), intrinsic positive end-expi-
ratory pressure (PEEPi), and breathing pattern in eight ventilator-dependent pa-
tients before and after tracheotomy. These measurements were performed  at
different levels of pressure support and tracheostomy decreased resistive and
elastic work of braething in most of them, more definitely when the ventilator
support was diminished. Significant reductions in occlusion pressure and PEEPi
were also observed, without significant changes in breathing pattern. The percent-
age of ineffective efforts decreased after tracheostomy in the three patients who
had these events prior to surgery. An in-vitro part of the study showed that the
cannula lowered the resistive work induced by the endotracheal tube. The conclu-
sion of the authors was that tracheostomy can substantially reduce the mechanical
workload of ventilator dependent patients.

In 20 patients judged ready for extubation in whom extubation failed on two
occasions, Davis et al. [11] measured respiratory mechanics, breathing pattern, and
work of breathing during spontaneous breathing, before and after tracheostomy.
After tracheostomy, work of breathing per minute (8.9 ± 2.9 vs. 6.6 ± 1.4 J/min;
p = 0.04), and intrinsic PEEP (2.9 ± 1.7 vs. 1.6 ± 1.0 cm H2O; p = 0.02) were reduced.
All patients  were successfully weaned from the ventilator within 24 hours of
tracheostomy. The authors believe that the rigid nature of the tracheostomy tube
represents reduced imposed work of breathing compared with the longer, thermo-
labile endotracheal tube. These findings, however, do not fully explain the ability
of patients to be liberated from mechanical ventilation after tracheostomy.

Lin et al. [12] studied 20 chronic lung disease patients under prolonged mechani-
cal ventilation for pulmonary mechanics and breathing pattern under mechanical
ventilation, pre and post tracheostomy; four of them with preceding weaning
failure. They could find no significant differences except for reduction in the peak
inspiratory pressure. In a post hoc analysis of pre-tracheostomy values in the group
that could be weaned and the patients that were not weaned in two weeks, the
weaned patients had lower PEEPi and larger static compliance.

Pulmonary mechanics, breathing pattern, arterial blood gases, and capnography
with determination of dead space ventilation (Vd/VT) were measured in 45 surgical
patients under mechanical ventilation by Mohr et al. [13]. There was no difference
noted in any of the measures pre and post-tracheostomy. On subgroup analysis,
those patients that were weaned from mechanical ventilation with 72 hours of
tracheostomy were compared with those patients weaned from mechanical venti-
lation 5 days or more after tracheostomy and, again, no difference was found.

Surgical versus Non-surgical Technique

The meta-analysis by Dulguerov et al. [14] is a very extensive one that includes
prospective and observational studies. It comprises 17 older articles (1960–1984)
on surgical tracheostomy alongside 21 more recent (1985–1996) trials on surgical
tracheostomy, and 27 others on non-surgical tracheostomy (percutaneous). Com-
parison of recent surgical and non-surgical tracheostomy trials, showed that pe-
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rioperative complications are more frequent with the percutaneous technique
(10% vs. 3%), whereas postoperative complications occur more often with surgi-
cal tracheostomy (10% vs. 7%). Among major complications, perioperative death
(0.44% vs. 0.03%) and serious cardiorespiratory events (0.33% vs. 0.06%) were
higher with non-surgical tracheostomy. There was heterogeneity in the articles for
the analysis of complications. According to authors, percutaneous tracheostomy
is associated with a higher prevalence of perioperative complications, whereas
postoperative complication rates are higher with surgical tracheostomy.

Freeman et al. [15] published a meta-analysis pooling the data of five trials
directly comparing surgical with percutaneous dilational tracheostomy (PDT).
Operative time was shorter for PDT and there was no difference regarding overall
operative complication rates. However, PDT was associated with less perioperative
bleeding (OR 0.14 [0.02–0.39]) and lower overall postoperative complication
(bleeding, stomal infection) rate (OR 0.14 [0.07–0.29]). No difference was identified
in overall procedure-related complications or death. The authors concluded that
this meta-analysis suggests potential advantages of PDT relative to surgical tra-
cheostomy in the appropriately selected critically ill patient.

In a randomized controlled study [16], 30 patients underwent PDT and 27
patients had surgical tracheostomy. All tracheostomies were performed at the
patient’s bedside in the ICU. The mean time to perform PDT was shorter. Five
patients in the PDT group and one in the surgical tracheostomy group had mod-
erate bleeding during the procedure or perioperatively. Although they performed
surgical tracheostomy at the bedside in the ICU to avoid the risks associated with
moving critically ill patients to the operating room, authors found PDT to be a
simple and safe procedure.

Freeman et al. [17] in their randomized controlled trial addressing cost-effec-
tiveness, compared PDT (performed in the ICU) and surgical tracheostomy (in the
operating room). PDT was performed more quickly and there were no differences
in ICU length of stay or hospital length of stay. There were two patients of the
surgical tracheostomy group with serious hemorrhages, and a trend was registered
to greater mortality in the group (PDT 22.5%; surgical 45%, p = 0.06). According
to the authors, PDT may become the procedure of choice for electively establishing
tracheostomy in the appropriately selected patient who requires long-term me-
chanical ventilation.

Massick et al. [18] analyzed the complication incidence of two methods of
bedside tracheostomy: Surgical tracheostomy (50 patients) or endoscopically
guided PDT (50 patients); 64 other patients did not meet the selection criteria for
non-surgical tracheostomy and received surgical trachestomy in the operating
room. This operating room group had significantly increased perioperative com-
plication rates compared with those patients who met selection criteria for bedside
tracheostomy (20 vs. 5%, p ≤ 0.01). No statistically significant difference was found
in the perioperative complication incidence between the two methods of bedside
tracheostomy. However, PDT resulted in a significant increase in postoperative
complications (16 vs. 2%, p <.05) including one case of death related to tube
displacement. Conclusion of the authors: this investigation prospectively confirms
the safety of bedside tracheostomy placement in properly selected patients, even
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when  open  surgical tracheostomy represents  the standard  of care in  bedside
tracheostomy placement by providing a more secure airway.

Melloni et al. [19] compared the effects of surgical tracheostomy versus PDT
under fiberoptic control on complication rates, in particular late tracheal compli-
cations up to 6 months. PDT was performed faster than surgical tracheostomy.
There were no differences in intraoperative complications. Early postoperative
complications, particularly stomal infections, occurred more frequently in the
surgical group (36 vs. 4%). Although the difference was not statistically significant,
in the surgical group there were no late tracheal complications, whereas in the PDT
group, two late tracheal complications (one segmental malacia and one stenosis at
the level of the stoma) were observed. According to the authors, this study confirms
that PDT is a simpler and quicker procedure than surgical tracheostomy and that
it has a lower rate of early postoperative complications.

Discussion

The frequency of tracheostomy in the management of the patient receiving me-
chanical ventilation contrasts with the lack of clear evidence as regards how to
perform it. Recommendations of the Consensus Conference of 1989 [5], founded
basically by expert opinion, are not often respected in current practice and the
physician frequently makes decisions based on his/her own preferences. In this
chapter,  we have reviwed  some  of the most conflicting issues related to this
procedure.

The characteristics of the studies selected were dissimilar, depending on the
search results for each subject analyzed. In the field of techniques, there is an
acceptable representation of meta-analysis and randomized controlled trials with
definite clinical outcomes. Conversely, for weaning there is a lack of relevant
clinical trials and only articles with physiologic end-points could be selected.
General outcome and timing field were represented by an intermediate situation.

General Outcome

Retrieving the available information on prognosis and current practice is relevant
in the gathering of the knowledge needed to base decision-making on the manage-
ment of critically ill patients. Such information also provides a basis for assessing
best practice standards.

Two well designed controlled observational trials were selected: the study by
Esteban et al. [1], a case-control study using high-grade data from a prospective,
multicenter, international, very large trial, and the article by Kollef et al. [2], that
showed results of the practice performed in a single hospital. Both studies show
important aspects on these issues.

Ten to eleven percent of ICU patients receiving mechanical ventilation have a
tracheostomy. Its frequency increases with duration of mechanical ventilation,
need for reintubation, presence of coma or neuromuscular disease, nosocomial
pneumonia, aerosol therapy, and aspiration. The timing observed was 12 (or 10)
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days from the beginning of mechanical ventilation, occurring earlier in neurologic
and trauma patients, and with a high frequency during weaning or after extubation.
Tracheostomy patients had longer ICU and hospital stays in both studies. Mortality
in the ICU was lower than in the non-tracheostomy group, but hospital mortality
was the same [1]. Kollef et al. found that hospital mortality was lower in the
tracheostomy group than in the non-tracheostomy group. This finding can be
explained because some patients died before reaching a long enough duration of
mechanical ventilation to be elegible for tracheostomy. Consequently, the number
of deaths in the non-tracheostomy group is enlarged, thus creating a systematic
bias for higher survival of the tracheostomy group compared with the non-tra-
cheostomy group.

In summary, in current practice, tracheostomy is provided to 11% of ICU
patients under mechanical ventilation, increasing with length of mechanical ven-
tilation, need for reintubation, presence of coma or neuromuscular disease. The
procedure is performed at a median of 12 days of mechanical ventilation, and
earlier in neurologic or trauma patients. Most cases of tracheostomy are done
during weaning or after extubation. The population of tracheostomized patients
has longer stays in the ICU and in the hospital than non-tracheostomy patients;
their hospital mortality is 39%, similar to the non-tracheostomy patients, but ICU
mortality is lower (Level of evidence category C).

Timing: Early Versus Late Tracheostomy

This is a controversial subject, probably due to the lack of convincing evidence
about the relative importance of airway lesions induced by translaryngeal intuba-
tion and tracheostomy, the uneven duration of mechanical ventilation in different
illnesses, its influence on weaning, chances to be discharged from the ICU, etc.

The systematic review of Maziak et al. [7] is constrained by studies that show
various weaknesses; their analysis concludes that there is insufficient evidence to
support that timing alters the duration of mechanical ventilation or extent of airway
injury. The multicente randmoized controlled trial by Sugerman et al. [8] has a
confounding randomization and a design that diversifies the groups, making it
difficult to compare between early (53 patients) and late (21 patients) tracheostomy
groups. Despite the authors’ assertion that “there were no significant differences
in ICU length of stay, frequency of pneumonia, or death”, the early tracheostomy
group had a briefer ICU length of stay. There were no differences in laryngeal
lesions during hospitalization but the late tracheostomy group follow up was
scarce. The observational study by Brook et al. [9] found a briefer period of
mechanical ventilation and ICU length of stay, but not in hospital length of stay,
for the early tracheostomy group. Timing was not associated with nosocomial
pneumonia or hospital mortality. Regrettably, these new trials from Maziak’s
review do not add sufficient evidence about timing to answer the question.

In summary, there is not convincing evidence to support that early tra-
cheostomy modifies mortality, airway injury, occurrence of nosocomial pneumo-
nia, or hospital length of stay. Probably, it can diminish the duration of mechanical
ventilation and ICU loength of stay (Level of evidence category C).
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Facilitation of Weaning

Among the studies on late tracheostomy to facilitate weaning, which show appar-
ently divergent results, that by Diehl et al. [10] stands out as a most methodologi-
cally careful article studying a small number of patients under different levels of
ventilatory support. It shows that tracheostomy decreased resistive and elastic
work of breathing and PEEPi, more markedly with less ventilatory support. More-
over, the shorter length of the tracheal tube and the reduction of the inner diame-
ter of the endotracheal tube owing to inspissated secretions may explain the
decrease of resistive load after tracheostomy. The study by Davis et al. [11] dis-
plays an attractive design: a population composed of patients deemed ready for
extubation in whom extubation had previously failed, with measurements done
during spontaneous breathing, pre and post tracheostomy. As with Diehl´s study,
work of breathing and PEEPi appeared reduced after tracheostomy.

Concerning the other two studies with negative results,that by Lin et al. [12]
measured patients receiving mechanical ventilation that was set independently of
the study and was not `normalized’ and that by Mohr et al. [13] practiced determi-
nations in patients ventilated with intermittent mandatory ventilation (IMV) at a
10/min rate combined with pressure support. Probably these conditions of `heavy’
ventilatory support veiled the change in work of breathing induced by tra-
cheostomy.

In summary, although no studies demonstrate enhanced weaning from me-
chanical ventilation in patients with tracheostomy compared with translaryngeal
intubation, the former procedure is associated with diminished work of breathing
and PEEPi in patients requiring low levels of ventilatory support (Level of evidence
category C)

Surgical Versus Non-surgical Technique

This is a specially evolving field because the recently incorporated non-surgical
techniques, including percutaneous dilatational (Ciaglia or Griggs techniques and
their variants) and translaryngeal tracheostomy, are in direct competition with
the long-established procedure of standard surgical tracheostomy. Furthermore,
some non-surgical techniques have already been discontinued and others are
undergoing changes and adaptations in search of the optimal procedure. The
learning curve of any new surgical procedure correlates with a decreasing trend in
the occurrence of related complications. Another aspect to be considered is the
fact that the technique selected usually determines the location where the proce-
dure is performed: Surgical tracheostomy in the operating room and non-surgical
tracheostomy in the ICU. Other items are the need of a `normal neck anatomy’ to
use percutaneous techniques and the procedure restrictions due to patient condi-
tion (abnormalities of coagulation, high level of PEEP, etc).

We limited our analysis to articles that compare surgical with non-surgical
tracheostomy: two meta-analysis and four randomized controlled trials. Both
meta-analyses can be the subject of technical criticism, principally the vast review
by Dulguerov et al. [14] that pooled, in a single statistical analysis, very many
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heterogeneous studies over an extended time span. In their data, the incidence of
perioperative complications varied with differing non-surgical techniques, includ-
ing some that are no longer on the market because of their high complication rates.
Freeman’s review [15], a reasonably well conducted meta-analysis, compares sur-
gical tracheostomy with only one non-surgical technique, PDT, in prospective
trials. Not all the studies were randomized and the complication rates of the
different studies are quite variable, so the level of heterogeneity among the studies
could be a question. The findings of Dulguerov and colleagues suggest disadvan-
tages of non-surgical with respect to surgical tracheostomy concerning periopera-
tive complications, including death. On the contrary, the findings of Freeman et al.
show less perioperative bleeding with PDT. In both meta-analyses, overall postop-
erative complication are lower with non-surgical techniques.

Regarding the moderate sample sized randomized controlled trials, all four trials
compare surgical tracheostomy (bedside or in the operating room) with PDT (in
the ICU) and all but Heikkinen’s study [17] performed PDT under endoscopic
vision. The trials do not show differences in perioperative complications except for
Freeman’s study [16], which does register two serious hemorrhages in the surgical
group. Regrading postoperative complications, although Melloni et al. [19] finds
that stomal infections occurred more frequently in the surgical group, Massick et
al. [18] noted that PDT resulted in a significant increase incidence with one case of
death. There is agreement among the authors that PDT is a simple, quick and quite
safe procedure. Freeman et al. [16] consider that it may become the procedure of
choice in the appropriately selected patient, while Massick et al. [18] state that open
surgical tracheostomy represents the standard of care in bedside tracheostomy
placement by providing a more secure airway. Finally Massick et al. and Freeman
et al. emphasize the need to define criteria for patients eligible for bedside non-sur-
gical tracheostomy (neck anatomy, coagulation, PEEP, ease to intubate).

According to the evidence examined, we can establish some statements for
surgical tracheostomy versus PDT. It can be stated that there are no differences in
perioperative complications apart from more frequent hemorrhages in surgical
tracheostomy. Regarding early postoperative complications, their frequency is less
in PDT than in surgical tracheostomy although scarce reports show fatal compli-
cations in the non-surgical group. Even though PDT can be a simple, quick and
quite safe procedure when used in the appropriately selected patient, particularly
under endoscopic control, surgical tracheostomy is the procedure of choice to
provide a more secure airway in the critically ill patient who does not comply with
the selecting criteria for non-surgical tracheostomy (Level of evidence category B).

Future Research

The present review of the published data discloses the need to conduct new,
adequately powered  prospective studies focusing  on  the clinical  outcomes in
several areas. Studies could be improved by using more rigorous patient inclusion
and exclusion criteria, better accountability for dropouts, conventional randomi-
zation methods, multicenter designs that allow for sufficient sample sizes to deter-
mine the interaction of underlying conditions, and multivariate analysis tech-
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niques [20]. Large randomized controlled trials are necessary and these trials
must be comprehensive of different interrelated topics.
1. There is no conclusive evidence about the relative contribution of translaryngeal

intubation and tracheostomy to various early and late complications:
cardiorespiratory events, airway lesions, occurrence of nosocomial pneumonia,
and accidental extubation or decannulation.

2. The question of timing remains unresolved. It is necessary to compare outcomes
for patients randomized to mechanical ventilation via long term translaryngeal
intubation versus early conversion to tracheostomy, beginning with groups of
patients that are prone to benefit from an `early approach’ (neuromuscular
disease, neurologic diseases with sensorial impairment, cranioencefalic
trauma).

3. The current practice of doing a tracheostomy to facilitate weaning from a
ventilator in a patient that is difficult to wean has not been clinically demon-
strated. A protocol to verify this presumption is clearly needed.

4. A large trial is required to compare different techniques: standard surgical
tracheostomy, Ciaglia procedure, Griggs technique, and translaryngeal tra-
cheostomy, with definite inclusion/exclusion criteria.
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The Use of Sedation and Neuromuscular Blockade:
The Effect on Clinical Outcome

B. De Jonghe, B. Plaud, and H. Outin

Introduction

Sedatives and neuromuscular blockers are widely used in intensive care units
(ICUs), especially in patients receiving mechanical ventilation [1]. The main ob-
jective of sedation is to increase patient comfort and tolerance to the ICU environ-
ment, particularly the ventilator [2]. Tracheal intubation, ventilator mode and
setting, and tracheal suction largely contribute to discomfort, pain, ventilator
dyssynchrony, and anxiety in mechanically-ventilated patients. The most impor-
tant deleterious effects of sedatives are a delayed recovery of consciousness after
the acute phase of illness, and prolongation of mechanical ventilation and ICU
stay. These may also be further increased by concomitant administration of
neuromuscular blockers, which are used to treat organ dysfunction in severely ill
patients [3], but may also lead to prolonged neuromuscular blockade, and the
development of axonal or myopathic changes [4].

The aim of this chapter was to systematically review the effects of different
sedation and neuromuscular blockade drugs and strategies on patient comfort,
recovery of clinical neuromuscular function and duration of mechanical ventila-
tion and ICU stay.

Methods

To identify studies, we searched MEDLINE from January 1966 to July 2002, using
the following text words and key words: “sedation” or “neuromuscular blockers”
or “comfort” or “tolerance” or “anxiety” or “agitation” or “weaning” or
“neuromuscular” or “artificial ventilation” or “ICU”or “intensive care” or “criti-
cally ill”. In the Cochrane Library, we searched both the Clinical Trials Registry for
randomized trials and the Cochrane database of Systematic Reviews. We identi-
fied and retrieved relevant articles from the reference lists of all primary articles
and review articles, and those in our personal files.

The following selection criteria were applied:
1. Population: adult ICU patients with invasive or non-invasive mechanical ven-

tilation



2. Endpoints: comparative effects of intravenous (IV) sedatives or competitive
neuromuscular blockers on the following outcomes: patient comfort, pain or
anxiety and consciousness (for sedatives only); duration of weaning, mechani-
cal ventilation, stay in ICU; clinical recovery of neuromuscular function (recov-
ery based on train-of-four (TOF) stimulation was not selected). For studies
comparing 2 sedatives, only comparisons between midazolam and propofol
were selected.

3. Design: Eligible studies were published as full-text articles with the following
design: prospective controlled interventional studies and meta-analysis of pro-
spective randomized controlled trials. Studies included in meta-analyses were
not analyzed separately.

Data on the population, the sedatives or neuromuscular blockers used, measured
outcomes, and type of study design were abstracted. Studies were classified into
one of the following categories: comparison of two sedatives or neuromuscular
blocking drugs and comparison of two sedation or neuromuscular blockade
strategies

Results

Of the 12 studies identified, four (including one meta-analysis [5]) compared
sedative drugs [5–8], four compared sedation strategies [9–12], three compared
neuromuscular blockade strategies [13–15], and one compared a combined seda-
tion and neuromuscular blockade strategy [16]. No study comparing two
neuromuscular blockers drugs was identified according to the above criteria.
Study characteristics and results are reported in Table 1.

Studies Comparing the Effect of Two Different Sedatives
or Neuromuscular Blockers on Selected Outcomes

One meta-analysis aggregated the results of 17 prospective randomized controlled
trials comparing midazolam with propofol [5]. The time spent at the target seda-
tion level was 2.9 h longer (significant difference) with propofol compared to
midazolam. In the 12 studies of short-term sedation included in this meta-analy-
sis, the weaning time (defined as the interval between discontinuation of sedation
and successful extubation) was 2.2 h shorter (significant difference) with propofol
compared to midazolam.

In patients receiving mid- or long-term sedation, the effect of midazolam vs
propofol on weaning time was evaluated in five comparisons reported in three
studies [6–8] representing 197 patients. A significant reduction in mean weaning
time with propofol (up to 49 h) was found in the five comparisons. Time to ICU
discharge in the propofol group was significantly reduced in two comparisons [6],
but significantly prolonged in two others [8].
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Studies Comparing the Impact of Two Sedation or Neuromuscular Blockade
Strategies on the Selected Outcome.

Of the five studies which compared a conventional sedation strategy with a proto-
col-based sedation strategy, two were prospective randomized controlled trials [9,
10]. In the first study, the sedation protocol consisted of frequent reassessment of
patients sedation requirements and active tapering of the infusion rate [9]. The
second study evaluated the daily interruption of sedatives and reassessment of
patient needs [10]. Protocol-based sedation was associated with a significant re-
duction in duration of mechanical ventilation, ICU stay, and hospital stay in both
studies [9, 10]. Of the three prospective studies which compared the periods
before and after implementation of the sedation protocol [11, 12, 16], two (one of
which assessed both an analgesia and a TOF-based neuromuscular blockade algo-
rithm along with the sedation algorithm [16]) showed a reduction in duration of
mechanical ventilation [12, 16], whereas in the third, a trend to longer weaning
time and time to discharge from ICU was observed in algorithm-directed sedation
groups [11]. In the latter study, the effect of the sedation algorithm on the quality
of sedation was comprehensively evaluated. Implementation of the sedation pro-
tocol resulted in a significant reduction in Ramsay 1 events (patients agitated or
anxious or both) and increase in Ramsay 4 events (patients showing a brisk
response after a light glabellar tap) [11].

In the single identified study comparing intermittent “as needed” bolus doses
vs continuous infusion of neuromuscular blockers, fewer patients had persistent
severe muscle weakness after pancuronium discontinuation in the “as needed” IV
bolus group compared to the continuous infusion group (with TOF target 1 or 2)
[13]. However, the total number of patients who were assessed for weakness was
not provided. A prospective randomized controlled trial comparing TOF-based vs
“as needed” administration of continuous IV neuromuscular blockers showed that
continuous IV administration of vecuronium with TOF monitoring was associated
with a significant 2.8 hour reduction in time to spontaneous ventilation [14]. In a
prospective, controlled, non-randomized trial, the TOF-protocol group showed a
shorter duration of mechanical ventilation after paralysis than the “as needed”
group (3.7 vs 8.5 days), but the difference was not statistically significant [15].

Discussion

Midazolam and propofol have been compared in numerous prospective, random-
ized, ccontrolled trials [17]. A large meta-analysis showed that time spent on
adequate sedation might be longer (up to 3 hours) with propofol than with mida-
zolam [5]. However, the relevance of this short clinical difference is questionable.
In studies of short-term sedation, a shorter time to extubation with propofol was
also identified. Again the clinical relevance of this difference is uncertain. Further-
more, most of these short-term sedation studies were conducted in post-cardiac
surgery patients, which precludes generalization to general ICU populations.
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In patients receiving long-term sedation with propofol, time to extubation was
markedly shorter compared to those receiving midazolam [6–8]. However, com-
pared to the important number of ICU patients receiving sedation for 48 hrs each
year, very few patients have been studied to date. Furthermore, because of the
particular physical characteristics of propofol, none of these studies was double-
blinded. This may have introduced a bias in the decision to extubate or discharge
a patient from ICU, even when weaning or discharge protocols were used. Finally,
the shorter time to extubation failed to translate into shorter time to ICU discharge
in  the two comparisons in the Canadian  study [8]. One explanation for this
difference may be low bed availability on the general wards. Another explanation
may be the ongoing need for high level care immediately following early extubation.

Convincing evidence that the implementation of a sedation algorithm reduces
the duration of mechanical ventilation and ICU stay has been provided by two
propective, randomized, controlled trials [9, 10]. Furthermore, because caregivers
might be likely to apply some sedation algorithm elements to non-algorithm
patients enrolled in a randomized trial, the before-after sequential design used in
the other controlled studies may be also considered appropriate. All these studies
except one also showed a significant reduction in duration of mechancial ventila-
tion in the algorithm-based sedation group. However, the imperative search for
reduction in sedatives doses and duration of mechanical ventilation raises the
question of the effect of these protocols on patient comfort and tolerance to the
ICU environment during mechanical ventilation, which were not measured in most
studies. Of note, no studies assessing selected outcomes in patients with non-inva-
sive mechanical ventilation were identified.

Few studies have compared the benefit on the selected outcomes of intermittent
“as needed” bolus doses vs continuous IV administration of neuromuscular block-
ers in the ICU. Despite a trend toward less persistent severe muscle weaknesses in
the bolus group identified in one study, the small sample size, the exclusion of
patients with renal failure, and methodological problems acknowledged by the
authors may have masked the benefit of bolus vs continuous IV [13]. Furthermore,
the effect on weaning time was not assessed. Although TOF monitoring has been
largely advocated in recent consensus guidelines [3], only one prospective inter-
ventional study has shown that this has a positive effect on clinical outcome [14].
Although time to spontaneous ventilation was shorter, the clinical relevance of the
benefit (2 hours) is uncertain. Nevertheless, in this study, greater (although not
quantified) benefit on time to extubation was observed in patients with renal failure
or concomitant administration of corticosteroids or aminoglycosides.

In conclusion, the use of specific sedative drugs and algorithms significantly
reduces duration of mechanical ventilation or time to extubation after drug dis-
continuation. The precise benefit for patients receiving propofol in terms of dura-
tion of ICU or hospital stay, and the extent to which sedation algorithms adequately
maintain patient comfort and tolerance to the ICU environment during mechancial
ventilation warrants further investigation. To date, the benefit of a specific
neuromuscular blocking drug or strategy has not been demonstrated.
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Current Clinical Trials in Acute Lung Injury

M. O. Meade, K. E. Burns, and N. Adhikari

Introduction

Acute lung injury (ALI) is one of the most challenging syndromes that critical care
clinicians encounter.  A common complication  of many  critical illnesses,  ALI
affects all age groups and has a high associated mortality (30–70%). Not one of
more than 20 tested drugs has been shown to improve survival. However, a recent
pivotal study of a lung-protective ventilation strategy, using tidal volumes of 6
ml/kg predicted body weight has changed clinicians goals for supportive care,
improved patient survival, and set a new standard for clinical research in this field
[1]. With renewed enthusiasm, clinical investigators are evaluating a broad range
of ALI interventions in large, collaborative randomized trials.

The aim of this brief chapter is to highlight the methodological and clinical
importance of clinical trials currently underway in the field of ALI.

Methods

We consulted four databases (MEDLINE, EMBASE, the Cochrane Database of
Systematic Reviews; from  1999 to 2002), three web sites (www.controlled-tri-
als.com, www.clinicaltrials.gov, and www.ardsnet.org), abstracts published in
four journals (Intensive Care Medicine, Critical Care Medicine, the American
Journal of Respiratory and Critical Care Medicine and Chest), and ALI investiga-
tors for information related to ongoing randomized controlled trials designed to
assess the effects of interventions on survival of patients with ALI. Our objective
was to describe research methods and the current status of these trials rather than
preliminary results.

Open Lung Ventilation

The goal of open lung ventilation is to minimize alveolar collapse, and thereby to
improve gas exchange and protect the lungs from ventilator-associated injury
related to shearing, overdistention, and oxygen toxicity. In a small multicenter
trial, Brazilian investigators were the first to test an innovative strategy that com-
bined: i) lung recruitment maneuvers (to open collapsed lung units), ii) liberal



positive end-expiratory pressure (PEEP; to maintain alveolar recruitment), and
iii) tidal volume limitation at 6 ml/kg [2]. Their findings included a statistically
significant reduction in 28-day mortality (relative risk [RR] 0.53; 95% confidence
interval [CI] 0.31–0.91) for patients with acute respiratory dictress syndrome
(ARDS). However, the small difference in the number of events between control
(17/24) and experimental (11/29) patients, a mere difference of six deaths, limits
the applicability of these results to clinical practice.

To clarify the role for open lung ventilation in standard practice, three additional
randomized controlled trials are underway.

“ALVEOLI” is a trial of the ARDS Network (www.ardsnet.org) that compares a
high PEEP/low tidal volume strategy to a low PEEP/low tidal volume strategy
among patients across the spectrum of ALI severity. Investigators concealed allo-
cation, balanced potentially important cointerventions between the groups, em-
ployed a weaning protocol, achieved 100% follow-up, and conducted an intention-
to-treat analysis. This study recently stopped prematurely (N=550) for lack of
apparent efficacy; however, results related to pulmonary physiology, morbidity
and mortality have not yet been published.

Well underway in 23 centres across Canada, the “Lung Open Ventilation Study”
is a another trial including patients with moderately severe ALI (PaO2/FiO2 less
than 250) [3]. The experimental ventilation strategy includes pressure control
mode, tidal volumes of 6 ml/kg predicted body weight, plateau airway pressures
not exceeding 40 cmH2O, a liberal PEEP strategy, and lung recruitment maneuvers
following ventilator disconnects. Protocols for adjusting PEEP and inspired oxygen
according to arterial oxygenation result in significantly higher PEEP levels in the
experimental group than the control group. The control strategy utilizes the 6 ml/kg
tidal volume strategy shown to save lives [1]. Patients in both groups undergo a
daily assessment for a trial of unassisted breathing. To date, nearly half of the target
980 patients have been randomized.

A related study underway in 45 centres across France is the “EXPRESS” trial.
Eight hundred and fifty patients with ALI will receive tidal volume limitation (6
ml/kg) and only PEEP levels vary between the two groups. PEEP titration in the two
groups is quite distinct from other trials: for control patients, total PEEP levels
range from 5 to 9 cmH2O while in the experimental strategy, PEEP is adjusted to
maintain plateau airway pressure between 28 and 30 cmH2O.

Ultimately, these four trials enrolling nearly 2,500 patients should resolve the
role for liberal PEEP in ALI with respect to patient important outcomes. They may
help to clarify an optimal threshold for plateau airway pressure. These trials are
also likely to advance understanding of the pathophysiology of mechanical venti-
lation in ALI and provide data on the safety of lung recruitment maneuvers.

Prone Ventilation

The goal of prone positioning is to improve matching of ventilation and perfusion,
and thereby improve oxygenation and survival. However, the potential for such
serious complications as inadvertent extubation, loss of central venous access and
chest tubes, delayed cardiopulmonary resuscitation, and blindness, is concerning.
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In addition, a published multicenter, randomized controlled trial failed to show a
survival benefit when patients with ALI or ARDS were nursed in the prone posi-
tion for a minimum of 6 hours daily [4]. Investigators did observe, however,
improved oxygenation and evolution of ALI, particularly for patients with more
severe lung injury. In an intriguing post hoc analysis these patients were found to
derive a non-statistically significant survival benefit.

Two multicenter randomized trials are underway in Spain and France. The
Spanish trial has randomized more than 130 patients with ARDS. In this study,
patients are ventilated in the prone position for 20 hours per day, significantly
longer than in the prior trial. All patients are ventilated using assist control mode
and weaned using pressure support. The primary endpoint in this trial is ICU
mortality. In contrast, the French trial includes patients across the spectrum of
severity of ALI and includes prone ventilation for a minimum of 8 hours per day.
This study is approaching the planned sample size of 760 patients [5].

Inhaled Nitric Oxide

Inhaled nitric oxide (NO) is a selective pulmonary vasodilator that improves
blood flow to ventilated regions of the lung. An acute improvement in oxygena-
tion is apparent among 65% of patients; therefore, inhaled NO is used both for
patients in respiratory extremis and to reduce inspired oxygen concentration
among patients with perceived risk of oxygen toxicity. Inhaled NO is also used to
decrease pulmonary artery pressure.

Among four published RCTs including 428 patients [6–9], features of design,
population, and intervention were variable. Two studies were concealed [6, 7], one
was blinded [6] one included only patients with severe ARDS (PaO2/FiO2 less than
150) [8], and one large trial included only patients who were identified as “NO-re-
sponders”. NO doses and delivery methods varied across studies. Crossovers were
rare, all studies achieved 100% follow-up and all included an intention-to-treat
analysis. While one trial showed no effect of inhaled NO on survival [6], three others
showed a trend toward increased mortality, raising concerns about the safety of
inhaled NO. A systematic review and meta-analysis of published trials of NO for
acute hypoxemic respiratory failure in adults and children showed no effect on
survival [10].

Two additional multicenter trials hav not yet been published. A trial in France
randomly assigned 203 ALI patients from 27 centres to 10 parts per million (ppm)
inhaled NO or to placebo and reported preliminary data showing no effect on the
evolution of ARDS, duration of mechanical ventilation, or mortality at 28 days [11].
An American trial enrolled 385 patients, with PaO2/FiO2 less than 250 and no
significant non-respiratory organ failure, to receive 5 ppm of inhaled NO or placebo
[12]. If the results of these trials are consistent with earlier randomized controlled
trials, inhaled NO therapy in ALI may be restricted to the management of pulmo-
nary hypertension or as a rescue therapy for life-threatening hypoxemia.
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Extracorporeal Membrane Oxygenation (ECMO)

ECMO is an invasive intervention designed to rest the lungs and augment gas
exchange with the use of cardiopulmonary bypass technology. Although two small
randomized controlled trials found no effect on mortality [13, 14], ECMO meth-
ods in early trials bear little resemblance to present-day procedures, limiting their
relevance to contemporary management of ALI.

In the current “CESAR” trial (www.cesar-trial.org), 67 centres in the UK have
united to investigate ECMO among adults with severe ARDS, defined by severe
hypoxemia or uncompensated hypercapnia. A study transport team transfers all
patients assigned to ECMO therapy to a single ECMO centre. ECMO technology
includes a veno-venous circuit with a high flow extracorporeal membrane. To
achieve lung rest during ECMO therapy, patients are ventilated using peak inspi-
ratory pressures up to 20 cmH2O, PEEP 10 cmH2O, respiratory rate 10 breaths per
minute, and 30% FiO2. For all control group patients, ventilation according to the
US 6 ml/kg strategy is recommended; however, physicians are permitted to manage
control patients at their discretion, with complete documentation of additional
experimental respiratory interventions. Since the launch of this trial in April 2001,
69 of the target 240 patients have been enrolled. Investigators are planning inten-
tion-to-treat analyses of death and disability at 6 months after randomization, as
well as an economic evaluation.

Pulmonary Arterial Catheters, Fluid Management,
and Corticosteroids

The ARDS Network has two additional trials in progress. The “FACCT” trial is a 2
by 2 factorial  design  RCT comparing: i) a conservative versus  a liberal fluid
management strategy, and ii) monitoring with pulmonary arterial catheters ver-
sus central venous catheters among 1000 patients with ALI and ARDS. The pla-
cebo-controlled “Late Steroid Rescue Study” tests the hypothesis that systemic
corticosteroids may prevent fibroproliferation in severe, late phase ARDS, thus
improving gas exchange, lung compliance and patient survival. Although the
original goal was to randomize 400 patients in this trial, the present target is 180
patients, over 3/4 of whom have been enrolled. Both studies employ tidal volume
limitation (6 ml/kg) and a weaning protocol. The primary outcome in each of
these trials is 60-day mortality; secondary outcomes include ventilator free days
and organ failure free days.

Surfactant Therapy

Lung surfactant deficiency and dysfunction among patients with ARDS may con-
tribute to abnormalities of gas exchange and lung compliance, and increase sus-
ceptibility to ventilator-associated lung injury. Results of seven randomized con-
trolled trials enrolling 1352 patients suggest that there may be a role for surfactant
therapy among adults with ALI [15] although results of the larger and more
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rigorous trials were less promising. Early trials included a variety of surfactant
preparations (synthetic and animal surfactants) that varied in surfactant protein
content, several methods of delivery (continuous or intermittent aerosolization;
intratracheal instillation), and different dosages. In aggregate, too few patients
have been studied to date to reliably assess the effect of surfactant on survival.

There are now several randomized controlled trials of surfactant therapies in
progress or awaiting publication. Current randomized controlled trials in North
America, Europe, and South Africa utilize tracheal administration of recombinant
surfactant protein or calf lung surfactant, and employ low tidal volume ventilation
and weaning protocols.

Miscellaneous

There are, additionally, large multicenter, placebo-controlled, industry-spon-
sored trials underway in Europe and North America evaluating the role for several
intravenous therapies for patients with ALI. These drugs include, but are not
limited to, a neutrophil elastase inhibitor (Sivelestat), and recombinant human
atrial natriuretic peptide (Carperitide).

Conclusion

Current trials in ALI are investigating a broad range of interventions for the
management of patients with ALI. We found a number of ongoing trials evaluat-
ing lung-protective ventilation strategies, other adjunctive respiratory support
strategies, fluid management strategies, monitoring strategies, systemic corticos-
teroids, and novel pharmacologic therapies. These trials are of sufficient size and
rigor that results may alter clinical practice in important ways. Relatively new
intravenous therapies are also under investigation.

The prevalence of large, multicenter, collaborative trials reflects a trend in
critical care research toward large studies to answer questions related to patient
important outcomes rather than smaller studies evaluating primarily physiologic
outcomes [16]. Several ongoing trials include ICU-, hospital-, and 6 month mor-
tality; duration of ventilation, ICU care and hospitalization; organ dysfunction in
the ICU; long term morbidity and health related quality of life; and cost effective-
ness outcomes. The inclusion of large numbers of patients provides a unique
opportunity to systematically collect a range of data to improve our understanding
of disease as well as clinical management. This is also an advantage to multiple trials
testing closely related interventions [17].

We also found that current trials incorporate significant clinical findings and
methodological advances of earlier trials. To prevent selection bias, randomization
is concealed. To address potential intervention bias, investigators standardize
ventilation protocols using 6 ml/kg (where applicable, just for control patients) and
generally include weaning protocols, which have been shown to reduce the dura-
tion of ventilation and may influence patient outcomes [18].
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In summary, ALI is an extremely active field of clinical research. Current clinical
trials are large, rigorous and more likely than ever before to influence the care of
critically ill patients with ALI.
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Novel Advancements in the Management
and Diagnosis of Acute Respiratory Failure

C. C. dos Santos and A. S. Slutsky

Introduction

Over the past decade, patients with acute respiratory failure have benefited more
from scientific advancements than in the preceding three decades. Important
knowledge has enabled the reduction in the expected mortality from ARDS from
well over 50% [1] to as low as 30% [2, 3]. Much of this advancement has come from
recognition of the impact of iatrogenic complications related to the stay in the
intensive care unit (ICU). The advent of basic prevention strategies for critically ill
patients – from elevation of the head of the bed for prevention of ventilator
associated pneumonia (VAP) [4] to the use of low molecular weight heparin for
the prevention of deep vein thrombosis (DVT) [5, 6]- has provided intensivists
with the tools to reduce morbidity and mortality in this patient population. In the
field of acute lung injury (ALI), evidence indicates that reducing tidal volume
during mechanical ventilation reduces mortality by over 20% [7].

Despite advances in the management of the critical care patient, much of what
we have learned relates to what therapies do not work and why they do not work;
we are still struggling to try and develop a fundamental breakthrough in ALI. The
future holds great promise however. There are two main reasons for this optimism:
(1) a community of health care providers that is multi-disciplinary in nature and
diverse in scope and interest is coming together, with the common goal of advanc-
ing knowledge and professional care in this particular field; (2) the advent of
sophisticated tools to answer more fundamental questions. Important advance-
ments in the fields of molecular genetics and immunology, bioinformatics and
bioengineering are being developed. Consequently this is a uniquely exciting and
challenging time to be involved in critical care research and clinical practice. This
chapter will focus on some novel approaches that are currently being developed
and may have a clinical impact in the next few years for the diagnosis and manage-
ment of patients with acute respiratory failure.

Neural Control of Ventilation

Poor coupling between the patient and the ventilator remains one of the main
problems in the management of patients with acute respiratory failure, especially
those with obstructive lung diseases. For the most part, if the ventilator and the



patient’s respiratory cycles are not matched, the patient tends to ‘resist’ the venti-
lator, causing discomfort, gas exchange deterioration, and cardiovascular impair-
ment. One common approach that is used clinically to increase coordination
between the patient and the ventilator is to change the patient’s drive by overven-
tilation [8], increasing sedation [9] and/or pharmacologic paralysis [10]. These
approaches are associated with numerous complications. A more appealing ap-
proach is to make the ventilation more responsive to the patient’s ventilatory
demands. At present, airway pressure, flow or volume is used to initiate and
regulate the ventilator in assisted forms of ventilation. This approach is effective
in patients with relatively normal lungs where the changes in flow and pressure at
the airway opening occur almost coincident with the patient’s ventilatory de-
mands (i.e., neural output from the brain stem). However, in many patients there
are important delays between neural activation and pressure/flow generation at
the airway opening.

In patients with chronic obstructive pulmonary disease (COPD), severe expira-
tory flow limitation leads to gas trapping and an increase in intra-thoracic pressure
(intrinsic positive end expiratory pressure or auto-PEEP) [11]. Auto-PEEP must
be overcome before negative intra-thoracic pressure or flow can be generated to
trigger the ventilator. This imposes an additional load on the respiratory muscles
[12, 13]. Although auto-PEEP can be counter-balanced by the use of extrinsic PEEP
[14], the difficulty in clinically determining intrinsic PEEP makes the determina-
tion of the appropriate extrinsic PEEP a matter of trial and error. The application
of excessive external PEEP also has its complications, such as causing further
hyperinflation  [15],  adding  to the impairment  of the diaphragm  [16], failing
hemodynamics and gas exchange, and increased risk of barotrauma [17].

The ideal approach to coordinate mechanical assistance with patient demands
would be to control the timing and the magnitude of positive pressure applied by
the ventilator. Direct measurement of the output of the respiratory center for this
purpose is not feasible at present. Transforming neural drive into ventilatory
output (neuro-ventilatory-coupling) can be achieved using measurements of
neuronal excitation of the diaphragm [18]. Recent technological advances have
made it possible for reliable signals from the diaphragm to be obtained, free from
artifacts and noise from the heart and esophagus [19]. Diaphragmatic electrical
activity can also provide a means to give continuous ventilatory assist in proportion
to the neural drive, both within a given breath and between breaths – a technique
known as neurally adjusted ventilatory assist (NAVA) [13]. With NAVA, the

Fig. 1. a. Steps necessary to transform central respiratory drive into an inspiration. b. Impaired
patient-ventilator interaction during airway pressure triggered ventilatory assist. Delay from
onset of inspiratory effort, indicated by the beginning of diaphragmatic electrical activity (vertical
lines) and the negative deflection in esophageal pressure, to start ventilator mechanical assistance.
Wasted efforts are demonstrated. c.Electrode array arrangement. (i) attached to the nasogastric
tube. The electrode array is positioned perpendicular to the crural diaphragm. Signals from the
each electrode pair is differentially amplified, (iii) digitized into a personal computer, and (iv)
filtered to remove the noise. The processed signal’s intensity value is displayed on the monitor or
fed to the ventilator (v). From [13] with permission
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magnitude of the mechanical support varies according to a mathematical function
that represents the diaphragmatic electrical activity multiplied by a gain factor
selected on the machine. This allows for the patient’s respiratory center to be in
control of the mechanical support provided throughout the course of each breath,
allowing any variation in neural respiratory output to be matched by a correspond-
ing change in ventilatory assistance.

Sinderby et al. have described an automated method for on-line acquisition and
processing of diaphragmatic electrical signals that represent the neuronal drive to
the diaphragm [13, 20]. This system relies on bipolar electrodes positioned in the
lower esophagus (electrode array can be placed along the distal portion of the
nasogastric or orogastric tube) to measure diaphragmatic electrical activity. Signals
from each electrode pair are differentially amplified, digitized, and processed using
filters that give the highest signal-to-noise ratio. This allows for the determination
of the position of the electrically active region of the activated diaphragm (EARdi).
Because the electrodes are arranged in a perpendicular array, all signals are ob-
tained in phase. Signals on the opposite side of the EARdi correlate with extreme
negative values, versus signals of the same side of the EARdi that correlate with
extreme positive values. Signal segments with residual disturbance from cardiac
electrical activity can be eliminated via the use of specific filters. The final signal,
with enhanced signal-to-noise ratio, can then be transferred to the ventilator unit
for monitoring and regulation of the ventilatory assist [21, 22]. Finally signals can
be fed to the ventilatory assist for the execution of NAVA (see Figs 1, 2 and 3 for
details).

The electrical activity recorded from a muscle constitutes the spatial and tem-
poral summation of action potential from the recruited motor units. Some of the
relevant factors that influence neuro-mechanical coupling include both dynamic
and static changes in lung volume [20, 23]. Recently Sinderby et al. demonstrated
that esophageal recordings of crural EARdi can be used to determine changes in
global diaphragm activation (i.e., respiratory drive) in a group of mechanically
ventilated patients with acute respiratory failure [20, 24]. This was obtained when
no evidence for changes in neuro-mechanical coupling were found (with varying
levels of pressure support). The use of esophageal recordings to evaluate dia-
phragm activation in acute respiratory failure is most often criticized because of
claims that the signal strength is affected by changes in lung volume. In this recent
paper, however, this group demonstrated that the measurements of diaphragmatic

Fig. 2. a.Conventional pressure trigger: Mechanical assistance starts when airway pressure de-
creases. The beginning of inspiratory effort (solid vertical lines) precedes inspiratory flow. Further
delay occurs from the onset of inspiratory flow (dashed vertical lines) to the rise in positive airway
pressure, due to the mechanical limitations of the ventilator trigger. b.Neural triggering: The
ventilator provides support as soon as diaphragmatic electrical activity exceeds a threshold value.
The delay to onset of inspiratory flow and increased airway pressure is almost eliminated. c.
Diaphragmatic electrical activity (shaded areas) is poorly coordinated with the ventilatory sup-
port, and often results in wasted inspiratory efforts. d. Implementation of neural trigger can
restore the interaction between the patient’s neural drive and the ventilatory support. From [13]
with permission
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Fig.3. Neurally adjusted ventilatory assist. a. Neurally adjusted ventilatory assist during a single
breath during various breathing maneuvers. b. There is continuous proportional adjustment of
airway pressure (reflecting ventilatory assist) with changes in diaphragmatic electrical activity
(reflecting neural drive) during changes in tidal and end-expiratory lung volumes. From [13] with
permission
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electrical activity are not artifactually influenced by changes in chest wall configu-
ration and/or lung volume during voluntary contraction [25]. In addition, any
increase in diaphragmatic electrical activity observed with an increase in lung
volume, represents a true increase in neural drive to the diaphragm that is required
to compensate for the shortened length [25]. This method has been validated in
healthy subjects during both static [2] and dynamic [3] maneuvers, as well as in
patients with diaphragm weakness (caused by chronic obstructive lung disease or
polio), at rest [4] and during exercise [26].

Many patient groups should benefit from the use of neuronal triggering and
NAVA, as long as the respiratory center, phrenic nerve, and neuromuscular junc-
tion are intact. Contraindications that preclude electrode catheter placement may
be another limitation to the use of this technology. In addition, the use of diaphrag-
matic electrical activity to estimate respiratory center output assumes the dia-
phragm to be the primary inspiratory muscle. In the future, randomized clinical
trials are required to determine if the use of neural control of ventilation strategies
will improve important outcomes in the management of the ALI patient.

Electrical Impedance Tomography

Part of the difficulty in developing effective therapies for acute respiratory distress
syndrome (ARDS) is the heterogeneous nature of the disease and its complex
pathophysiology. We know from a number of studies that overdistention of lung
units, and allowing the lung to repetitively undergo cyclic recruitment/de-recruit-
ment, can lead to various forms of lung injury termed barotrauma, volutrauma,
atelectrauma and biotrauma [26-28].

The key to mitigating these types of injury is to recruit lung units, while at the
same time minimizing overdistention - a task which is made particularly difficult
because  of the tremendous  anatomic heterogeneity of the underlying  disease
process. Some approaches that have been used to accomplish this aim include use
of pressure/volume (P/V) curves [29], use of a PEEP/FiO2 table [30, 31] and
monitoring the shape of the pressure-time curve [32]. All of these approaches have
some value, but ideally we would like to be able to visualize the entire lung to try
and minimize the different forms of lung injury described above. Therein lies the
advantage of electrical impedance tomography (EIT), a non-invasive, radiation free
imaging technique  that provides  clinical  information regarding regional lung
structure.

EIT, also called applied potential tomography, is a novel imaging technique
developed in the 1980s by Barber and Brown [33, 34]. EIT is based on the principle
of measuring potential differences on the surface of the body, resulting from the
application of repetitive small alternating electrical currents. This information is
used to calculate the distribution of electrical impedance in the body cross-section
that can be visually presented in the form of two-dimensional tomographs (Fig. 4).
Compared with techniques such as computerized x-ray tomography and positron
emission tomography, EIT is about a thousand times cheaper, a thousand times
smaller, and requires no ionizing radiation. Further, EIT can in principle produce
thousands of images per second. Recordings are typically made by applying current
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to the body or system under test using a set of electrodes, and measuring the voltage
developed between other electrodes (Figs 4, 5). To obtain reasonable images, at
least one hundred, and preferably several thousand, such measurements must be
made.

EIT produces images of the distribution of impedivity (or, more commonly,
resistivity), or its variation with time or frequency, within the tissue. There is a large
resistivity contrast (up to about 200:1) between a wide range of tissue types in the
body [35, 36], making it possible to use resistivity to form anatomical images which
can separate gas containing from non-gas containing regions (Fig. 5). To measure
resistivity or impedivity, a current – referred to as the excitation current - must
flow in the tissue and the resulting voltages be measured. In practice, almost all EIT
systems use constant current sources, and measure voltage differences between
adjacent pairs of electrodes. To obtain an image with good spatial resolution, a
number of such measurements are required. From the set of measurements, an
image reconstruction technique generates the tomographic image. Mathemati-
cally, the known quantities are the voltages and currents at certain points on the
body; the unknown is the impedivity or resistivity within the body. Until recently,
the change in resistivity was measured over time, and EIT images were inherently
of physiological function. It is now possible to produce anatomical images using
the same reconstruction technique, by imaging changes with frequency [37].

There are multiple potential clinical applications for EIT [33]. Determination of
extravascular lung water and regional ventilation are two problems that pertain
specifically to the ICU patient [38–41]. In ARDS, lung density increases from the
ventral to the dorsal lung regions in the supine position and an increased amount
of extravascular lung water causes compression atelectasis in the posterior part.
Because EIT can visualize regional ventilation, differences in the ventilation-in-
duced impedance changes occurring between the anterior part and posterior part
of the lungs provides information about the extravascular lung water content [41].

Fig.5. Electrical excitation currents (I) are consecutively placed between pairs of adjacent surface
electrodes after each current injection resulting voltages are measured From [78] with permission
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Previous studies proved the ability of EIT to detect changes in regional lung
volumes and end-expiratory lung volumes induced by variation of tidal volume
and PEEP under experimental conditions [18, 42–44]. In clinical settings, the effects
of PEEP and the ventilation chosen (conventional, assisted, spontaneous) can also
be determined [43, 45, 46]. This may be useful in determining response to treatment
(Fig. 3). EIT may be used to assess recruitment and derecruitment as well as to
obtain regional P/V curves in ARDS patients [45, 47].

The major limitations of EIT are its low spatial resolution, and large variability
of images between subjects [48, 49]. In the future, the use of modern high perform-
ance EIT devices which exhibit a higher signal/noise ratio, enabling free selection
of electrical current frequency and guaranteeing undisturbed measurements in the
noisy environment, will hopefully improve the quality of EIT and increase the
clinical acceptance of this method.

Ventilogenomics

Molecular genetics research has, in a handful of years, invaded the field of critical
care medicine. What was difficult and complex research just a few years ago is now
routine for most laboratories. In the field of ARDS, advances in molecular and
medical genetics are expected to affect every aspect of this syndrome - from
diagnosis and prevention to treatment and follow-up. To date, most of the efforts
have focused on: (i) diagnosis of ARDS and (ii) treatment of this syndrome. As
mentioned previously, part of the problem with ARDS is its complex nature. Our
current diagnostic criteria do not incorporate the two major hallmarks of the
pathophysiology of ARDS - the increase in lung permeability and the inflamma-
tory nature of the injury. The unknown relationship between clinical syndrome
and pathophysiology creates problems when attempts are made to define specific
treatments.

One approach that has been used in the past and will certainly be used in the
future to dissect out the basic mechanisms of ALI, is the use of mutant, knock-out,
and transgenic animal models. For example, by measuring survival time, protein
and neutrophil concentrations in bronchoalveolar lavage (BAL) fluid, lung wet-to-
dry ratio, and histology, Leikauf et al. found that the susceptibility to nickel sulfate
induced acute lung injury could be inherited [50]. Genome-wide analysis indicated
significant linkage on murine chromosome 6 – Aliq4. In other studies of genetic
susceptibility [51], cDNA microarray analyses indicated several pathogenic re-
sponses during nickel-induced ALI, including marked macrophage activation.
Macrophage activation is mediated, in part, via the receptor tyrosine kinase Ron.
To address the role of Ron in ALI, the response of mice deficient in the cytoplasmic
domain of Ron (Ron tk-/-) were assessed in response to nickel exposure. Ron tk-/-
mice succumbed to nickel-induced ALI earlier, expressed larger, early increases in
interleukin-6, monocyte chemoattractant protein-1, and macrophage inflamma-
tory protein-2, displayed greater serum nitrite levels, and exhibited earlier onset of
pulmonary pathology and augmented pulmonary tyrosine nitrosylation. Increases
in cytokine expression and cellular nitration can lead to tissue damage and are
consistent with the differences between genotypes in the early onset of pathology
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and mortality in Ron tk-/- mice. This suggests that the absence of Ron may be a
marker for inhaled particle induced ALI.

Human studies of genetic susceptibility to critical care illness have been pub-
lished and are currently under intense investigation. For example, a guanine to
adenine transition at the +250 site within the lymphotoxin-alpha (LT-α), also
known as the tumor necrosis factor (TNF)-β gene [52–54], has been associated with
variability in TNF-α secretion after endotoxin and other stimuli exposure, with
increased levels associated with the A allele in both sites. The presence of the A
allele at the LT-α +250 polymorphic site is associated with higher mortality from
septic shock, with the AA homozygotes being at highest risk [55]. Similar findings
have been reported with the TNF-α-308 gene polymorphism [56], although this
may not always be the case [57]. In an effort to expand these results to genetic
susceptibility to lung injury Waterer al. [58] explored the genetic susceptibility
patterns of patients with community acquired pneumonia to develop sepsis or type
I respiratory failure (which this group defined as an O2 saturation on room air of
< 90% with a normal PCO2). Interestingly they found that while the presence of
the LT-α +250 genotype was associated with the greatest risk of septic shock, it was
not associated with the development of type I respiratory failure. Consistent with
the current understanding of the pathophysiology of sepsis and septic shock,
studies have shown that the LT-α +250 genotype is associated with greater TNF-α
secretion after a variety of stimuli, both in vitro [52, 53] and in vivo [55, 59].

The first report of a positive association of a candidate gene polymorphism with
the incidence of and outcome from ARDS has recently been published by Marshall
et al. [60]. This group demonstrated a marked increase in the frequency of the D
allele of the angiotensin converting enzyme (ACE) gene in patients with ARDS
when compared with other ICU patients (p=0.00008), coronary bypass artery
bypass grafting patients (p=0.0009),  and the general population (p=0.00004).
Moreover, this genotype was significantly associated with mortality in the ARDS
group (p<0.02). These data suggest a potential role for the rennin-angiotensin
system in the pathogenesis of ARDS and implicate genetic factors in the develop-
ment and progression of this syndrome. ACE is an important effector molecule in
the regulation of vascular tone and cardiac function. Other functions include
neuronal metabolism (enkephalins, neurotensin, and substance P), reproduction
(gonadotrophin luteinizing    hormone releasing    hormone) and digestion
(cholecystokinin) [61]. Alterations in the function of the ACE may also change
metabolic processes regulated by bradykinin, angiotensin (AT) I and ATII.
Epidemiological studies are required to determine if the D allele of the ACE gene
can represent the first of a series of genetic markers that will be used in the future
to identify population at risks and perhaps further delineate the diagnostic criteria
for ARDS. One of the important limitations of the study relates to the fact that ACE
levels were not measured; consequently the relationship between the gene product
and the phenotype remains unclear.

Given the observation that mechanical ventilation can lead to release of cytoki-
nes (biotrauma) [27], given that this cytokine release can be modulated by venti-
latory strategy [64, 65], given that there is a suggestion that there is a relationship
between interleukin (IL)-6 and mortality in ARDS that is modulated by mechanical
ventilation [7], and given that the cytokine response in any individual is likely
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genetically determined as described above, suggests that it may be possible to
predict which patients are predisposed to biotrauma. This approach – which may
be termed ventilogenomics – could have important consequences in the future
management of ventilated patients by identifying those patients at high risk of
developing biotrauma. In those patients at high risk for biotrauma the clinician
may decide to institute more aggressive lung protective strategies and/or apply
immunomodulatory strategies (see next section) earlier.

Immunomodulation

Although improved imaging techniques and better ventilatory strategies are likely
to improve the future management of patients with ALI, there almost certainly
will be a need for other non-ventilatory approaches to mitigate ventilator-induced
injury because of the tremendous heterogeneity in the lung injury. As such, vari-
ous groups have been exploring the use of different strategies to modulate the
underlying inflammatory response in ARDS and the biotrauma caused by me-
chanical ventilation. Recently published papers have provided an overview of the
rationale behind various immunomodulating strategies and the results from hu-
man trials with different immunomodulating agents in patients with ARDS
(please see [62, 63] for details). Some of the major strategies reviewed in these
papers include the use of corticosteroids, antioxidants, and arachidonic acid me-
tabolites. Other therapies include factors that affect the coagulation cascade, in-
haled therapies such as nitric oxide (NO), partial liquid ventilation, and immu-
nonutrition. The use of mechanical ventilation is an important adjunct to immu-
nomodulatory therapies in ARDS. This concept has been explored by various
groups, and recently the ARDS Network Trial showed that a protective ventilatory
strategy that used low tidal volumes could reduce mortality by over 20% [7]. This
difference in mortality has been deemed to be related to the ability of a protective
ventilatory strategy to attenuate the increase in cytokines which have been shown
to be involved in the generation and the progression of ARDS and multi-organ
failure syndrome [7, 64, 65].In contrast, anti-cytokine therapy, has not received as
much attention for the treatment of ARDS. Most of the knowledge on the subject
has been extrapolated from the failed human sepsis trials. Although it is beyond
the scope of this paper to review and evaluate this body of literature, suffice it to
say that this is inadequate, and it may have led to the delay in the development of
this line of therapy for ARDS.

To investigate whether anti-cytokine therapy may have a relevant role in the
treatment of ALI, a rabbit model of ventilator-induced lung injury (VILI) was used
to examine the effect of recombinant IL-1 receptor antagonist (IL-1ra) [66]. Ani-
mals maintained under pentobarbital anesthesia were primed for injury by under-
going lung lavage with 22 ml/kg of saline and then ventilated for 8 h with either
FiO2 0.21 and normal pressures, or FiO2 1.0 and high ventilator pressures. The
animals exposed to hyperoxia/hyperventilation demonstrated a greater increase in
lung lavage neutrophil counts and a higher histological injury score, as well as a
faster decline in oxygenation compared to the control animals. A third group of
rabbits received 800 micrograms of recombinant IL-1ra after lung lavage and prior
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to the exposure to FiO2 1.0 and high ventilator pressures. These animals had
significantly lower concentrations of albumin and elastase and lower neutrophil
counts in their lungs after the 8-hour ventilatory period compared to hyperoxia/hy-
perventilation rabbits. IL-1 blockade had no effect on the decline in dynamic
compliance and oxygenation seen in saline-treated hyperoxic/hyperventilated rab-
bits [66]. In previous studies, Ulich et al. explored the role of IL-1 in lipopolysac-
charide (LPS)-induced acute pneumonia by quantifying the acute inflammation
occurring at 6 hours after the intra-tracheal injection of LPS as compared to the
same time point after the intra-tracheal coinjection of LPS and IL-1ra. IL-1ra was
found to inhibit LPS-induced acute inflammation (p = 0.0001) as measured by the
number of neutrophils recovered in bronchoalveolar lavage (BAL). In this study,
the LPS-induced emigration of neutrophils was inhibited by as much as 45% [67].
Moreover, systemic administration of recombinant human IL-1ra causes a rapid
and sustained elevation of plasma IL-1ra levels and decreases the leak of intravas-
cularly injected 125I-labeled albumin into lungs of rats given human recombinant
interleukin-1 intra-tracheally [68].

Imai et al. [69] evaluated the protective effects of anti-TNF-α antibody (Ab) in
saline-lavage lung injury in rabbits. After saline lung lavage, polyclonal anti-TNF-α
Ab was intra-tracheally instilled. Animals were divided into a high-dose group
(1mg/kg), a low-dose group (0.2 mg/kg), serum IgG fraction in the Ab control
group, and saline in the saline control group. After instillation of the polyclonal
anti-TNF-α, Ab animals were ventilated using a conventional strategy for 4 h.
Pretreatment with intra-tracheal instillation of high and low doses of anti-TNF-α
Ab improved oxygenation and respiratory compliance, reduced the infiltration of
leukocytes, and ameliorated pathological findings. In a mouse model of cotton dust
induced acute lung injury, mice pretreated with anti-TNA-α antiserum displayed
a marked attenuation of the neutrophilic inflammation. Interestingly, in this study
the level of TNF-α mRNA expression was not reduced, suggesting that this inhibi-
tion is not related to the induction of a feed back loop that leads to inhibition of
novel TNF-α gene expression, but rather may affect the activation of the down-
stream effectors of TNF-α [70]. This may explain why arresting the drive for de
novo gene expression (e.g., reducing the effects of mechanical stretch) may have
had a greater clinical impact (ARDS Net Trial) than the anti-cytokine therapy (as
it has been used to date). If the insult that drives the increased expression of
cytokines (such as IL-1b and TNF-α) is persistent, then perhaps anti-cytokine
therapies should be used as continuous infusions. Moreover, if the lung acts as an
immunomodulatory organ driving the systemic immune response in ARDS pa-
tients who develop multi-organ failure syndrome, then perhaps local (pulmonary)
continuous infusions of anti-cytokine therapy may exert its beneficial effect whilst
protecting from negative systemic effects of anti-cytokine therapy. Nevertheless,
as new information about the pathophysiology of ARDS becomes available, the
question of how to immunomodulate the inflammatory response will continue to
intrigue investigators and critical care providers alike.

Molecular genetics is also a potential therapeutic target for ARDS. In a recent
study, Weiss et al. [71] administered a recombinant E1, E3 deleted adenovirus
expressing the gene for heat shock protein-70 (HSP-70; AdHSP-70)) directly into
the trachea of rats at the time of cecal ligation and perforation. Administration of
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AdHSP-70 significantly attenuated interstitial and alveolar edema and protein
exudation and dramatically decreased neutrophil accumulation, relative to control.
Mortality due to cecal ligation was also dramatically reduced. Presumably the
protective effects of HSP-70 are secondary to its broad-spectrum defense mecha-
nism, effective in protecting cells against all types of injury. This may be related to
its function as a molecular chaperone, maintaining and repairing intracellular
proteins.

An alternative hypothesis is that HSP-70 itself interacts specifically with the
innate immune system thus conferring resistance to acute lung injury. Recent
studies have initiated a paradigm shift in the understanding of the function of HSP.
It is now clear that HSP can and do exit mammalian cells, interact with cells of the
immune system, and exert immunoregulatory effects. Exogenously added HSP-70
possesses potent cytokine activity, with the ability to bind with high affinity to the
plasma membrane, elicit a rapid intracellular Ca2+ flux, activate nuclear factor-
kappa B (NF-κB), and up-regulate the expression of pro-inflammatory cytokines
in human monocytes(72–74). HSP70-induced proinflammatory cytokine produc-
tion is mediated via the MyD88/IRAK/NF-κB signal transduction pathway and
HSP-70 utilizes both Toll-like receptor (TLR)2 (receptor for Gram-positive bacte-
ria) and TLR4 (receptor for Gram-negative bacteria) to transduce its proinflamma-
tory signal in a CD14-dependent fashion [75]. HSP-70 induces IL-12 and endothe-
lial cell-leukocyte adhesion molecule-1 (ELAM-1) promoters in macrophages. This
is controlled by MyD88 and TNF-receptor associated factor (TRAF)6 [76]. The
ability of this ubiquitous stress response protein to act as an isolated endogenous
ligand able to activate the ancient Toll/IL-1 receptor signal pathway is in line with
the “danger hypothesis” proposing that the innate immune system senses danger
signals even if they originate from self. Moreover, linkage between the HSP70-2 A
allele and the previously reported mortality-related homozygous genotype,
TNFB2/B2, has been identified in patients suffering from severe sepsis.

Molecular genetics and immunology research is moving relentlessly fast and
soon will become part of the armamentarium to be incorporated into broad clinical
research and practice. Additional developments in the field of bioinformatics are
also fueling this fire. The extent of the impact of this new technology on current
medical practice is impossible to predict and imagine.

Conclusion

Over the last few decades, the discipline of intensive care has established itself with
dedicated training schemes and practitioners. Over the next few years, intensivists
will have to develop the skills to exploit novel tools originating from a variety of
sources - from bioengineering to molecular biology - to improve the care of their
critically ill patients. Moreover, the complex nature of acute respiratory failure
makes it likely that no single agent will provide the long-desired cure. The likeli-
hood is that we are entering the age of the ‘critical care café’ where patients will
receive an individualized ‘menu’ of drugs and approaches that will work synergis-
tically to improve their outcome. By then perhaps, various technologies will allow
us to simultaneously assess epidemiological variables, demographic data, diagno-
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ses, genetic predisposition, clinical phenotype, and many more variables to deter-
mine the appropriate therapeutic strategy for a specific patient. Sequential analy-
sis of the patient’s progression and continuous evaluation of response to therapies
will guide the clinician in further tailoring therapy. Although this approach seems
more like science-fiction than reality, this is the level of sophistication that will be
required from the future ICUs and critical care physicians.
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