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Preface

Critically ill patients are at high risk of mortality, and each effort is made by clini-
cians to improve survival. This fragile patient population requires multiple invasive 
and noninvasive life support interventions that may range from cardiopulmonary 
resuscitation to the most accurate nutritional support.

Working with such a fragile population is challenging, no critically ill patient is 
like the other and the vastness of knowledge required in critical care makes this 
discipline one of the most demanding medical specialties. In this context, evidence- 
based medicine together with international guidelines is the cornerstone to drive 
therapeutic choices.

Unfortunately, guidelines cannot cover all the variables met in clinical practice 
and performing high-quality clinical research is challenging in this specific setting.

However, systematically searching in the scientific literature, we have found 
more than 300 randomized controlled trials (RCTs) investigating interventions 
(drug, strategies, or techniques) with a proven statistically significant effect on mor-
tality. The majority of these interventions were found to improve survival, while few 
of them were found to be detrimental in critically ill patients.

In this textbook, we summarize the available evidence-based interventions, with 
a significant mortality effect, in critical care medicine. The volume has been crafted 
to systematically combine the RCTs in dedicated chapters according to the specific 
topic. Most of them enclose interventions increasing survival, while in three sepa-
rate chapters the reader will find the summary of the interventions increasing mor-
tality, the interventions with still unclear conflicting evidences, and a last chapter 
collecting the latest evidences, not matching with the previously treated topics. 
Although the chapters are arranged in a progressive manner, in order to empower 
each other, the reader can even choose a single chapter to deepen his specific field 
of interest.

This volume encloses a fundamental piece of evidence-based medicine. It is 
addressed to critical care physicians who daily deal with challenging therapeutic 
choices, to residents and medical students as a base to build their critical care knowl-
edge, and to researcher who wants to understand where the state of the art in critical 
care evidence is, in order to properly address future studies.

As editors, we are profoundly grateful to all the authors of this book for their 
excellent contribution and their motivation to help spreading the available knowl-
edge in evidence-based critical care medicine. We must also acknowledge that 
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hundreds of colleagues from all over the world, despite not mentioned as authors of 
this textbook, gave a significant contribution to this work, spending their time to 
help us in the consensus building and systematic review process that is beneath this 
volume and give strength to each chapter.

Milan, Italy Giovanni Landoni 
Milan, Italy  Martina Baiardo Redaelli 
Milan, Italy  Chiara Sartini 
Milan, Italy  Alberto Zangrillo 
Heidelberg, VIC, Australia  Rinaldo Bellomo  

Preface
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Randomized controlled trials (RCTs) are the gold standard of evidence-based 
medicine.

However, their application on the population of critically ill patients acted as a 
conundrum for researchers in the last decades [1]. A significant number of well- 
designed, robust, multicenter RCTs failed to find significant effects in this popula-
tion [2]. This is due to the characteristics of critically ill patients, which have wide 
variation in mortality risk, according to difference in baseline conditions, ICU 
admission reason, and previous comorbidities. Lack of external validity, contrasting 
results between similar trials, and difficulties in interpretation of results led to a 
blurred picture on the evidence available in critical care.
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Likewise, this condition worsens due to several low-quality non- randomized or 
observational studies, which should be considered by clinicians as exploratory 
hypotheses only.

Given these premises, the modern clinicians try to achieve an updated and clear 
picture of the best evidence available in medical literature. While consensus confer-
ences and guidelines were designed to simplify this task, their approach has been 
criticized, due to the preeminent role of experts and the possibility of introducing 
expert-related bias [3, 4].

To overcome these limitations, a third way has been proposed and has already 
been employed in different medical fields: the democracy-based medicine [5–8].

In this book, we present the result of both an updated democratic consensus con-
ference and the last available randomized evidence influencing mortality in criti-
cally ill setting.

The process of consensus building has been described elsewhere [5] and is sum-
marized in this chapter.

1.1  Systematic Review

Authors performed a systematic review on the major scientific databases (MEDLINE/
PubMed, Scopus and Embase) to identify all RCTs on any type of intervention 
influencing mortality in critically ill and perioperative patients, with a statistically 
significant effect on mortality.

Inclusion criteria were:

• RCT published in a peer-reviewed journal reporting a statistical significant dif-
ference in mortality without adjustment for baseline characteristics.

• Involving adult patients in critically ill setting.
• Assessing non-surgical interventions (drugs, strategy, or techniques).

The literature research identified more than 52,255 papers that were screened at 
title/abstract level, of these 262 were discussed in an in-person meeting, and ana-
lyzed by 32 experts. Several papers were excluded because of methodological flaws 
or exclusion criteria.

1.2  Reaching Consensus in Democracy Medicine

The process of Democracy Medicine was based on an international meeting held at 
an academic center and on an online surveys/vote. After the systematic review and 
the experts meeting, interventions reducing and increasing mortality were identified 
and position statements for the next step generated. Subsequently, an online plat-
form hosted a survey where colleagues could express their agreement on the pro-
posed statements. This second step collected and validated the original statements 
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according to the opinions of hundreds of colleagues from 46 countries. Interventions 
not reaching 67% agreement on their efficacy or on their detrimental effect were 
excluded.

The results of the web survey for interventions increasing mortality are reported 
in Fig. 1.1, while results for interventions reducing mortality are reported in Fig. 1.2.

1.3  The Identified Topics, the Book, and the Diffusion 
of the Evidence to the International Community 
of Colleagues

Topics reducing mortality [6–71] and increasing mortality [72–83] were thus finally 
identified and are reported in Table 1.1.

Given the international relevance and the amount of information collected, gen-
erated, and organized through the whole process, the authors disseminated consen-
sus results to reach the widest audience of peers. Two main article regarding the 
consensus were published in the Journal of Cardiothoracic and Vascular Anesthesia 
[84, 85].

Aprotinin in cardiac surgery

Cysteine in ARDS

Hypothermia in meningitis

Methylprednisolone in TBI

Albumin in TBI

Diaspirin-crosslinked hemoglobin

Protein C zymogen in septic shock

Overfeeding

Nitric oxide synthase inhibitor

Growth hormone

Thyroxine in AKI

Salbutamol in ARDS

60%6

80%%

100%%%%

Agreement Avoidance Guidelines

Results of web vote on interventions increasing mortality

Fig. 1.1 Results of the web-vote on interventions increasing mortality. Abbreviations: AKI = acute 
kidney injury; ARDS = acute respiratory distress syndrome; TBI = traumatic brain injury
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Interventions reducing mortality, with the evidence supporting them, are extensively 
described in this book. Indeed, the reader will find them along the chapters, included in 
the appropriate topic. Conversely, the reader will find interventions increasing mortal-
ity and those with conflicting evidences (having at the same time RCTs both in favor or 
against mortality reduction), summarized in two separate chapters.

The last chapter reviews the latest randomized evidences on mortality, published 
after the consensus conference and dealing with topics not discussed in previous 
chapters.

1.4  A Common Shell for a Flexible Process

The democratic process has been in place among all the previous consensus confer-
ences [86–92].They focused on critically ill patients [90, 91], on interventions in 
cardiac anesthesia [88, 92], on the perioperative period of any surgery [86, 87], and 
on patients with or at risk for acute kidney injury [89].

Underfeeding in RS

Volatile anesthetics

Early tracheostomy

Leukocyte-depleted blood

GDT in septic shock

HFNC in ARF

Procalcitonin-guided antibiotics

Mechanical chest compression

Selective decontamination

Vasopressin in CA

Levosimendan CS

Antithrombin III in septic and burned
Hydrocortisone in septic shockEarly defibrillation NIV in COPD

Protective ventilation

Early thrombolytic therapy in MI/PE

Prone positioning in ARDS

Tranexamic acid in TB

Clopidogrel AMI

Avoidance of deep sedation

NIV and respiratory failure

Albumin in cirrhosis

NIV after extubation

Epinephrine in CA

Amiodarone in CA

Restrictive FiO2

30%30%0%%

60%0

100%0%%%0%0%%

Agreement Use Guidelines

Results of web vote on interventions reducing mortality

Fig. 1.2 Results of the web-vote on interventions reducing mortality. Abbreviations: NIV = non- 
invasive ventilation; COPD = chronic obstructive pulmonary disease; MI = myocardial infarction; 
PE = pulmonary embolism; ARDS = acute distress respiratory syndrome; AMI = acute myocardial 
infarction; CA = cardiac arrest; FiO2 = inspiratory fraction of oxygen; RS = refeeding syndrome; 
GDT = goal-directed therapy; HFNC = high flow nasal cannula; ARF = acute respiratory failure; 
CS = cardiogenic shock
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Each time a manuscript with the consensus results was published on an interna-
tional journal. There were only small differences related to the systematic review 
(according to the broadness and complexity of the subject), and some variance in 
the questions posed by the web survey.

The Democratic Consensus process, to our knowledge, is the only method 
employed to share the evaluation of best medical evidence with a global audience of 
clinicians and to allow to reach agreement among a large population of colleagues.

This book is a compendium of our last Democracy-Based Medicine process 
involving critically ill and perioperative patients and comprises RCT-based evi-
dence on highly selected specific topics.

Table 1.1 The interventions influencing mortality identified by the Consensus Conference

Increasing survival Increasing mortality
Early defibrillation [26, 27] Volatile anesthetics in cardiac 

surgery [8, 65]
Diaspirin cross-linked 
hemoglobin [82]

NIV in COPD [6, 46] Early tracheostomy [59, 60] Overfeeding [76]
Protective ventilation [10, 49, 
52]

Leukocyte-depleted blood 
[32, 33]

NOS inhibitor in septic shock 
[73]

Early thrombolytic therapy in 
MI/PE [56–58, 66]

GDT in septic shock [28, 30] Human growth hormone [78]

Prone positioning in ARDS 
[9, 12, 50]

HFNC in Respiratory Failure 
[7]

Thyroxine in AKI [72]

Tranexamic acid in trauma 
[61]

Procalcitonin-guided 
antibiotics [70]

IV Salbutamol in ARDS [81]

Clopidogrel in MI [21] Mechanical chest 
compression [36–39]

Protein C zymogen [80]

Avoidance of deep sedation 
[51, 55, 67]

Selective decontamination 
[11, 22–25]

Aprotinin in noncardiac 
surgery [79]

NIV and respiratory failure 
[41–45, 68]

Vasopressin in cardiac arrest 
[63, 64]

Cysteine prodrug [74]

Albumin in cirrhosis [14] Levosimendan in cardiogenic 
shock [34, 35]

Hypothermia in meningitis 
[77]

Epinephrine in cardiac arrest 
[71]

Antithrombin III in septic 
and burned [17, 19, 93]

Methylprednisolone in TBI 
[75]

Amiodarone in cardiac arrest 
[15, 16, 62]

Hydrocortisone in septic 
shock [31]

Albumin in TBI [83]

Restrictive FiO2 [53, 54] NIV after extubation [18, 29, 
40, 47, 48]

Underfeeding in refeeding 
syndrome [69]

NIV Non-invasive ventilation, MI myocardial infarction, PE pulmonary embolism, ARDS Acute 
respiratory distress syndrome, TBI Traumatic brain injury, HFNC High Flow Nasal Cannula, GDT 
Goal Directed Therapy, NOS nitric oxide synthase, COPD Chronic obstructive pulmonary dis-
ease (COPD)
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2.1  General Principles

Non-invasive ventilation (NIV) refers to the delivery of positive pressure to the 
airways and lungs in the absence of an intratracheal tube or an extra-glottic device. 
The term “NIV” includes both continuous positive airway pressure (CPAP) and any 
form of non-invasive inspiratory positive pressure ventilation (NPPV), in which an 
expiratory positive airway pressure is almost always present [1].

The main benefits of NIV in the prevention or treatment of acute respiratory 
failure (ARF) include: conservation or restoration of lung volumes; reduction of the 
work of breathing; avoidance or reduction of complications associated with tracheal 
intubation; easier use as compared to invasive mechanical ventilation; application 
even in patients unfit for tracheal intubation or outside the intensive care unit (ICU) 
[1, 2]. On the other hand, NIV can be contraindicated in some conditions. Among 
the possible contraindications only two of them are to be considered absolute: respi-
ratory arrest and the inability to fit the mask. The other contraindications are rela-
tive: patient clinically unstable, agitated or uncooperative, the inability to protect 
airway or to manage excessive secretions, swallowing impairment, multiple (two or 
more) organ failure, recent upper airway, or upper gastrointestinal surgical proce-
dure [1].

In the last two decades, the use of NIV has continuously increased. A large num-
ber of studies evaluated its efficacy and its limits in several acute care settings [3–6]. 
Notably, among interventions documented by randomized controlled trials (RCTs) 
that reduce mortality in critically ill adults, NIV was the most extensively studied 
and documented [7].

2.2  Pathophysiological Principles

Most underlying pathophysiological mechanisms of ARF involve imbalances 
between respiratory system mechanical work and neuromuscular competence, dis-
orders in gas exchange, and increased cardiac preload and afterload.

By using expiratory and inspiratory positive pressure, NIV allows the respiratory 
muscles to rest, reduces respiratory work as well as cardiac preload and afterload, 
and improves alveolar recruitment, thus increasing lung volume. As a consequence, 
pulmonary compliance and oxygenation are commonly improved [8].

2.3  Main Evidences and Clinical Indications

Eleven multicenter randomized controlled trials (mRCTs) evaluated NIV in differ-
ent clinical settings so far. The main characteristics of these mRCTs are summa-
rized in Table 2.1.

L. Cabrini et al.
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2.3.1  Non-invasive Ventilation in Hypercapnic Patients

Three mRCTs evaluated NIV in the treatment of hypercapnic respiratory failure.
In the earliest one, Brochard et al. enrolled 85 patients with chronic obstructive 

pulmonary disease (COPD) exacerbation in five hospitals in three countries (France, 
Italy, and Spain). Patients were randomized to either standard oxygen therapy or 
NPPV (for at least 6 h/day). Hospital mortality was 29% in the control group vs 9% 
in the NIV group (p = 0.02), thanks to a lower rate of tracheal intubation in the NIV 
group [9].

Plant et al. conducted an mRCT in 14 UK hospitals, enrolling 236 patients with 
mild to moderate respiratory acidosis during COPD exacerbations. NPPV was 
compared to oxygen therapy. Non-invasive ventilation was applied for as long as 
tolerated on the first day and then progressively discontinued on day 4. In 
the NIV group, mortality rate was half that of the standard group (12/118 vs 
24/118) [10].

More recently, Nava et al. evaluated the efficacy of NIV in patients with chronic 
pulmonary disease and acute hypercapnic respiratory failure aged over 75 years. 
These authors enrolled 82 patients in three respiratory ICUs in Italy and Switzerland. 
Non-invasive ventilation (as NPPV) was compared with standard treatment. Survival 
was significantly better in the NIV group at hospital discharge (1/41 vs 6/41 deaths) 
and after 6 and 12 months [11].

Several other single-center RCTs evaluated the efficacy of NIV on mortality in 
patients with COPD exacerbation [12–20]. Three noteworthy trials were conducted 
on respiratory or general wards [16, 17, 19]; one trial compared NIV to tracheal 
intubation in severely ill patients [20]. Two meta-analyses of these studies found a 
marked beneficial effect of NIV on mortality [4, 21].

State of the Art
Non-invasive ventilation is recommended as a first line intervention for exacerba-
tion of COPD if the patient developed respiratory acidosis [3, 6, 22]. The benefit on 
survival was demonstrated under various conditions in mRCTs and single-center 
RCTs. In this setting, NPPV (instead of CPAP) should be adopted, as it supports the 
increased work of breathing of COPD patients.

2.3.2  Non-invasive Ventilation to Treat Acute Respiratory 
Failure: Hypoxemic Patients

Two mRCTs evaluated the use of NIV in hypoxemic patients.
Ferrer et al. enrolled 105 patients with severe hypoxemia (pO2 < 60 mmHg with 

Venturi mask at 50% oxygen) in three ICUs in Spain. Non-invasive ventilation 
(such as NPPV), applied as long as tolerated, was compared to standard oxygen 
therapy. Both ICU and 90-day mortality were lower in the NIV group (18% vs 39% 
and 19% vs 41%, respectively); the difference was prominent if pneumonia was the 
cause of ARF, while the presence of acute respiratory distress syndrome (ARDS) 
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was a predictor of decreased 90-day survival. Only two patients in the standard 
group received NIV as rescue treatment [23].

L’Her et  al. [24] evaluated hypoxemic patients due to cardiogenic pulmonary 
edema in four French Emergency Departments; patients in the intervention group 
were treated with CPAP for at least 1 h. The study was stopped after interim analysis 
showed that 48-h mortality was significantly lower in the intervention group; more-
over, the CPAP group had less severe complications.

Hypoxemic ARF has various etiologies, whose responsiveness to NIV can mark-
edly differ [3, 22, 25–27]. Several single-center RCTs [28–42] demonstrated that 
NIV significantly reduces mortality in cardiogenic pulmonary edema; accordingly, 
NIV is currently considered as a first-line intervention in this clinical setting [6]. 
The benefit has been shown for both CPAP and NPPV, and also for pre-hospital use. 
Non-invasive ventilation proved effective in reducing mortality also in RCTs con-
ducted in immunocompromised patients [43] and chest trauma patients [3, 22, 44] 
with hypoxemic ARF. On the contrary, the advantage on survival is controversial in 
the case of pneumonia or ARDS, due to a high failure rate [3, 22, 45]. In this setting, 
some authors found NIV potentially dangerous (i.e., associated with worse survival) 
when applied for too long despite its failure, as it delays tracheal intubation [46]. 
Finally, some single-center RCTs evaluated NIV in asthma and no death was 
reported in any of these studies [47–49].

State of the Art
Non-invasive ventilation application in hypoxemic patients should be guided by the 
etiology of ARF. Non-invasive ventilation improves survival in cardiogenic pulmonary 
edema, chest trauma, and ARF in immunocompromised patients, especially if applied 
early [4, 6]. When pneumonia or ARDS are present (“de novo” ARF), NIV should be 
applied cautiously and in highly monitored settings. In the case of NIV failure, tracheal 
intubation should not be delayed [3, 22, 45]. So far, the effect of NIV on mortality in 
asthma is unknown and no recommendation or suggestion can be made [6].

2.3.3  Non-invasive Ventilation in the Weaning 
from Mechanical Ventilation

2.3.3.1  Non-invasive Ventilation in the Weaning of Hypercapnic 
and Mixed Patients

Multicenter Randomized Evidence
Several mRCTs with different endpoints evaluated the use of NIV for the weaning 
from mechanical ventilation in hypercapnic patients.

Non-invasive Ventilation in Patients after T-Piece Trial Failure
Nava et al. compared standard weaning to immediate extubation followed by NIV 
(as NPPV) in 50 patients from three Italian centers intubated because of COPD 
exacerbations; the authors enrolled only patients suitable for extubation but who 
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had failed a T-piece weaning trial after 48 h of intubation. Non-invasive ventilation 
was applied as often as was tolerated during the first 2  days in the intervention 
group. Mortality at 60 days was significantly higher in the standard group (7/25 vs 
2/25 deaths), with four cases of fatal pneumonia (while further three cases of pneu-
monia were not fatal) in the standard group and no cases of pneumonia in the NIV 
group [50].

Ferrer et al. [51] compared extubation followed by NIV (as NPPV) to standard 
weaning in 43 intubated patients, from two Spanish hospitals, who failed a sponta-
neous breathing trial for three consecutive days. Non-invasive ventilation was 
applied for at least 4 h continuously. Almost half of the patients had been intubated 
because of COPD exacerbation. Both ICU and 90-day mortality were significantly 
reduced in the NIV group; nosocomial pneumonia and septic shock were signifi-
cantly more common in the control group.

Non-invasive Ventilation to Shorten Standard Weaning
A collaborating research group in 11 Chinese ICUs conducted an mRCT in 90 intu-
bated COPD patients with hypercapnic failure caused by pulmonary infection: the 
aim was to evaluate NIV as a tool to hasten extubation. Once the patients reached 
the “pulmonary infection control (PIC) window,” defined by several criteria sug-
gesting infection control, they were randomized to either standard weaning or extu-
bation (without a preliminary weaning trial) immediately followed by NIV (such as 
NPPV). Mortality rate (1/47 vs 7/43) and incidence of pneumonia were signifi-
cantly lower in the NIV group [52].

Non-invasive Ventilation to Prevent Post-Extubation Failure
Ferrer et al. evaluated NIV in preventing ARF after tracheal extubation. This mRCT 
enrolled 106 patients with chronic respiratory disorders in two Spanish hospitals: 
patients were randomized to either NIV (as NPPV, applied for a maximum of 24 h 
after extubation) or oxygen therapy after a standard weaning if they passed a T-piece 
weaning trial but were hypercapnic on spontaneous breathing. The trial had been 
preceded by a previous study from the same authors (see below) suggesting a poten-
tial benefit of NIV in this population. In the NIV group, 90-day mortality (but not 
hospital and ICU mortality) was significantly lower (6/54 vs 16/52); a trend towards 
lower incidence of pneumonia was also present (6% vs 17%, p = 0.12). It should be 
noted that 20 out of the 25 patients who developed post-extubation ARF in the con-
trol group received rescue NIV, and rescue NIV was also applied to 7 of the 8 
patients developing post-extubation ARF in the NIV group [53].

State of the Art
When compared to standard weaning, NIV used in the weaning process signifi-
cantly decreases mortality rates; the benefit seems to be maximal in COPD patients 
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[54]. Hypercapnic patients are among the most responsive to NIV in most condi-
tions. Early extubation followed by NIV seems to be a promising strategy for hyper-
capnic patients even after a failed T-piece trial and could be attempted in ICUs with 
experienced staff [4, 6]. Little data is available about the role of NIV to facilitate 
weaning from mechanical ventilation in hypoxemic patients.

The routine use of NIV to prevent post-extubation ARF in unselected patients 
who passed a T-piece trial is still controversial.

2.3.3.2  Non-invasive Ventilation in the Weaning of Patients at Risk 
for Post-Extubation ARF

Ferrer et al. evaluated the use of NIV in preventing post-extubation ARF in patients 
at higher risk for this complication, defined by at least one of the following criteria: 
age >65years, cardiac failure as the cause of intubation, or increased illness severity 
(APACHE score >12 the day of extubation). The authors enrolled 162 patients in 
two Spanish hospitals. Patients were extubated after they had passed a T-piece trial 
and were randomized to either standard oxygen therapy or NIV (as NPPV, applied 
for a maximum of 24 h after extubation). Reintubation rate and ICU mortality were 
lower in the NIV group (2/79 vs 12/83 deaths); neither hospital mortality nor 90-day 
mortality were different, except for patients who were hypercapnic during sponta-
neous breathing by T-piece, in which both survival rates were better in the NIV 
group. Rescue NIV was applied to 19 out of the 27 patients who developed post- 
extubation ARF in the control group and in 4 out of 13 in the NIV group [55].

State of the Art
Non-invasive ventilation (as NPPV) should be considered after planned extubation 
in patients at high risk of post-extubation ARF [3–4, 6, 56, 57].

2.3.4  Non-invasive Ventilation to Treat Post-Extubation 
Respiratory Failure: Evidence of Increased Mortality

Esteban et al. conducted a multicenter trial in 37 centers in eight countries (mainly 
in Europe, North and South America). The authors enrolled 221 patients who were 
electively extubated after at least 48 h of mechanical ventilation and who developed 
ARF within the subsequent 48 h. Non-invasive ventilation (as NPPV, applied con-
tinuously for at least 4 h) was compared to standard therapy, which included supple-
mental oxygen, bronchodilators, respiratory physiotherapy, and any other indicated 
therapy. Rescue NIV was applied in 28 patients in the control group (three died). 
ICU mortality rate was higher in the NIV group (25% vs 14%). The difference 
appeared to be due to a different rate of death (38% in the NIV group vs 22%) 
among reintubated patients (whose rate was not different between the two groups); 

2 Non-invasive Ventilation



20

moreover, the interval between the development of ARF and reintubation was sig-
nificantly longer in the NIV group. A potential logical explanation for these results 
proposed by the authors was that the delay in reintubation negatively affected sur-
vival, through various mechanisms like cardiac ischemia, muscle fatigue, aspiration 
pneumonia, and complications of emergency reintubation. A trend towards better 
outcomes was observed for COPD patients treated with NIV [58].

One further single-center RCT evaluated NIV in this setting reporting data on 
mortality. Keenan et al. [59] compared NIV (as NPPV) with standard oxygen treat-
ment in 81 patients, only a low percentage of whom had COPD. The authors did not 
find any difference in ICU and hospital survival.

State of the Art
NIV use to treat post-extubation ARF is commonly discouraged [4, 6]. At a mini-
mum, NIV failure should be promptly recognized and intubation not delayed. 
Patients affected by hypercapnic disorders might be more responsive to NIV [56, 
57, 60].

2.4  Three Issues To Be Considered

First, even though many mRCTs on NIV are available, some important application 
fields of NIV lack mRCTs in support: in particular, no mRCT so far evaluated the 
efficacy of NIV in one of the most promising fields, that is the prevention and treat-
ment of postoperative ARF [57, 61, 62].

Second, the large majority of mRCTs took place in a few European countries: 
Italy, France, and Spain. Moreover, most evidence on this topic comes from very 
few highly experienced centers and authors. In other words, the generalizability of 
the findings of these mRCTs could be questionable, despite the fact that mRCTs are 
usually considered to offer the best generalizable data.

Finally, given its beneficial impact in many areas, investigation should go into 
why NIV is still underused and which educational and organizational interventions 
would be most effective in bringing NIV (safely, effectively, and containing costs) 
to all the patients who could benefit from it.

2.5  Conclusions

Several mRCTs showed that NIV could have a beneficial effect on survival. Non- 
invasive ventilation should be considered to treat ARF, mainly in hypercapnic 
patients and at an early stage. Non-invasive ventilation could also reduce mortality 
when applied in the weaning process, particularly in hypercapnic patients after a 
failed T-piece trial or after control of pulmonary infection. Non-invasive ventilation 
can improve survival when applied to patients at high risk of post-extubation respi-
ratory failure. On the contrary, NIV could be harmful if applied to treat an estab-
lished post-extubation ARF.
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More research is warranted to evaluate NIV in other fields and in controversial 
areas; furthermore, authors should evaluate the best way to offer safe and cost- 
effective NIV to all those who could benefit.

Clinical summary

Intervention Indication Cautions Side-effects
Way of 
delivery Notes

Non- invasive 
ventilation

Hypercapnic 
respiratory 
failure (e.g., 
exacerbation 
of COPD)
Hypoxemic 
respiratory 
failure 
(cardiogenic 
pulmonary 
edema, chest 
trauma)
Accelerate 
weaning in 
hypercapnic 
intubated 
patients

NIV should 
be avoided 
in post- 
extubation 
ARF
Close 
monitoring 
is needed in 
pneumonia, 
early ARDS, 
invasive 
ventilation 
should not 
be delayed
Effect on 
asthma and 
to prevent 
post- 
extubation 
ARF is 
unclear

CO2 
rebreathing, 
noise, 
patient- 
ventilator 
dyssynchrony, 
skin lesion, 
discomfort, 
claustrophobia, 
failure, 
aspiration 
pneumonia, 
barotrauma, 
hypotension

Continuous 
positive 
airway 
pressure
Non- 
invasive 
inspiratory 
positive 
pressure 
ventilation 
(usually 
with an 
expiratory 
airway 
pressure)
The optimal 
settings have 
not been 
defined yet

mRCT to 
evaluate the 
effect of NIV 
in pulmonary 
edema and to 
prevent 
postoperative 
ARF are 
needed
The 
possibility to 
generalize 
mRCT results 
out of highly 
specialized 
centers is 
questionable
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3.1  General Principles

Acute respiratory failure is one of the common causes of admission to the intensive 
care units (ICUs), both as a primary cause and as a complication during the hospital 
stay [1, 2]. Traditionally, patients with respiratory failure have been treated with 
three different strategies depending on the severity of the pathology: conventional 
oxygen therapy (COT), non-invasive ventilation options (NIV), and mechanical 
ventilation (MV).
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The high-flow nasal cannulae therapy (HFNC) was first intended for use in neo-
nates. They were originally manufactured with the aim of maintaining the benefit of 
high oxygen flows (and therefore, the increase in end-expiratory pulmonary pres-
sures) without interfering with the blood flow to skin areas vulnerable to pressure 
sore. Over the last decade, HFNC have also been extended to the adult population. 
The possibility that one may provide non-invasive ventilation with less discomfort 
and easier clearance of airway secretions is conceptually appealing [2–4].

Nowadays, the success and broad utilisation of HFNC is in consonance to its 
relative simplicity of use, the better patient comfort, and the advantages shown ver-
sus classical oxygen therapy in some cases [5]. Still, there is much debate regarding 
the role of the HFNC, and recently, high-quality studies have been published on this 
topic, mainly in the management of critically ill patients.

3.2  Pathophysiological Principles

HFNC administer high flows (10–60 L/min) of a mixture of humidified air and oxy-
gen via wide-bore nasal cannulae specially designed. There are only two parameters 
than can be adjusted on the device: the fraction of inspired oxygen and the gas flow 
rate. The fraction of inspired oxygen ranges between 0.21 and 1, and the gas flow 
rate that can be administered between 10 and 60 L/min.

The benefits of high-flow nasal oxygen (HFNO) are described below:

 1. Constant oxygen flow regardless of changes in respiratory dynamics [6].
Measured FiO2 in different breathing situations is stable when the gas flow 

administered is greater than 40 L/min. This flow could be up to 60 L/min to 
assure a constant high FiO2 but it is usually more difficult to achieve with 
this device.

 2. Generation of a Positive End-expiratory pressure (PEEP) [7].
High flows administered through HFNC can generate a PEEP of 4–5 cm H2O 

in the nasopharynx. Although this pressure is comparatively low, it could theo-
retically suffice to avoid alveolar closure. The main concern is whether a patient 
can constantly keep this pressure when the mouth is open, that is, with a leak in 
the system. The presence of a permanent leak is detrimental but could be over-
passed with higher flow rates.

 3. Reduction in the anatomical dead space [4, 8].
An increase in the flow rate administered by the HFNC wash the expired 

volume of carbon dioxide (CO2) from the airway, and it will be replaced with 
oxygen- enriched gas. Once more, if the patient opens the mouth creating a leak 
in the circuit, it will alter the CO2 washout, even though the effect remains 
unclear.

 4. Decreased work of breathing [6].
The tracheal insufflation originated during the inspiratory pause via the 

HFNC concedes an improvement in the tidal volume. It reduces the resistance in 
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the superior airway and increases the end-expiratory lung impedance. All these 
circumstances combined allow a reduction in the respiratory rate.

 5. Improved mucociliary clearance [8, 9].
The humidified gas is delivered generally at 37 °C avoiding upper airway dry-

ness and prevents an excessive accumulation of respiratory secretions. The 
heated flow improves the cilia function and helps coughing.

The disadvantages and limitations of HFNO are not numerous when applied 
in the correct setting. The first one could be the potential toxicity due to the high 
FiO2 used [5]. In addition, the delay in intubation that occurs after the improve-
ment in respiratory mechanics and the arterial gasometry parameters could 
mask an acute respiratory failure. The delay in diagnosing conditions requiring 
mechanical ventilation might increase morbidity, mortality, and hospital 
costs [3].

Contrary to NIV, HFNC settings do not incorporate inspiratory positive air-
way pressure (IPAP) and expiratory positive airway pressure (EPAP). Other 
missing parameters when using HFNC are the backup respiratory rate and the 
backup inspiratory time. Data of respiratory therapy is also not available when 
using this device. HFNC should not be administered as an alternative in patholo-
gies where NIV has strong indications such as respiratory failure due to chronic 
obstructive pulmonary disease (COPD) exacerbation and cardiogenic pulmonary 
oedema [3].

3.3  Main Evidence and Clinical Use

HFNC offer some immediate physiological benefits in patients requiring respiratory 
support [2, 7, 10]. It remains to be determined whether HFNC provide any clinically 
important advantage and improvement in patient outcomes, such as by preventing 
the need for invasive mechanical ventilation and by mortality rate reduction.

Most randomised controlled trials (RCT) conducted in the last 15 years showed 
significantly amelioration in symptoms like dyspnoea, improved oxygenation, and 
reduced the usage of NIV in patients with mild hypoxemia [11–13] and respiratory 
failure. In the FLORALI trial [14], HFNC demonstrated lower intubation rates and 
overall mortality in patients with acute respiratory failure with PaO2/
FiO2 < 200 mmHg when compared to COT and NIV.

Hypercapnic failure represents another indication of HFNC therapy. Some 
recent RCTs have suggested that at a gas flow of 30 L/min for a brief duration of 
time, the inspiratory pressure decreases in comparison to 10 and 20 L/min flow rate 
[11, 15]. HFNC have shown similar effects than NIV delivered at discreet levels of 
pressure support in hypercapnic COPD associated with mild to moderate 
exacerbation.

In the post-extubation setting, most RCTs describe a potential benefit of HFNC, 
not only in terms of mortality but also lowering treatment failure rates in patients at 
high risk of reintubation compared to COT.  Hernández et  al. [16] studied 
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post- extubation respiratory failure after HFNC or NIV in high-risk patients. The 
results suggested that HFNC were not inferior to NIV avoiding reintubation and 
post- extubation respiratory failure. In this study, the outcome time to reintubation 
was similar in both groups, probably because NIV and HFNC were switched to 
COT after 32 h. The group receiving HFNC in the following 32 h after extubation 
presented an augmentation in the reintubation rate. Besides, a significant decrease 
in the risk of reintubation compared with HFNO alone was evidenced in patients 
with low-risk of intubation [12]. The use of HFNC compared with COT has also 
reduced the risk of reintubation within 72 h [17].

There are some systematic reviews and meta-analysis [18–25] that have assessed 
the use of HFNC compared to COT or NIV. Most of the evidence is focus on the 
hypoxemic respiratory failure in different areas like the ICUs, wards and in the 
emergency departments (EDs). Nevertheless, an important amount of heterogeneity 
is evident between different populations amongst studies, making the analysis of the 
true effect uncertain. Evidence regarding this issue might change the estimate of the 
effect described previously.

3.4  Therapeutic Use

One of the most important clinical goals in the ICU is minimising the duration of 
invasive mechanical ventilation by allowing the rapid safe extubation [1–3, 5]. 
Prolonged intubation increases the risk of ventilator-induced lung injury, ventilator- 
induced diaphragmatic dysfunction, infections, and myopathy [26].

Main indications of HFNC are:

 1. Acute respiratory distress syndrome (ARDS) and acute hypoxemic respiratory 
failure.

ARDS and hypoxemic failure are a common indication of HFNC and might 
increase post-extubation success [2–6]. It has been described previously the 
benefit [7, 12–14] of HFNC compared with COT to avoid the need of 
reintubation. HFNC are also indicated in low to moderate respiratory failure 
[11]. An inappropriate use and prescription will inevitably result in deleterious 
treatment leading to increased morbidity and mortality.

 2. Post-extubation failure [11].
Regardless of a successful extubation, in the 15–30% of cases, patients develop 

acute respiratory distress and require reintroduction of invasive mechanical 
ventilation during the first 48 h. In the post-extubation period, it is absolutely 
crucial to prevent and identify early clinical deterioration. This will restrain the 
development of respiratory failure and will decrease the morbimortality rates.

 3. Other uses of HFNC
Hypoxemia caused by severe heart failure.
In congestive heart failure (CHF) patients might benefit from HFNC by 

reducing the preload though these results are inconclusive and need further 
analysis (Fig. 3.1) [27].
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Airway Instrumentation Management Preoxygenation is a key component of tra-
cheal intubation technique in order to store oxygen to increase the functional residual 
capacity (FRC) volume. This represents the main oxygen reservoir prolonging the 
duration of apnoea, until hypoxemia occurs, during the induction of general anaes-
thesia. In critically ill patients, an adequate preoxygenation could be compromised in 
several pathological conditions. Preoxygenation with the standard bag-valve mask 
might be difficult to perform in these patients so HFNC might be a reasonable and a 
beneficial alternative. Guitton et al. [28] have compared the preoxygenation desatu-
ration in rapid sequence intubation manoeuvres with HFNC finding no differences 
between groups and obtaining similar results that Frat et al. [14].

Immunocompromised Patients This frailty population has morbimortality that 
would potentially be as high as 70% when intubation is required [29]. Although 
there is an important heterogeneity amongst different studies that do not include all 
the immunocompromised patients, HFNC represent some benefits and it is a well- 
tolerated therapy [30] with better outcomes in terms of morbidity and mortality.

Care at the End of Life In the particular case of patients with do-not-intubation or 
do-not-resuscitate orders, HFNC may be beneficial. HFNC improve not only 
patient’s dyspnoea but also reduce costs when comparing this treatment with con-
ventional therapies [31].

Fig. 3.1 Suggested therapeutic algorithm. Abbreviations: ARDS: acute respiratory distress syn-
drome; COPD: chronic obstructive pulmonary disease; CHF: congestive heart failure; MV: 
mechanical ventilation; NIV: non-invasive ventilation; CPAP: continues positive airway pressure; 
HFNC: high-flow nasal cannulae; HFNO: high-flow nasal oxygen

3 High-Flow Nasal Cannulae
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3.5  State of the Art/Conclusions

The use of HFNC in critical care units has been extended due to the feasibility of the 
system, the easy to implement monitorisation, and the patient’s good tolerance and 
comfort.

Other clinical settings to treat patients with HFNC therapy are being investi-
gated. Clinical data is scarce, but they might have a promising role in different 
conditions.

HFNC seem more effective than COT and non-inferior to NIV in most studies, 
and they should be considered as part of the therapeutic arsenal available to treat 
mild hypercapnic conditions or hypoxemic respiratory failure disease.

Other indications of HFNC that have demonstrated a reduction in mortality are 
in the post-extubation failure and in the congestive heart failure.

HFNC could delay desaturation and potentially reduce morbidity although it has 
not yet been proved in medical techniques that require airway instrumentation.

Special populations like immunocompromised patients with acute respiratory 
failure may benefit from HFNC treatment with lower mortality rates compared with 
standard care.

The inappropriate indication of HFNC may induce a delay in intubation that will 
increase the morbimortality by masking clinical deterioration.
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4.1  General Principles

Administration of supplemental oxygen is a very common practice in critically ill 
patients and during surgery. In particular, in both the intensive care unit (ICU) and 
the perioperative settings, patients needing tracheal intubation and mechanical ven-
tilation are often exposed to high inspiratory oxygen fractions (FiO2) and, conse-
quently, to supranormal levels of arterial oxygen partial pressure (PaO2) [1–6]. In 
the last few years, according to the well-known toxicity of oxygen [5–9] and to the 
findings of two randomized controlled trials (RCTs) which reported a lower ICU 
mortality with a “conservative” FiO2 approach in critically ill patients [10] and an 
increased long-term mortality in surgical patients receiving high intraoperative FiO2 
[11], respectively, limiting FiO2 in mechanically ventilated patients has been sug-
gested as a possible strategy to reduce mortality in both the ICU and the surgical 
settings [12, 13]. However, just 6 years ago the first book of the series “Reducing 
mortality in…” (which also includes the present updated book) included a chapter 
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discussing, although with some skepticism and only based on meta-analytic data, an 
opposite (i.e., favorable) role of perioperative supplemental oxygen on survival, 
possibly due to a reduction in surgical site infection (SSI) rates [7, 14]. Moreover, 
the favorable effect of a conservative FiO2 strategy on survival in mechanically ven-
tilated ICU patients was not confirmed by a recent large multicenter RCT [15], 
while an even more recent relatively large RCT did not find neither beneficial effects 
(on SSI rate) nor harmful pulmonary or cardiac complications with high periopera-
tive FiO2 in patients undergoing abdominal surgery [16]. Finally, several meta- 
analyses published between 2018 and 2020 compared the use of “low” vs. “high” 
FiO2 in both surgical and ICU patients, without providing overall robust evidence in 
neither direction [6, 17–19]. In the next sections, we discuss the key features and 
findings of the abovementioned investigations, the possible mechanisms of the asso-
ciation between FiO2 and mortality, and to what extent all this may be currently 
translated into clinical practice.

4.2  Main Evidences

In the recently updated international “democracy-based” consensus conference 
aimed at identifying all nonsurgical strategies which have been shown by suffi-
ciently strong randomized evidence (see Chap. 1) to affect mortality in the periop-
erative and critical care setting [12, 20], restrictive FiO2 was included among 
interventions reducing mortality according to the findings of two RCTs published in 
2016 [10] and 2012 [11], respectively.

The oxygen-ICU trial [10] included 434 patients with an ICU length of stay 
(LOS) of at least 72 h randomized to either a conservative group, in which FiO2 was 
set to maintain PaO2 between 70 and 100 mmHg (with an arterial oxygen saturation 
[SaO2] of 94–98%), or a conventional group in which a PaO2 of up to 150 mmHg 
(with an SaO2 of 97–100%) was allowed. The primary outcome (ICU mortality) was 
significantly lower in the conservative group as compared with the conventional 
group (11.6 vs 20.2%, relative risk [RR] 0.57, 95% confidence interval [CI] 
0.37–0.90; p = 0.01). Patients in the conservative group had a significantly lower 
incidence of shock (3.7 vs 10.6%, RR 0.35, 95% CI 0.16–0.75; p = 0.006), liver 
failure (1.9 vs 6.4%, RR 0.29, 95% CI 0.10–0.82; p = 0.02), and bloodstream infec-
tion (5.1 vs 10.1%, RR 0.50, 95% CI 0.25–0.998; p = 0.049). Moreover, median 
mechanical ventilation-free hours were 72 (interquartile range [IQR] 35–110) in the 
conservative group and 48 (IQR 24–96) in the conventional group (median differ-
ence 24  h, IQR 0–46; p  =  0.02). No statistically significant differences in other 
secondary outcomes (including respiratory failure, renal failure, new infections, 
surgical revision, and ICU and hospital LOS) were found.

The PROXI trial, one of the largest RCTs investigating the impact of high peri-
operative FiO2 on the incidence of SSI, failed to show any difference in SSI rate 
among 1400 patients randomized to receive either 80 or 30% oxygen during and for 
2  h after elective or emergency laparotomy [21]. Moreover, a post hoc analysis 
including 1382 out of the 1400 original patients found a significantly increased 
mortality after a median follow-up of 2.3 years (range 1.3–3.4 years) in patients 
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receiving 80% oxygen as compared with those receiving 30% oxygen (23.2 vs 
18.3%, hazards ratio [HR] 1.3, 95% CI 1.03–1.64; p = 0.03) [11]. Of note, a statisti-
cally significant difference between the two groups in long-term mortality was 
found among patients undergoing cancer surgery but not among non-cancer patients.

The recent “Improving Oxygen Therapy in Acute-illness” (IOTA) meta-analysis 
[6], which included data from the oxygen-ICU trial [10] (but not from the PROXI trial 
[11, 21]), investigated the impact of conservative as compared with liberal oxygen 
therapy on morbidity and mortality in different settings of acute illness (including sep-
sis, stroke, trauma, myocardial infarction, cardiac arrest, ICU, and emergency surgery) 
and found that liberal oxygen therapy leading to SaO2 values above 94–96% was asso-
ciated with significantly higher in-hospital, 30-day, and long-term mortality (see 
Table 4.1). Although these findings seem to confirm the potential benefits of a restric-
tive FiO2 strategy in acutely ill patients, subsequent investigations involving only ICU 
patients have yielded conflicting results. In particular, the lately published ICU-ROX 
trial [15] included 965 mechanically ventilated patients from 21 ICUs randomized to 
either a conservative oxygen therapy (SaO2 < 97% with FiO2 gradually decreased up to 
0.21 if SaO2 was above the acceptable lower limit, usually 90%) or a conventional 
oxygen therapy (any SaO2 above the acceptable lower limit, usually FiO2 ≥ 0.3). The 
authors found no significant differences in either the primary endpoint (number of 
ventilator-free days by day 28) or any of the key secondary endpoints: among the latter, 
90-day mortality was 34.7% in the conservative group vs 32.5% in the conventional 
group (unadjusted odds ratio [OR] 1.1, 95% CI 0.84–1.44), while 180-day mortality 
was 35.7% in the conservative group vs 34.5% in the conventional group (unadjusted 
OR 1.05, 95% CI 0.81–1.37). Consistently, according to a Cochrane systematic review 
published in 2019 (and not including the large ICU-ROX trial), there is very high 
uncertainty about the evidence of an impact of higher versus lower FiO2 on mortality, 
major complications, and lung injury among ICU patients [18] (see Table 4.1).

As mentioned, newest meta-analyses of RCTs comparing perioperative adminis-
tration of 80% vs either 30 or 30–35% oxygen in adult surgical patients also yielded 
conflicting results (both among themselves and as compared with the PROXI trial and 
its follow-up [11, 21]): as detailed in Table 4.1, in fact, Smith et al. [19] found no dif-
ference in the rate of SSI or mortality, while de Jonge et al. [17] found a reduction in 
SSI rates only in patients undergoing general anesthesia with tracheal intubation. 
Finally, in a subsequent multicenter RCT, Ferrando et al. [16] randomized 740 patients 
undergoing abdominal surgery to a FiO2 of either 0.8 or 0.3 intraoperatively and for 
the first 3 postoperative hours and found no difference in the SSI rate during the first 
postoperative week (RR 0.94, 95% CI 0.59–1.50; p = 0.9) or in any of the secondary 
composite endpoints, including (among others) adverse events and 6-month mortality.

4.3  Pathophysiological Principles: Possible Mechanisms 
of Reduced Mortality

Exposure to high oxygen concentrations has been shown to have several possible 
adverse effects (listed in Table  4.2) [6–8, 18, 22, 23] which may theoretically 
lead (or contribute) to increased mortality in surgical or critically ill patients. For 
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Table 4.1 Main features and findings of recent meta-analyses comparing lower versus higher 
inspiratory oxygen fractions in the perioperative and acute/critical illness settings

First author, year 
of publication Setting

No of 
patients 
(RCTs) Comparators Main findings

Chu, 2018 [6] Acutely ill 
adults (sepsis, 
stroke, trauma, 
MI, cardiac 
arrest, ICU, 
emergency 
surgery)

16,037 
(25 
RCTs)

Conservative 
oxygen therapy 
(median FiO2 
0.21, IQR 
0.21–0.25) vs 
Liberal oxygen 
therapy (median 
FiO2 0.52, IQR 
0.39–0.85)

Increased mortality in the 
liberal oxygen therapy 
group:
•  In-hospital (RR 1.21, 

95% CI 1.03–1.43, 
I2 = 0%, high quality)

•  30-day (RR 1.14, 95% 
CI 1.01–1.29, I2 = 0%, 
high quality)

•  At the longest follow-up 
(RR 1.10, 95% CI 
1.0–1.2, I2 = 0%, high 
quality)

No significant differences 
in disability at longest 
follow-up, risk of 
hospital-acquired 
pneumonia, any hospital-
acquired infection, and 
hospital LOS

Barbateskovic, 
2019 [18]

ICU 1285 (7 
RCTs)

Lower vs higher 
FiO2 (or PaO2 
targets)

In the higher FiO2(PaO2) 
group:
•  Increased mortality at 

the time point closest to 
3 months (RR 1.18, 
95% CI 1.01–1.37, 
I2 = 0%, very low-
certainty evidence)

•  Increased risk of serious 
adverse events at the 
time point closest to 
3 months (RR 1.13, 
95% CI 1.04–1.23, 
I2 = 0%, very low-
certainty evidence)

No difference between 
groups in lung injury at 
the time point closest to 3 
months (RR 1.03, 95% CI 
0.78–1.36; I2 = 0%; very 
low-certainty evidence)
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Table 4.1 (continued)

First author, year 
of publication Setting

No of 
patients 
(RCTs) Comparators Main findings

de Jonge, 2019 
[17]

Surgical 
patients

7817 
(17 
RCTs)

0.8 vs 0.3–0.35 
FiO2

No difference between 
groups in SSI rate 
(RR0.89, 95% CI0.73–
1.07; I2 = 45.4%)
No difference between 
groups in SSI rate among 
non-intubated patients 
(RR 1.2, 95% CI 
0.91–1.58)
Reduced SSI rate in the 
0.8 FiO2 group among 
intubated patients (RR 
0.8, 95% CI 0.64–0.99)

Smith, 2020 
[19]

Adult surgical 
patients

10,212 
(12 
RCTs)

0.8 vs 0.3 FiO2 No statistically significant 
differences between 
groups in:
•  Mortality up to 30 days 

(RR 1.12, 95% CI 
0.56–2.22, p = 0.76)

•  SSI rate at 15 days (RR 
1.41, 95% CI 1.0–2.01, 
p = 0.05)

•  SSI rate at the longest 
follow-up (RR 1.23, 
95% CI 1.0–1.51, 
p = 0.05)

RCT Randomized controlled trial, MI Myocardial infarction, ICU Intensive care unit, FiO2 
Inspiratory oxygen fraction, IQR Interquartile range, RR Relative risk, I2 Heterogeneity, LOS 
Length of stay, PaO2 Arterial oxygen partial pressure, SSI Surgical site infection

Table 4.2 Possible adverse 
effects of hyperoxia

Reduced vital capacity (mainly due to absorption atelectasis)
Impaired ventilation/perfusion ratio
Increased alveolar-capillary permeability
Enhanced pulmonary and airway inflammation
Acute lung injury and pulmonary fibrosis
Increased ROS formation (possibly leading to cell apoptosis 
and tissue/DNA damage)
Systemic and coronary vasoconstriction
Reduced coronary blood flow and cardiac output
Central nervous system toxicity (e.g., seizures)
Cerebral vasoconstriction
Enhanced cancer recurrence/dissemination?

ROS Reactive Oxygen Species
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example, administration of high FiO2 during general anesthesia promotes atel-
ectasis formation (primarily because oxygen is absorbed much faster than nitro-
gen in lungs due to the high alveolar-capillary gradient) and may accordingly 
increase the risk of pneumonia and other postoperative pulmonary complications 
[8, 23]. Moreover, hyperoxic coronary and systemic vasoconstriction, as well as 
the oxidative stress due to increased formation of reactive oxygen species (ROS), 
may worsen myocardial injury in patients with myocardial ischemia/infarction 
[7, 8]. Enhancement of oxidative stress and inflammation leading to clinical dete-
rioration and increased mortality has also been found in patients with chronic 
obstructive pulmonary disease (COPD) receiving high-flow oxygen [7]. Finally, 
oxygen promotes neovascularization [7] which, together with ROS overproduc-
tion, has been involved in cancer progression [8] and might explain (at least in 
part) the findings of the PROXI trial showing an increased long-term mortality 
with higher FiO2 only among cancer patients [11]. However, there is no doubt that 
hypoxia is a rather frequent occurrence and is also harmful in these clinical set-
tings. In addition, the role of perioperative supplemental oxygen in preventing SSI 
(and associated mortality) has a plausible rationale which is based in part on the 
same effects of oxygen which may lead (or contribute) to serious complications 
and increased mortality: in fact, through increased ROS production, supplemen-
tal oxygen may promote oxidative killing of bacteria by neutrophils; moreover, 
hyperoxia promotes tissue healing (also enhancing neovascularization) and may 
activate immune response [7]. Of note, oxygen seems to play an ambivalent (and 
conflicting) role also in cancer patients since tumor hypoxia has been associated 
to treatment failure [24].

4.4  Implications for Clinical Practice

The clinical relevance of the above discussed effects of oxygen is not clear: for 
example, in addition to fail to show any difference in SSI rates, relatively large 
RCTs such as the PROXI trial [21] and the latest investigation by Ferrando et al. 
[16] found no difference in the incidence of atelectasis among patients randomized 
to a perioperative FiO2 of either 0.3 or 0.8. It is possible that beneficial or detrimen-
tal effects of either a restrictive or liberal FiO2 strategy may prevail according to the 
clinical context (e.g., type and severity of patient illness and comorbidities), so that 
different subgroups of patients may have different susceptibility to the effects of 
hyperoxia and, accordingly, some subgroups of patients may benefit, in terms of 
survival, from a restrictive FiO2 strategy while others may not. A recent meta- 
analysis showed that acute hyperoxia significantly reduced cardiac output (CO) in 
healthy volunteers and in patients with either coronary artery disease (CAD) or 
heart failure (HF) but not in patients with sepsis or in those undergoing coronary 
artery bypass graft (CABG) surgery, while the increase in systemic vascular resis-
tances was substantial in HF patients, less pronounced in healthy volunteers and in 
CAD and CABG patients, and negligible in septic patients [22]. Consistently, a post 
hoc analysis of the ICU-ROX trial lately suggested a possible increase in mortality 
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with a conservative oxygen strategy in patients with sepsis although with the limita-
tions of an unplanned analysis which was underpowered for this purpose [25]. 
Moreover, “restrictive” vs “liberal” FiO2 is only apparently a dichotomous choice, 
which conversely comprises a continuous wide range of possible settings which 
should take into account the individual patient: “high FiO2” may not necessarily 
mean deliberate hyperoxia but maybe prevention of inadvertent hypoxia [7, 14], 
while a conservative FiO2 approach may imply avoidance of useless (and poten-
tially harmful) hyperoxia but can also increase the risk of hypoxemia [26]. A thor-
ough discussion about the complexity (and current uncertainty) of the relationship 
between FiO2 and mortality in the ICU setting can be found in an editorial by Young 
and Bellomo [26]. In the light of latest available evidence and waiting for new pos-
sible insights from ongoing investigations [27, 28], both the 2016 WHO guidelines 
(which, rather surprisingly, only on the basis of a meta-analysis recommend a FiO2 
of 0.8 intraoperatively and for the 2–6 immediate postoperatively hours in all surgi-
cal patients undergoing general anesthesia with tracheal intubation [17]) and, at the 
opposite, the growing enthusiasm for a restrictive oxygen therapy approach in any 
acute and critical illness setting should be regarded with caution. Avoiding useless 
hyperoxia while adopting adequate monitoring to prevent harms from hypoxia, as 
suggested by Young and Bellomo [26], is probably the wisest strategy in both the 
ICU and perioperative settings.

Clinical summary
Drug/
technique Setting Cautions Dose Notes
Restrictive 
inspiratory 
oxygen 
fraction 
(FiO2)

Surgical 
patients
Mechanically 
ventilated 
intensive care 
unit (ICU) 
patients
Acute illness

Inadvertent 
hypoxia
Possibly 
harmful in 
some 
subgroups of 
patients 
(sepsis?)
Possible 
increase in 
surgical site 
infection (SSI) 
rates in the 
perioperative 
setting

A perioperative FiO2 
of 0.8 as compared 
with 0.3 increased 
long-term mortality 
in surgical patients
FiO2 set to maintain 
an oxygen partial 
pressure (PaO2) of 
70–100 mmHg 
reduced ICU 
mortality as 
compared with a 
conventional group 
(PaO2 up to 
150 mmHg)

Current guidelines 
are conflicting (e.g., 
WHO recommends 
a perioperative FiO2 
of 0.8 in order to 
reduce SSI)
Latest investigations 
(including 
randomized 
controlled trials and 
meta-analyses) are 
inconclusive or 
uncertain about any 
impact of FiO2 on 
mortality, SSI rates, 
and other adverse 
effects
Avoiding useless 
hyperoxia while 
adopting adequate 
monitoring to 
prevent harms from 
hypoxia is probably 
the most reasonable 
approach currently
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5.1  General Principles

Since its first description in 1967, many aspects of acute respiratory distress syn-
drome (ARDS) have changed, including understanding of its pathophysiology, 
diagnostic criteria and definitions (see Table 5.1), therapeutic strategies, and even 
the meaning of the “A” within the acronym “ARDS” (which initially stood for 
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“adult”) [1–6]. However, ARDS remains a major critical care issue, accounting for 
about 10% of intensive care unit (ICU) admissions, with an in-hospital/ICU mortal-
ity still around 40% [2, 6].

Both pathophysiology and clinical management of ARDS are linked to the 
mechanisms of ventilator-induced lung injury (VILI), firstly, because the risk of 
VILI is increased in ARDS patients due to a disruption of lung architecture, which 
leads to poorly compliant and heterogeneously aerated lungs [2, 3, 7], and, sec-
ondly, because mechanical ventilation itself may act as a second “hit” that causes 
ARDS in the presence of pulmonary (e.g., pneumonia, aspiration of gastric content, 
toxic inhalation, lung contusion, near-drowning) or extra-pulmonary (e.g., sepsis, 
trauma, burns, pancreatitis, blood transfusion, cardiopulmonary bypass) predispos-
ing inflammatory insults [8, 9].

Lung-protective ventilation (LPV) and prone positioning (PP) are currently the 
two cornerstones of ARDS treatment. LPV with low tidal volumes (VT), moderate- 
to- high levels of positive end-expiratory pressure (PEEP) and, possibly, recruitment 
maneuvers (i.e., a transitory increase in transpulmonary pressure aimed at opening 
atelectatic alveoli) may prevent or attenuate VILI [2, 7, 8] and has been widely 
shown in randomized controlled trials (RCTs) to reduce mortality in ARDS patients 
[10–13]. However, evidence about the favorable effects in terms of survival of PEEP 
and recruitment maneuvers is not as conclusive as that about low VT [14, 15]; on the 
contrary, a recent investigation suggested possible harm from lung recruitment and 
PEEP titration strategies [16].

Mechanical ventilation in the prone position has been shown for over 40 years to 
improve oxygenation in ARDS patients [17, 18], but only in recent years a large 
multicenter RCT [19] (as well as several meta-analyses [20–22]) succeeded in dem-
onstrating a reduced mortality with this intervention.

In this chapter, we discuss the main evidences about the role of LPV and PP in 
reducing mortality among ARDS patients, the pathophysiological mechanisms 
through which these interventions are believed to improve survival, and their use in 

Table 5.1 Acute Respiratory Distress Syndrome (ARDS) diagnostic criteria according to the cur-
rent (Berlin) definition [4] and to the early American-European Consensus Conference [5].PaO2 
Arterial oxygen partial pressure, FiO2Inspiratory oxygen fraction, PEEP Positive end-expiratory 
pressure, CPAP Continuous positive airway pressure, ALI Acute Lung Injury

Berlin ARDS definition (2012)
American-European Consensus Conference 
ARDS definition (1994)

Impaired oxygenation:a

• Mild ARDS.
PaO2/FiO2 ≤ 300 (but >200) mmHg with 
PEEP/CPAP ≥5 cm H2O
 • Moderate ARDS.
PaO2/FiO2 ≤ 200 (but >100) mmHg with 
PEEP ≥5 cm H2O
• Severe ARDS.
PaO2/FiO2 ≤ 100, with PEEP ≥5 cm H2O

Impaired oxygenation:a

• ALI.
PaO2/FiO2 ≤ 300 (but >200) mmHg
• ARDS.
PaO2/FiO2 ≤ 200 mmHg

aIn association (in summary) with acute onset, bilateral pulmonary infiltrates at chest imaging, and 
no cardiac disease as the leading cause
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clinical practice. Moreover, other therapeutic strategies related to mechanical venti-
lation which have been investigated for a possible role in improving outcomes 
(including mortality) in ARDS patients, such as pressure-controlled ventilation as 
compared with volume-controlled ventilation, high-frequency oscillatory ventila-
tion (HFOV), use of esophageal pressure for PEEP titration, and targeting mechani-
cal ventilation according to driving pressure, are briefly discussed.

5.2  Main Evidences

5.2.1  Lung-Protective Ventilation

LPV is one of the interventions best proven to affect mortality in critically ill patients 
[23]. In fact, as many as three multicenter RCTs found a significant reduction in 
mortality with LPV in ARDS patients [11–13].

In 1998, Amato et al. [11] randomly assigned 53 patients with early ARDS to 
receive conventional ventilation or LPV.  Conventional ventilation consisted in 
VT = 12 mL/kg of body weight with a target arterial partial pressure of carbon diox-
ide (PaCO2) of 35–38 mmHg and the lowest PEEP allowing acceptable oxygenation 
while LPV was intended as VT < 6 mL/kg with permissive hypercapnia (PaCO2 up 
to 80 mmHg) and PEEP above the lower inflection point (Pflex) on the static pressure- 
volume curve. A dramatic reduction in 28-day mortality in the latter group (38 vs 
71%, p < 0.001) was reported, together with significantly lower rates of barotrauma 
(7 vs 42%, p = 0.02).

The ARDS Network trial [12], published 2 years later, enrolled 861 patients 
(from ten ICUs) with acute lung injury (ALI) or ARDS (according to the definitions 
at that time, see Table 5.1). Patients were randomized to receive either low-VT ven-
tilation or “traditional” ventilation. In the former group, VT was initially set at 
6 mL/kg of predicted body weight (PBW) (Fig.  5.1) [2, 12, 13] and was subse-
quently reduced, if necessary, in order to maintain a plateau pressure (PPLAT; i.e., the 
airway pressure measured after a 0.5 s inspiratory pause) ≤ 30 cm H2O. The control 

Males

Females

PBW
(Kg)

PBW
(Kg)

=

=
45.5 + 0.91 (height (cm) – 152.4)

or

50 + 0.91 (height (cm) – 152.4)
or

50 + 2.3 (height (in) – 60)

45.5 + 2.3 (height (in) – 60)

Fig. 5.1 Calculation of 
predicted body weight 
(PBW). Cm Centimeters, 
in Inches. Modified from 
Silversides and Ferguson 
[2] Copyright © 2013 
BioMed Central Ltd.
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group received an initial VT of 12 mL/kg PBW, subsequently reduced if necessary, 
to maintain a PPLAT ≤ 50 cm H2O. Unlike the previous study, PEEP was similar in 
the two groups. Mortality before home discharge without ventilatory assistance was 
significantly less in the low-VT group (31 vs 39.8%, p = 0.007). No differences in 
the incidence of barotrauma were found.

Finally, Villar and colleagues [13] enrolled 103 ARDS patients (from eight ICUs) 
and showed a significant reduction in mortality (32 vs 53.3%, p  =  0.04) among 
patients ventilated with VT = 5–8 mL/kg PBW and initial PEEP 2 cm H2O above Pflex 
as compared with those ventilated with higher VT (9–11 mL/kg PBW) and lower 
PEEP (≥5 cmH2O). No difference in the incidence of barotrauma was found in this 
study as well.

Although two of the three above-mentioned investigations included higher levels 
of PEEP as part of an LPV strategy, two subsequent meta-analyses of multicenter 
RCTs comparing higher PEEP (with or without recruitment maneuvers) versus 
lower PEEP, with similar (low) VT between groups, failed to show a clear benefit of 
higher PEEP on survival in ARDS patients [14, 15]. Most remarkably, the recent 
Alveolar Recruitment for ARDS (ART) trial [16] randomized 1010 patients with 
moderate-to-severe ARDS (see Table 5.1) from 120 ICUs to either an open lung 
strategy involving recruitment maneuvers and PEEP titration according to the best 
respiratory system compliance or to a conventional low-PEEP strategy: both 28-day 
and 6-month mortality were higher in the experimental group as compared with the 
conventional control group (55.3 vs 49.3%, hazard ratio [HR] 1.20, 95% confidence 
interval [CI] 1.01–1.42, p = 0.04 and 65.3 vs 59.9%, HR1.18, 95%CI 1.01–1.38, 
p = 0.04, respectively). Moreover, patients in the experimental group had signifi-
cantly fewer mean ventilator-free days and an increased risk of barotrauma and 
pneumothorax requiring drainage, while no differences were found in ICU and hos-
pital length of stay (LOS) as well as in ICU and in-hospital mortality.

5.2.2  Prone Positioning

After a series of major investigations yielding neutral results with regard to a pos-
sible role of PP in reducing mortality among ARDS patients [24–27], the PROSEVA 
trial by Guérin et al. [19] was the first (and it remains the only) RCT which reported 
a significant reduction in mortality with PP in ARDS patients. Nonetheless, the 
evidence provided acquires strength when considering the progressive refinements 
that the study design has undergone over time, especially as compared with the 
earliest large RCTs. In particular, the duration of PP was far higher (17–18 h per 
day, on average) in the newer studies [26, 27] than in the two older studies (<10 h 
per day) [24, 25]. Moreover, only the most recent of the previous RCTs [27] limited 
enrollment to the most severe ARDS patients (PaO2/FiO2 ≤ 200 mmHg with PEEP 
≥5 cm H2O) and employed a strict LPV protocol. Finally, the PROSEVA trial [19] 
featured a more homogeneous population, in terms of ARDS severity, and a longer 
duration of PP, which can both explain the differences in the results compared to the 
older trials [28–30].
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The PROSEVA trial [19] included 466 patients (from 27 ICUs) with “severe” 
ARDS, defined as PaO2/FiO2 < 150 mmHg in patients receiving LPV with VT ≈ 6 mL/kg 
PBW, PEEP ≥5 cm H2O and FiO2 ≥ 0.6 (with these criteria persisting after a stabiliza-
tion period of 12–24 h, in order to select the most severe cases) [30]. Patients were 
randomized to either undergo early PP (within 1 h after randomization) or to be left 
supine. Additionally, the study included, among others [30] PP sessions of at least 
16 h per day with prefixed criteria to stop them (on average, 17 h per day for 4 days), 
an experience >5 years with PP management in all centers involved, a minimized 
crossover between the two groups and more time spent on prone position, as com-
pared with the investigation by Taccone et al. [27]. Mortality at 28 days was 16% in 
the prone group and 32.8% in the supine group (p < 0.001). A significant reduction in 
90-day mortality (23.6 vs 41%, p < 0.001) was also found in the prone group.

These results are consistent with those of both patient-level [20] and study-level 
[21] meta-analyses of the previous RCTs. In addition, all the updated meta-analyses 
which included the PROSEVA trial have confirmed these findings [17, 29, 31].

5.2.3  Other Mechanical Ventilation Strategies

There is currently no clear evidence that pressure-controlled ventilation (PCV) may 
provide advantages in terms of survival over volume-controlled ventilation (VCV) 
in ARDS patients [32]. In the only RCT showing a significantly increased in- 
hospital mortality with VCV as compared with PCV, multivariate analysis sug-
gested that such difference could not be attributable to the ventilatory mode [33].

High-frequency oscillatory ventilation (HFOV), consisting in delivering very 
low VT at very high rates, is theoretically the perfect LPV strategy and has been sug-
gested to provide potential benefits in ARDS patients [6]. However, the large multi-
center OSCILLATE trial [34], which was stopped after randomization of 548 
patients due to safety concerns, found a significantly increased in-hospital mortality 
in patients with moderate-to-severe ARDS randomized to early HFOV as compared 
with those receiving conventional LPV with low VT and high PEEP (47 vs 35%, 
relative risk [RR] 1.33, 95% CI 1.09–1.64, p = 0.005). Routine use of HFOV is cur-
rently strongly discouraged [6].

The use of esophageal pressure (PES) to titrate PEEP in ARDS patients seemed to 
be a promising approach until recently [35], but the lately published EPVent-2 study 
[36], which included 200 patients (from 14 ICUs) with moderate-to-severe ARDS 
randomized to either PES-guided PEEP titration or empirical PEEP-FiO2 setting, 
failed to show any difference between groups in 28-day mortality, days free from 
mechanical ventilation, or any other planned clinical endpoint.

Finally, a recent multilevel mediation analysis of nine previous RCTs suggested 
that driving pressure (i.e., the difference between PPLAT and PEEP) rather than other 
ventilatory parameters is strongly associated with mortality in ARDS patients [37]. 
However, currently available evidence does not support targeting driving pressure 
when setting mechanical ventilation in ARDS patients, particularly if this means 
increasing PEEP [6, 38].

5 Mechanical Ventilation in ARDS
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5.3  Pathophysiological Principles: Mechanisms 
of Reduced Mortality

ARDS is characterized by diffuse alveolar-capillary membrane disruption that 
results in increased permeability and subsequent pulmonary edema and atelectasis. 
Alveolar damage however is not homogeneously distributed, as atelectasis mainly 
affects the dependent lung regions (namely, those most subjected to hydrostatic 
pressure) while non-dependent regions remain better aerated [2, 3, 7]. For these 
reasons, also the volume that needs to be ventilated decreases (hence the term “baby 
lung”) [3].

Although barotrauma (e.g., pneumothorax) may occur as a consequence of 
mechanical ventilation with high volumes, the main determinant of VILI is thought 
to be alveolar overdistension (volutrauma) rather than airway pressure [7]. Therefore, 
it is reasonable that low-VT ventilation prevents or minimizes VILI in ARDS 
patients, by avoiding overinflation of the decreased normally aerated regions. 
However, VILI can occur even during a low-VT ventilation, due to cyclic alveolar 
opening and closure (atelectrauma), which leads to epithelial sloughing, hyaline 
membranes, and pulmonary edema [2, 7]. Since atelectrauma is intensified in the 
presence of broad heterogeneities in ventilation [7], as in ARDS, higher levels of 
PEEP may contribute to minimize VILI by reducing alveolar collapse during expi-
ration [2, 7].

Prone positioning improves oxygenation, often considerably, due to a reduction 
in intrapulmonary shunt: while blood flow distribution remains essentially 
unchanged (thus prevailing into dorsal regions), the conversion from the supine to 
prone position induces an increase in aeration in dorsal regions that exceeds ventral 
derecruitment [18, 28, 30]. As a consequence, in addition to lung ventilation and 
ventilation-to-perfusion ratio [39], also transpulmonary pressure and lung densities 
are more homogeneously distributed along the ventral-to-dorsal axis.

The primary determinant of these effects is the shape matching between the coni-
cally shaped lungs and the cylindrically shaped chest wall (see Fig. 5.2) [28] that 
implies a greater distention in the ventral lung regions [18]. Since the hydrostatic 
pressure (i.e., the forces due to gravity) is always greater in the regions that lie 
below (the so-called dependent regions), in the prone position it mainly acts on 
ventral regions, where it is counteracted by regional expansion. In other words, 
there is a larger volume of dependent lung in supine position as compared to prone 
[39]. Other factors, such as the reduced compression of lung tissue by the heart, 
contribute to the more homogeneous distribution of lung density/inflation in the 
prone position [18, 28, 39].

Improvement in oxygenation however does not seem to be the primary mecha-
nism of mortality reduction by PP. Indeed, a retrospective analysis of data from the 
PROSEVA trial showed that the reduction in mortality observed in ARDS patients 
receiving prone ventilation was not dependent on whether PP improved gas 
exchange [40].
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The survival benefit may be rather attributed, also for PP, to the prevention of 
VILI [18, 28, 30, 40, 41], whose major determinants are, as mentioned, volutrauma 
(pertaining to lung stress, namely the increase in transpulmonary pressure), and 
atelectrauma [2, 30]. The more uniform distribution of the gravitational transpulmo-
nary pressure gradient, as well as of both VT and end-expiratory lung volume, results 
in a homogenization of the strain (i.e., the VT to end-expiratory lung volume ratio) 
imposed by mechanical ventilation and, consequently, in a reduction of the resulting 
stress [18, 28, 30]. Finally, a more uniformly distributed VT translates into a reduced 
atelectrauma [40], and improvements in PaO2/FiO2 ratio resulting from PP may 
itself indirectly contribute to the prevention of VILI by reducing the need for iatro-
genic interventions to sustain oxygenation [18].

5.4  Therapeutic Use

Low-VT ventilation (with PPLAT ≤ 30 cm H2O) is indicated in patients with ARDS of 
any severity [42, 43]. However, probably not all ARDS patients (e.g., those with 
stiff chest wall and, consequently, high pleural pressure) really need a so low PPLAT 
(and VT) in order to avoid alveolar overdistension [7].

Low-VT ventilation often results in hypercapnia and acidosis, with possible meta-
bolic complications such as acute hyperkalemia [2, 9]. These abnormalities can be 
counteracted by increasing respiratory rate (RR), but it should be considered that 
high RR (usually >30 breaths/min) may lead to dynamic hyperinflation and auto- 
PEEP [9]. However, since low-VT ventilation was shown to reduce mortality despite 
hypercapnia [11, 12], it may be speculated that the latter itself may be beneficial due 
to rightward shift of the oxy-hemoglobin dissociation curve, systemic and microcir-
culatory vasodilation, and inhibitory effects on inflammatory cells. Moreover, mean 

alveoli

lung

Prone

Supine

thorax

thorax

Fig. 5.2 The greater lung 
expansion in ventral 
regions, due to shape 
matching between lung 
and thorax, counteracts 
hydrostatic pressure, which 
acts mostly on those 
ventral regions in the prone 
position. This leads to a 
more homogeneous 
inflation of alveoli along 
the ventral-to-dorsal axis in 
the prone position, as 
compared to supine. 
Adapted from Gattinoni 
et al. [18] with permission
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pCO2 levels of 66.5 mmHg or higher and a pH up to 7.15 can be tolerated unless 
specific contraindications exist, such as increased intracranial pressure [2].

A discussion of the use of “ultraprotective” ventilator strategies (VT ≈ 3 mL/kg 
PBW) in association with extracorporeal arteriovenous CO2 removal or extracorpo-
real membrane oxygenation (ECMO) is beyond the scope of this chapter.

As mentioned, the role of PEEP and recruitment maneuvers in the treatment of 
ARDS is not as definite as that of low VT. Higher levels of PEEP should be reserved 
for moderate-to-severe forms of ARDS [43]. Maybe, in patients with mild ARDS 
(and possibly in a proportion of patients with a more severe disease), the potential 
adverse effects of higher PEEP levels (e.g., impairment of venous return, circula-
tory depression, lung overdistension) may overcome the advantages [7, 14]. 
Clinical trials could have failed to show clear benefits of high PEEP levels [14, 15], 
or even highlighted possible harms [16], due to the difficult in tailoring PEEP on 
the single patient. In fact, lung inflation is strictly dependent on transpulmonary 
pressure (PTP), that is the difference between alveolar and pleural pressure: since 
pleural pressure is broadly and unpredictably variable among ARDS patients, it is 
difficult to determine which level of PEEP is needed to prevent alveolar collapse 
and, therefore, atelectrauma in the individual patient [7]. Finally, some concerns 
exist about the possible complications of recruitment maneuvers, including tran-
sient desaturation, hemodynamic impairment, pneumothorax, and even worsening 
of VILI [2, 7].

Prone positioning is strongly recommended in patients with severe ARDS 
[43]. In order to be effective in reducing mortality, PP should be initiated early 
and maintained for at least 12 h per day (even if maybe >16 is better) until stable 
improvement in oxygenation is achieved (optimal duration of PP has yet to be 
established [29]). Contraindications are few and not well defined: conditions 
such as pelvic/spinal instability, severe facial or neck trauma, open wounds/burns 
on the ventral body surface, non-stabilized fractures, increased intracranial pres-
sure, hemodynamic instability, serious cardiac arrhythmias and pregnancy should 
preclude PP or, at least, impose a careful evaluation of the risks/benefits balance 
[18, 41, 44].

A skilled and well-coordinated team is pivotal in order to avoid potentially seri-
ous complications, including endotracheal tube displacement, kinking or obstruc-
tion, and vascular lines kinking/removal [17–19, 29, 41, 44]. Finally, although a 
higher risk of pressure ulcers was reported by previous trials and meta-analyses [17, 
29], and also confirmed in an ancillary study of the PROSEVA trial [45], it is not 
clear whether such findings are related to PP itself or to the greater survival which 
results from it [30, 45].
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6.1  General Principles

Mechanical ventilation is required in nearly 40% of critically ill patients admitted to 
an Intensive Care Unit (ICU). Although a little of these patients may benefit of non- 
invasive ventilation (NIV), the vast majority required invasive mechanical ventila-
tion (iMV), which is usually delivered through and endotracheal tube.

When endotracheal intubation is protracted, the risk for development of 
Ventilator-Associated Pneumonia (VAP) increases, leading to a worsened outcome. 
Furthermore, endotracheal intubation can also produce laryngeal injury and sinus-
itis [1], when nasal intubation is performed.
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The conversion of endotracheal intubation to tracheotomy is a common and 
accepted practice, especially in case of prolonged iMV since it reduces the compli-
cations related to endotracheal intubation. Furthermore, tracheotomy has other 
advantages, such as reduced need for sedation, improved patient’s comfort, better 
airway hygiene and decreased airway resistances [2].

The first reports of technique similar to tracheostomy can be found in books 
older than 4000  years, with the aim of relieving upper-airway obstruction [3]. 
However, its use for airway management during iMV became more common during 
the epidemic of polio in 1950s [4]. From polio epidemic, the development of new 
tubes and dilatational technique made this procedure more and more popular, sim-
pler, and feasible at the bedside. Despite their interchangeable use, the terms trache-
ostomy and tracheotomy refer to an opening in the trachea with or without a surgical 
attachment to the skin, respectively.

6.2  Physiological Advantages

Besides benefits above mentioned, tracheotomy presents further physiological 
advantages.

First of all, there is a reduction of the natural dead space. In fact, when patient 
breaths through a tracheal cannula, the airflow is diverted from the upper native 
airway directly into the trachea and bronchial tree. It should be noted, however, that, 
although the dead space is reduced by 80–100  ml, the inspired air bypasses the 
upper airway, which is fundamental for conditioning and humidification. Therefore, 
active humidification and warming is necessary to avoid complications such as 
chronic inflammation of the bronchial tree and the dehydration and retention of 
secretions.

Second, a tracheal cannula is definitely shorted than any other trans-laryngeal 
tube, reducing the resistances generated by the prothesis. Therefore, the patient has 
to cope with lower respiratory resistances workload. Furthermore, some technical 
advances and features (such as the presence of fenestration, the removal of the inner 
cannula, and the deflation of the cuff) may further reduce the airflow resistances and 
inspiratory work of breathing [5–7].

Third, although the presence of a tracheotomy tube may impair the swallowing 
[8], oral feeding may be resumed after a proper clinical assessment including the 
evaluation of the tongue and oral muscle strength, the presence of gag reflex, the 
presence and efficiency of volitional and reflex cough, and the performance of a 
modified Evans blue test [9].

Fourth, the placement of a speaking valve on the tracheotomy tube provides the 
possibility to preserve the speech and leave the patient to communicate with the 
caregivers while spontaneously breathing. This is also possible in mechanically 
ventilated patients with a fenestrated cuffed cannula or, in alternative, with cuffless 
tubes during the so-called trans-tracheal open ventilation [10, 11].

F. Longhini et al.
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6.3  Indications

In critically ill patients, indications for placement of a tracheal cannula may be 
either temporary or definitive tracheotomy. The most important and common indi-
cations for tracheotomy are:

• the presence of the upper-airway/laryngeal obstruction [12]
• the difficulty or failure to cough, presence of copious secretions not adequately 

cleared, and, more generally, failure to protect lower respiratory tract
• the presence of a chronic respiratory failure deeming necessary prolonged 

(>16 h/day) mechanical ventilation, such as in patients with neuromuscular dis-
eases [13]

• presence of difficult or prolonged weaning [14], in patients with the perspective 
of a successful weaning after correction of the causes for failure and clinical 
stabilization.

6.4  Timing

Besides correct indications, it is also important to choose the right timing to perform 
a tracheotomy.

In the past, a great challenge has been to assess the effectiveness and safety of 
early versus late tracheotomy in critically ill adults with different clinical condi-
tions, with respect to their clinical outcomes. Early tracheotomy is defined as a 
procedure performed within the first 10 days from tracheal intubation, while late 
tracheotomy if occurring later than 10 days [15].

A certain number of clinical trials have been conducted to investigate and com-
pare these different strategies with respect to mortality, duration of mechanical ven-
tilation, occurrence of VAP, ICU length of stay, and other potentially relevant 
outcomes, such as recannulation, reintubation, nutrition, self-extubation, successful 
weaning, bed-to-chair transfer, cannula displacement, and duration of sedation [15].

6.5  Main Evidences on Mortality

In the literature, some randomized controlled trials have compared early and late 
tracheotomy, to assess if one strategy would improve survival rate, as compared to 
the other one.

In 2004, Rumbak and colleagues published the first randomized controlled trial 
comparing early versus late tracheotomy [16]. One-hundred twenty patients, pro-
jected to need ventilation support for more than 14  days, received percutaneous 
dilational tracheotomy within 48  h from intubation (early group) or 14–16  days 
after (late group). The mortality rate was significantly lower in the early tracheotomy 
group (31.6%), as opposed to the delayed group (61.7%).Of note, early tracheotomy 
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was characterized by a reduced rate of patients developing VAP, shorter ICU length 
of stay and time spent under mechanical ventilation and sedation [16].

Two years later, Barquist and colleagues randomized 60 trauma patients to 
receive early (before day 8) or late (after day 28) tracheotomy [17]. The trial was 
halted after the first interim analysis (50% of the recruitment) due to lack of differ-
ences in all assessed outcomes. In particular, mortality rate was 6.9% and 16.1% in 
early and late tracheotomy group, respectively [17].

In 2008, another study by Blot and colleagues randomized 123 patients, with an 
expected duration of iMV longer than 7 days, to receive early (within 48 h) or late 
(after 14 days) tracheotomy. In this trial, the mortality rate was similar between the 
two populations (20 vs. 24%, respectively); furthermore, also the incidence of VAP 
was similar between groups [18].

In 2010, a large Italian multicenter trial has randomized 419 critically ill patients 
with acute respiratory failure and mechanically ventilated for 24 h, to receive early 
(6–8 days) or late (13–15 days) tracheotomy [19]. The first clinical outcome was the 
rate of VAP that tended to reduction in early tracheotomy (14%), as compared to 
late group (21%, p = 0.07), with a 33% risk reduction [19]. Survivals at 28 days and 
1 year were not different between the two tracheotomy timing strategies [19].

Following, another French trial randomized 216 adults requiring mechanical 
ventilation 4 or more days after cardiac surgery to receive early (immediate at day 
4) or late (after day 15) tracheotomy [20] Also, in this trial, the mortality rates at 28, 
60, and 90 days, and the incidence of VAP and infections were similar between 
groups [20].

Yue et al. enrolled 495 patients receiving iMV with an acute respiratory failure 
characterized by an arterial partial pressure to inspired fraction of oxygen ratio 
<200 mmHg. Patients were randomized to undergo or an early (day 3) tracheotomy 
or a late (day 15) strategy [21]. Early tracheotomy resulted in more ventilator-free, 
sedation-free, and ICU-free days, higher successful weaning and ICU discharge 
rate, and lower incidence of VAP; however, the 28-day mortalities (14 vs 10%, 
respectively) and cumulative 60-day incidence of death, were similar between early 
and late tracheotomy [21].

In 2012, 60 patients with severe ischemic or hemorrhagic stroke and an esti-
mated need for at least 2 weeks of ventilation were randomized by Bosel and col-
leagues to either early tracheostomy (within day 1–3 from intubation) or to standard 
tracheostomy (between day 7 and 14 from intubation if extubation could not be 
achieved or was not feasible) [22]. ICU mortality (10 versus 47%; p < 0.01) and 
6-month mortality (27 versus 60%; p = 0.02) were lower in the early group than in 
the standard group, respectively. On the opposite, no differences were observed 
with regard to the ICU length of stay or to most secondary outcomes, including 
adverse effects [22].

In the end, Young et al. randomized 990 patients, requiring at least 7 days of 
ventilatory support, to receive early (within 4 days) or late (after day 10) tracheot-
omy. The all-cause mortality 30 days from randomization was not statistically dif-
ferent in the two groups (30.8 versus 31.5%). The 1- and 2-year survival also showed 
no statistically significant differences [23].
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Therefore, results from the literature are quite contradictory. A systematic review 
and meta-analysis published by Andriolo and colleagues reported a moderate qual-
ity of evidence for a lower mortality rate at the longest follow-up time in the group 
receiving early tracheostomy, than late tracheotomy (47.1% versus 53.2%, respec-
tively), with a statistically significant risk ratio of 0.83 (95% confidence interval 
0.70–0.98; p = 0.03) [15].

6.6  Conclusions

Considering the uneven evidences from the literature and trials, the procedure of 
tracheostomy should not follow strict rules regarding time, but should be tailored to 
the individual patient. In particular, healthcare providers should consider the under-
lying cause of respiratory failure and the clinical course. As a general consideration 
and suggestion, it is reasonable that physicians should wait at least 10 days before 
deciding to perform tracheostomy, if prolonged iMV cannot be predicted.
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7.1  General Principles

Cardiac arrest (CA) is defined as the abrupt loss of blood flow due to sudden inter-
ruption of heart function. Cardiac arrest is associated with the loss of breathing and 
consciousness, and it is primarily due to a disturbance in the electrical activity of 
heart [1]. The etiology of CA is multifactorial and includes cardiac and non-cardiac 
causes [2]. The exact incidence of CA incidence is difficult to estimate, as epide-
miologic reports often include CA subtypes according to location of occurrence. 
The management of out-of-hospital cardiac arrest (OHCA) is different from that of 
in-hospital cardiac arrest (IHCA) for several aspects, including longer times for 
trained personnel to attend, limited equipment and availability of drugs on scene, 
and several challenges to implementation of treatment guidelines [3].

In the United States, OHCA is responsible for over 350,000 deaths in every year 
[4] and is still the major public health challenge worldwide. The global incidence of 
IHCA in adults has not been well described, it has been estimated for the United 
States to be around 292,000 events annually, or 9–10 IHCA per 1000 admissions [5].

Despite advances in resuscitation and critical care medicine, the rates of survival 
after CA are largely variable at global level [6] and still remain as low as 11% at 
hospital discharge [4].

Shockable rhythms (ventricular fibrillation (VF) and pulseless ventricular tachy-
cardia (pVT)) are associated with better clinical outcomes if promptly treated with 
defibrillation, when compared with non-shockable rhythms [7]. Early initiation of 
cardiopulmonary resuscitation (CPR) is associated with improved outcomes for 
both OHCA [8] and IHCA [9].

Chest compressions, ventilation, and early defibrillation, when applicable, are 
the cornerstones of CA treatment [10].

However, drugs are universally employed in cardiac arrest as a resuscitative mea-
sure to enhance coronary perfusion pressure (CPP) and peripheral blood flow and to 
further improve defibrillation success. Many drugs have been tested in this setting 
to improve outcomes after OHCA and IHCA. Most of existing evidences concerns 
the use of antiarrhythmic drugs and vasopressors (epinephrine, vasopressin) and 
comes from trials conducted in the OHCA setting. Other medications that are used 
in the treatment of CA, with possible favorable effects on survival, include steroids, 
magnesium sulfate, bretylium tosylate, and sodium bicarbonate.

7.2  Pathophysiologic Principles

Weisfeldt and Becker described the resuscitation after CA from primary cardiac 
causes as a time-sensitive three-phase model [11]. This model for CA suggests that 
the optimal treatment is phase-specific and identify the electrical phase, which start 
at the time of CA and last approximately 4 min following the arrest; the circulatory 
phase, between 4 and 10  min; and the metabolic phase, that starts 10  min after 
CA.  In the electrical phase, immediate defibrillation leads to 50% survival [12]. 
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Antiarrhythmic drugs possibly plays a role in reducing the maintenance or recur-
rence of arrhythmia the return of spontaneous circulation occurs (ROSC) [13].

In the circulatory phase, the accumulation of metabolites and tissue hypoxia 
reduce the chance of effective defibrillation, thus restoration of CPP is pivotal. 
Study in humans showed a positive correlation between initial and maximum CPP 
and ROSC. Furthermore, initial CPP was a stronger predictor for ROSC than the 
time of no-flow [14]. The importance of hemodynamic optimization during the cir-
culatory phase provides the rationale for the use of vasopressor agents during CPR.

During the metabolic phase, the ischemia and reperfusion mechanism may result 
in circulating metabolic factors that cause additional injury and the efficacy of cir-
culatory supportive measures are reduced [15]. Vasopressors, helpful during the 
previous phase, may however contribute to complementary organ ischemia and may 
lead to reduced survival during the metabolic phase. Identifying drugs with positive 
effects in this phase is very challenging, due to the extremely low survival rates in 
patients with prolonged CA.

7.3  Main Evidences

7.3.1  Advanced Cardiac Life Support with/without Drugs

Placing an intravenous (iv) access for drug administration is a mandatory part of 
advanced cardiac life support (ACLS). The administration of iv drugs in CA was 
assessed in a prospective, randomized controlled trial (RCT) during OHCA: the 
authors compared the clinical outcomes of patients receiving standard ACLS with 
iv drug administration (418 patients) versus ACLS maneuvers without iv drug (433 
patients) [16]. The rate of survival to hospital discharge was 10.5% for the iv drug 
group and 9.2% for the no iv drug group (p = 0.61) and 32% vs 21%, respectively, 
in patients admitted to hospital after ROSC (p < 0.001). As compared with the no 
iv drug group, in the iv drug group survival with favorable neurological outcome 
was 9.8% vs 8.1% (p  =  0.45), and 1-year survival was 10% vs 8% (p  =  0.53). 
Compared with patients who didn’t received iv drugs during ACLS following 
OHCA, patients who received drug administration through an iv access had higher 
rates of short- term survival without statistically significant differences in survival 
at hospital discharge or long-term survival.

7.3.2  Antiarrhythmics

Lidocaine and amiodarone are commonly used to improve the successful of defibril-
lation in shock-refractory VF or pVT and to prevent arrhythmic recurrences. 
Amiodarone belongs to class III antiarrhythmic drug and acts by blocking potas-
sium rectifier currents that drives the repolarization of the heart during the phase 3 
of the cardiac action potential.

7 Pharmacological Management of Cardiac Arrest



64

In a double-blind RCT by Kudenchuk and colleagues, patients with OHCA from 
VF or pVT who were still in cardiac arrest after the third precordial shock were 
assigned to receive either 300 mg of iv amiodarone (246 patients) or placebo (258 
patients) [17]. Patients treated with amiodarone had more possibilities to achieve 
ROSC and to survive at admission (risk ratio [RR], 1.27; 95% confidence interval 
[CI], 1.02–1.59); however, when comparing survival rate at discharge there was no 
significant difference between the two groups (RR, 1.02; 95% CI, 0.65–1.59). 
Amiodarone compared with placebo significantly improved the outcome for initial 
resuscitation, according to survival to hospital admission.

The effects of amiodarone versus lidocaine during CPR were assessed in two 
studies. Dorian and colleagues [18] randomized 247 OHCA patients with VF/pVT 
refractory to defibrillation to receive (double-blind) either amiodarone 5 mg/kg or 
lidocaine 1.5 mg/kg. If VF persisted after a further shock, a second dose was admin-
istered (1.5 mg/kg lidocaine or 2.5 mg/kg amiodarone) and resuscitation continued. 
Patients that were treated with amiodarone had a significantly higher rate of survival 
to admission compared with the lidocaine group (RR, 1.90; 95% CI, 1.16–3.11). 
However, no statistically significant difference was found in the survival rates 
between the two groups at discharge (RR, 1.67; 95% CI, 0.57–4.88). In another 
double-blinded, parallel designed trial, Somberg and colleagues showed superiority 
of amiodarone compared with lidocaine for the treatment of shock-refractory VT 
[19]. These authors randomized 29 patients to receive either up to two boluses 
150 mg iv amiodarone (18 patients) or 100 mg lidocaine (11 patients) followed by 
infusion for 24 h. If the first assigned medication failed to cease VT, the patient was 
crossed over to the alternative medication. The 24-h survival was 39% in the amio-
darone group and 9% in the lidocaine group (p < 0.01). This study found that amio-
darone is more effective in the treatment of shock-resistant VT than lidocaine.

In contrast with the above-discussed trials, a recent large RCT showed that the 
treatment with neither amiodarone nor lidocaine resulted in a significantly higher 
rate of survival to hospital discharge compared with placebo after OHCA caused by 
shock-refractory VF or pVT [20]. In this study, 3026 patients were randomized to 
amiodarone (974), lidocaine (993), or placebo (1059); the rates of survival at hospi-
tal discharge were 24.4%, 23.7%, and 21.0%, respectively. The survival rate differ-
ences were of 3.2 percentage points for amiodarone versus placebo (95% CI, −0.4 
to 7.0; p = 0.08); 2.6 percentage points for lidocaine versus placebo (95% CI, −1.0 
to 6.3; p = 0.16); and 0.7 percentage points for amiodarone versus lidocaine (95% 
CI, −3.2 to 4.7; p = 0.70). ROSC rate was higher in patients receiving lidocaine 
compared with those receiving placebo, but there was no significant difference 
between patients receiving amiodarone compared with those receiving placebo. 
There was heterogeneity of treatment effect with respect to whether the arrest was 
witnessed or not (p = 0.05); the administration of active drugs was associated with 
a significantly higher survival rate compared to the placebo group among patients 
with bystander-witnessed arrest but not among those with unwitnessed arrest.

Bretylium tosylate is an antiarrhythmic drug [21]. It blocks the release of nor-
adrenaline at nerve terminals, thus decreasing the output from the sympathetic ner-
vous system. Furthermore, it blocks K+ channels and is considered a class III 
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antiarrhythmic. Nowak et al. evaluated the effectiveness of intravenous bretylium 
tosylate as a first-line drug for patients in CA [22]. Fifty nine patients with CA due 
to VF or asystole initially received a rapid intravenous bolus of either bretylium 
(10 mg/kg) or placebo. If VF or asystole persisted, a second bolus of bretylium or 
normal saline was given after 20 min. 35% of patients who received bretylium was 
successfully resuscitated, whereas survival was only 6% in placebo group (p < 0.05). 
Two trials by Haynes et al. [23] and Olson et al. [24], respectively, compared the 
efficacy of lidocaine and bretylium in CA. There was no difference in survival to 
hospital discharge or ROSC occurrence [23, 24]. Bretylium is not commercially 
available anymore.

7.3.3  Inotropic/Vasopressor Drugs

Vasopressors are widely used during CA to increase CPP and cerebral perfusion 
pressure and, accordingly, improve the chance of ROSC. The rationale for vasopres-
sor use during CA was described in the above-mentioned time-sensitive three-phase 
model by Weisfeldt and Becker [11]. Evidences proved that the use of vasopressors 
is associated with increased rate of ROSC.  Epinephrine and vasopressin are the 
most frequently studied vasopressors in CA.

7.3.3.1  Epinephrine
Epinephrine is an α- and β-adrenergic agonist and its main cardiovascular effects 
include arterial and venous vasoconstriction together with increased inotropy and 
chronotropy [25]. Clinical effects of epinephrine in animal studies include increased 
rate of ROSC and short-term survival [26], but also postresuscitative myocardial 
dysfunction [27].

Despite epinephrine being universally considered “standard of care” in the treat-
ment of CA, there were no well-designed RCTs to establish its efficacy until 2011, 
when Jacobs et al. published a double-blind, randomized, placebo-controlled trial of 
epinephrine use in OHCA which included 534 patients [28]. ROSC occurred in 22 
out of 262 patients (8.4%) who received placebo and in 64 out of 272 patients 
(23.5%) who received epinephrine (odds ratio [OR], 3.4; 95% CI 2.0–5.6). Survival 
to hospital discharge occurred in 5 (1.9%) for patients who received placebo and 11 
(4.0%) for patients epinephrine (OR, 2.2; 95% CI 0.7–6.3). Patients randomized to 
epinephrine during CA had no statistically significant improvement in survival to 
hospital discharge although there was a significantly improved likelihood of achiev-
ing ROSC.

In a randomized, double-blind trial that involved 8014 patients with OHCA in 
the United Kingdom, patients received either parenteral epinephrine (4015 patients) 
or saline (3999 patients), along with standard care [29]. The primary outcome (30- 
day survival) occurred in 130/4015 patients (3.2%) in the epinephrine group and in 
94/3999 patients (2.4%) in the placebo group (unadjusted OR for survival, 1.39; 
95% CI, 1.06–1.82; p = 0.02). However, there was no significant between-group 
difference in the rate of a favorable neurologic outcome.
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For several years, clinicians have also wondered about the optimal dose of epi-
nephrine to be used in CA. The “standard” epinephrine dose (1.0 mg) is not based 
on body weight. A large multicenter RCT failed to show any benefit from repeated 
high doses of epinephrine as compared with repeated standard doses in OHCA 
patients [30]. In this study, 3327 patients were randomly assigned to receive up to 
15 doses of epinephrine either high doses (5 mg each) or standard doses (1 mg each) 
according to the current protocol for ACLS. Among the high-dose group of patients, 
the 26.5% survived to hospital admission, compared to the 23.6% of those in the 
standard-dose group (p = 0.05); at hospital discharge the 2.3% of patients in the 
high-dose group and 2.8% in the standard-dose group were alive (p  =  0.34). 
Repeated high doses of epinephrine improved the rate of ROSC, but did not improve 
the long-term survival after OHCA compared with repeated standard doses.

7.3.3.2  Vasopressin
Vasopressin was been recommended as an alternative vasopressor to replace the 
first or second dose of epinephrine in CA [31]. It exerts his activity via specific 
G-protein-coupled receptors. Three specific vasopressin receptors (V1, V2, V3) are 
responsible for the pharmacological effects of vasopressin. Animal studies found 
improved CPP, ROSC, and myocardial blood flow for vasopressin compared with 
epinephrine [32]. Endogenous vasopressin levels are significantly higher in survi-
vors to CPR than in patients who do not have ROSC [33]. However, human studies 
comparing vasopressin with epinephrine yielded mixed results. In the first RCT of 
epinephrine vs vasopressin in CA, Lindner and colleagues [34] randomly assigned 
40 patients with VF resistant to defibrillation to either 1 mg iv epinephrine (n = 20) 
or 40 U iv vasopressin (n = 20) as primary drug therapy for CA. Seven patients 
(35%) in the epinephrine group and 14 patients (70%) in the vasopressin group 
survived to hospital admission (p = 0.06). At 24 h, 4 patients (20%) in the epineph-
rine group and 12 patients (60%) in the vasopressin group were alive (p = 0.02). 3 
out of the 20 patients (15%) who received epinephrine and 8 out of the 20 patients 
(40%) who received vasopressin survived to hospital discharge (p = 0.16). In this 
small study, therefore, although a significantly larger proportion of patients who 
were treated with vasopressin was resuscitated successfully from out-of-hospital VF 
and survived for 24 h as compared with those treated with epinephrine, and no dif-
ference between groups was found in survival to hospital discharge.

Wenzel et al. compared the administration two doses of 40 IU of vasopressin or 
1 mg of epinephrine randomizing 1219 OHCA patients, and additional treatment 
with epinephrine was added if needed [35]. No statistically significant difference in 
survival was found at discharge. However, in asystolic patients, vasopressin achieved 
a significantly higher rate of ROSC and survival to hospital discharge (29 vs. 20%, 
p 1/4 0.02, and 4.7 vs. 1.5%, p 1/4 0.04, respectively). Finally, a randomized con-
trolled study from Ong et al. compared a single administration of either epinephrine 
(1 mg) or vasopressin (40 IU) at the admission in the emergency department in 727 
OHCA patients [36]. This study did not found significant survival difference at hos-
pital discharge although there was a trend towards improved survival in the sub-
group of patients with shockable rhythm treated with vasopressin.
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7.3.4  Steroids

Adrenal insufficiency is associated with poor outcome and is common both in 
critically ill and post-cardiac arrest patients [37]. The reason of these hormonal 
changes relies in multiple pathophysiological mechanisms including increased 
metabolic demand, ischemia/reperfusion injury of the adrenal glands, and the 
ongoing systemic inflammatory response after CA [38]. Steroids administration 
in this setting could work via both hemodynamic and immunologic mechanisms. 
However, despite the possible pathophysiological rationale, there is lack of evi-
dence that corticosteroid therapy could exert beneficial effects in the setting of 
CA [39].

In a placebo-controlled trial published in 2009, Mentzelopoulos et al. random-
ized patients with IHCA to multiple doses of epinephrine (1 mg) plus placebo or a 
combination of vasopressin (20 IU) and epinephrine every for the five first resusci-
tation cycles [40]. Parallel with the first injection (on the first resuscitation cycle), a 
dose of methylprednisolone (40  mg) was given to the intervention group. 
Additionally, in patients with hemodynamic instability after resuscitation, hydro-
cortisone (300 mg) was administered daily in the intervention group. Among the 99 
enrolled patients, a statistically significant benefit was found in the treatment group 
with regard to the primary endpoints of ROSC (81 vs. 52%, p 1/4 0.003) and sur-
vival at hospital discharge (19 vs. 4%, p 1/4 0.02).

In a subsequent larger trial by the same research group, in which some limita-
tions of the 2009 study were addressed, patients were randomized according to the 
same study protocol (vasopressin, steroids, epinephrine [VSE], or control group) 
[41]. Unlike the previous study, this was multicenter (including 268 IHCA patients) 
and, accordingly, better powered. As compared with the control group, patients ran-
domized to the VSE group had better probability of an ROSC of at least 20 min 
(83.9%[109/130] vs 65.9%[91/138]; OR, 2.98; 95% CI, 1.39–6.40; p = 0.005) and 
survival to hospital discharge with Cerebral Performance Categories score of 1 or 2 
(13.9% [18/130] vs 5.1% [7/138]; OR, 3.28; 95% CI, 1.17–9.20; p  =  0.02). 
Moreover, patients assigned to the VSE group with post-resuscitation shock had 
higher probability of survival to hospital discharge with CPC scores of 1 or 2 (21.1% 
[16/76] vs 8.2% [6/73]; OR, 3.74; 95% CI, 1.20–11.62; p = 0.02). Despite the prom-
ising results of the above-mentioned trials, it is difficult to evaluate the contribution 
of steroids because of the mixed intervention.

7.3.5  Other Drugs

The second most common intracellular cation after potassium is magnesium. 
Magnesium provides systemic and coronary vasodilation [42] and its use include 
the treatment of polymorphic VT associated with a prolonged QT interval [43]. In a 
few small RCTs, magnesium (2–5 g) was administered to patients as an adjunct to 
standard ACLS treatment when defibrillation had failed [44–48]. These trials failed 
to show any association between magnesium administration and survival to hospital 
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discharge or either ROSC. However, the small sample size of these studies cannot 
rule out a type II error.

During cardiac arrest and CPR maneuvers, respiratory and metabolic acidosis 
arises from the retention of carbon dioxide and from the anaerobic metabolism with 
lactic acidosis. Severe acidosis both reduces the responsiveness to catecholamines 
and impairs the myocardial contractility. Before 1986, sodium bicarbonate was rou-
tinely used during CPR, regardless the patient’s acid-base status. The administration 
of sodium bicarbonate in cardiac arrest changed due to the potential adverse effects 
of buffer therapy and due to the studies that failed to demonstrate any clinical ben-
efits of its use [49]. A RCT by Dybvik et al. investigated the effect of sodium bicar-
bonate in 502 patients with OHCA.  These patients were randomized to receive 
250 mL sodium bicarbonate or normal saline. No difference was found in survival 
to hospital admission or discharge [50].

In an animal study on resuscitation from 2003, the administration of hypertonic 
solutions was found to improve myocardial blood flow, cerebral perfusion, and the 
incidence of ROSC after cardiac arrest [51]. The same group of researchers in 2012, 
randomized 203 patients with OHCA in order to compare the infusion of either 
2  mL/kg of hypertonic saline (7.2% normal saline with 6% hydroxyethyl starch 
200,000/0.5) versus hydroxyethyl starch alone [52]. However, the authors found no 
significant difference between groups in survival and hospital admission or 
discharge.

7.4  Discussion and Conclusions

High-quality RCTs of OHCA and IHCA are difficult to conduct and are rare. The 
use of vasopressors in CA has been a major component of resuscitation for decades, 
despite limited data supporting its efficacy. The differences between OHCA and 
IHCA are many, especially regarding patient characteristics and significantly faster 
drug administration during CPR. The impact on the outcome of epinephrine after 
IHCA could be very different when compared to OHCA and should be explored in 
further research. In summary, initial high iv dose epinephrine in CA may increase 
CPP and improve ROSC, but it may lead to post-arrest myocardial dysfunction. 
Current recommendations on epinephrine use state that: it can be given to patients 
in CA (Class 1; Level of Evidence B-R); on the basis of the protocols applied in 
clinical trials, it is reasonable to administer 1 mg every 3–5 min (Class 2a; Level of 
Evidence C-LD) [53]. The administration of high doses of epinephrine did not 
improve long-term survival and neurological outcome when used as initial therapy. 
Accordingly, higher doses of epinephrine are not recommended for routine use 
(Class 3: No Benefit; Level of Evidence B-R) [53].

Several gaps remain in the assessment of the optimal timing for vasopressor 
administration in CA due to non-shockable rhythms and also in the timing of vaso-
pressor administration with respect to defibrillation shockable CA. These questions 
needs to be further addressed in well-designed randomized controlled studies. 
Updated 2019 recommendations state that, with respect to timing, for 
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non-shockable CA, epinephrine should be administered as soon as possible (Class 
2a; Level of Evidence C-LD) and for shockable CA, it may be reasonable to admin-
ister epinephrine after the failure of initial defibrillation attempts (Class 2b; Level of 
Evidence C-LD) [53].

Available data from current literature presents considerable controversy concern-
ing the first-line antiarrhythmic agent for ventricular arrhythmia. Data on long-term 
survival and neurologic sequelae remain inconclusive, largely due to underpowered 
sample sizes of the RCTs. Existing randomized trials did not investigate the timing 
or the sequence of the administration of amiodarone versus epinephrine. No ran-
domized trials were identified which addressed the use of amiodarone during 
IHCA. The 2018 recommendations for the use of antiarrhythmic drugs in adults 
during resuscitation from VF/pVT CA state that amiodarone or lidocaine may be 
considered for VF/pVT non-responding to shock. These medications may be useful 
especially in patients with witnessed arrest, for whom the time to drug administra-
tion may be shorter (Class IIb; Level of Evidence B-R) [54].

So far, no antiarrhythmic agent has shown to improve long-term survival or 
together with good neurological outcome. All the current treatment guidelines rely 
on potential benefits that were found in short-term outcomes (such as ROSC or 
survival to hospital admission). CPR and defibrillation are the only therapeutic 
strategies associated with improved survival in patients with VF/pVT [55]. The 
optimal sequence of interventions during ACLS maneuvers for VF/pVT CA, includ-
ing the administration of a vasopressor or antiarrhythmic agents and the timing of 
drug administration in relation to shock delivery is still unclear and should represent 
a field of future randomized trials.
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8.1  General Principles

Cardiac arrest is the cessation of cardiac mechanical activity, as confirmed by the 
absence of signs of circulation [1]. It represents a serious worldwide public health 
concern [1, 2]. In the United States, the incidence of out-of-hospital cardiac arrest 
(OHCA) in adults is about 141 per 100,000 people (347,322 per year) while in- 
hospital cardiac arrest (IHCA) is near 1.99 per 1000 hospitalization days. Millions 
more occur across the rest of North America, Europe, and Asia [2, 3]. While global 
survival after OHCA has significantly increased in the past 40  years, it remains 
unacceptably low at hospital discharge, accounting of 8.8% (95% confidence inter-
val (CI), 8.2–9.4%) [4]. Survival at hospital discharge does not exceed 20% in 
IHCA according to the actual largest studies [5].
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The pathophysiology of cardiac arrest and the subsequent post-cardiac arrest 
syndrome is very complex [6]. Cessation of the circulation determines acute isch-
emia which, together with ischemia-reperfusion injury triggers a series of events 
including endothelial activation, systemic inflammatory response, activation of 
immunological pathways and coagulation, mitochondrial damage, and microvascu-
lar dysfunction. Consequently, this leads to the post-cardiac arrest syndrome devel-
opment, characterized by impaired myocardial function, macrocirculatory failure, 
global brain injury, and increased susceptibility to infections. The cardiac arrest 
etiology, duration, underlying precipitating factors and diseases and delay in cardio-
pulmonary resuscitation (CPR) may further complicate the clinical course [6].

In 2015, both the American Heart Association and the European Resuscitation 
Council published the update for cardiopulmonary resuscitation and emergency car-
diovascular care [7, 8]. These guidelines provide the essential treatment algorithms 
for resuscitation including, among others, adult basic and advanced life support, use 
of automated external defibrillation and post-resuscitation care. Finally, both docu-
ments underline the necessity for further research in cardiac arrest and peri-arrest 
management.

8.2  Main Evidence

The current European Resuscitation Council guidelines for resuscitation in adults 
consider automated external defibrillation (AED) as a part of basic life support, 
underlining that the prompt use of AED is one of the key components for improving 
survival from OHCA [9]. Each minute of delay to defibrillation reduces the proba-
bility of survival to discharge by 10–12% [10]. Early defibrillation provided by 
emergency medical technician (EMT) was studied within a multilevel response sys-
tem [11]. It consisted of the first level by EMT trained to provide cardiopulmonary 
resuscitation (CPR) and the second level by paramedic that was able to deliver 
advanced cardiac life support. For the study, 406 EMTs received training in recogni-
tion of ventricular fibrillation (VF) and operation of a defibrillator. Along 3 years, 
researchers compared the effect of rapid defibrillation by EMT combined with para-
medic care with that of standard EMT and paramedic care on survival from 540 
witnessed patients with OHCA caused by VF. Only for 179 cases, the emergency 
care was provided randomly between the two types of services. Overall, survival 
was not significantly different between the two groups. However, when the cases 
were stratified by time intervals between arrival of EMTs and arrival of paramedics, 
19% of cases treated with basic EMT, and paramedic care were discharged com-
pared with 42% of patients treated with EMT defibrillation and paramedic care 
(p < 0.05) in time interval greater than 4 min. Furthermore, when this interval was 
more than 12 min, there were no discharged patients in basic EMT group, but 60% 
of patients in the EMT defibrillation survived at hospital discharge (p < 0.05).

Another strategy to provide early defibrillation is to deliver it even earlier, before 
emergency service arrival, by laypersons with the public-access AEDs. This strat-
egy could reduce the time to defibrillation that was about 3.8  min (standard 
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deviation (SD), 1.7) in the previously discussed study [11]. The Public Access 
Defibrillator Trial examined the effect of AED therapy (1600 AEDs) that was acces-
sible to more than 11,000 trained lay volunteers without aspecific duty to respond 
[12]. Volunteers were recruited in 622 community units such as shopping malls and 
apartment complexes during averaged period of 21.5 months; the units were ran-
domly assigned to an emergency-response system involving volunteers trained in 
CPR or CPR plus the use of AEDs. The use of AEDs increased survival to hospital 
discharge (30 survivors of 128 definite cardiac arrests vs. 15 of 107, p = 0.03) with-
out a decrement in the neurological function of survivors. The PAD trial raised 
several important organizational and research problems for OHCA management. 
Out-of-hospital cardiac arrests were uncommon in the public units; the observed 
numbers of arrests were substantially lower than anticipated. This led to the study 
extension by 6  months to maintain the specified power level. The finding also 
emphasizes the difficulty of prospectively identifying locations where OHCA might 
occur. Another crucial point is that the majority of OHCA happens at home [13]. 
This category of patients remains unprotected even if such exemplary program 
would be implemented on a widespread basis.

One of the early attempts to enhance the efficacy of the pre-hospital CPR was a 
maneuver of the differential application of intrathoracic pressure: during chest com-
pression to provide ventilation at high airway pressure to increase peripheral perfu-
sion, while during chest compression release phase to decrease airway pressure to 
zero that allowed venous return from extrathoracic veins to occur [14]. This alter-
nating maneuver resulted in a peripheral arteriovenous pressure gradient and hence, 
forwarded blood flow. Sixteen computer-driven cardiocompressors were built for 
this purpose. The machines provided 40 chest compressions per minute and syn-
chronized simultaneous ventilation at 80 mmHg. Moreover, abdominal binders to 
further increase intrathoracic pressure during chest compressions were manufac-
tured. Personnel of 12 rescue stations of fire department was randomly selected on 
one of the three shifts by study months to perform standard CPR or simultaneous 
compression and ventilation CPR.  During 2 years, 994 patients were enrolled. 
Survival to hospital admission and to discharge was superior in the conventional 
CPR group as compared to the experimental group (p < 0.01 for both). Unfortunately, 
authors did not describe how such high airway pressure was provided in the simul-
taneous compression and ventilation CPR group; there was also no information 
about respiratory support in the control group. The lack of important methods 
details makes it difficult to completely explain the observed differences between 
groups. However, modern data in a large patient population show higher survival 
rate among patients who received chest compressions at a rate of 100–120 per min-
ute, as compared to more or less frequencies [15]. Concerning the optimal respira-
tory support, ventilation strategy during CPR is still a broad field of research [16]. 
The current guidelines recommend ventilating the lungs at approximately 10 breaths 
per minute and avoiding hyperventilation (both excessive respiratory rate and tidal 
volume) [8].

The limited efficacy of conventional manual CPR contributed to the develop-
ment of alternative techniques to deliver chest compressions as with the use of 

8 Non-pharmacological Management of Cardiac Arrest



76

mechanical chest compressors. The active compression-decompression (ACD) 
device provided compressions depth from 2.5 to 5 cm and had a built-in monitoring 
system to regulate the force of compressions as to maintain similar chest compres-
sions [17]. Active chest decompression was performed by active device withdrawal 
against the resistance of the patient chest wall until its full expansion. Along a 
11-month period, the hospital resuscitation team randomized 53 IHCA patients to 
either standard manual CPR or to the ACD CPR. Mean duration of CPR was 18 min 
(SD, 11). Primary endpoints demonstrated that only 24-h survival was higher in the 
ACD CPR as compared with standard CPR (12 [48%] of 25 vs. 6 [21%] of 28, 
respectively, p  <  0.05), whereas survival at hospital discharge was not different 
between groups. These results should be interpreted with caution because of the 
composite character of the primary outcome. Moreover, the compression rate might 
have been slightly different between the groups, and the resuscitation team was 
unblinded.

To further increase efficacy of ACD CPR, an inspiratory impedance threshold 
device (ITD) was proposed. It is a small device that fits on a face mask or an endo-
tracheal tube. Pressure-sensitive valves within the ITD impede the influx of inspira-
tory gas during chest decompression in ACD CPR, thereby augmenting the 
amplitude and duration of the vacuum within the thorax and, consequently, increas-
ing venous return. Patients with OHCA were sequentially randomized to ACD + ITD 
CPR (n = 103) or standard CPR (n = 107) by the advanced life support team [18]. 
The primary endpoint of 1-h survival after a witnessed arrest as well as 24-h sur-
vival rates were significantly higher with ACD + ITD CPR (55% and 41%, respec-
tively) versus standard CPR (33% and 23%, respectively; p < 0.05 for both). Patients 
randomized ≥10 min after the call for help to the ACD + ITD CPR had a three times 
higher 1-h survival rate than control subjects (p < 0.05). As the study could not be 
blinded, there were greater numbers of unwitnessed cardiac arrest and patients not 
in VF in the standard CPR group, these categories of patients have less favorable 
outcomes after OHCA.

Besides ACD devices, there are other devices that provide active chest compres-
sion but passive chest decompression. One of these was studied in the context of 
IHCA that happened only in the intensive care units of four teaching hospitals [19]. 
The device had the audible feedback that provided the ICU staff the information to 
shift between the compression and decompression phases. A higher return of spon-
taneous circulation rate in the experimental group as compared to the control group 
(29 [72%] of 40 vs. 14 [35%] of 40, respectively; p = 0.001) was observed. It should 
be noted that the study groups were not well balanced: CPR guidelines adherence 
was significantly higher in the intervention group as well as the dosage of adminis-
tered antiarrhythmics.

Another potential device that could improve CPR outcomes is integrated load- 
distributing band device that squeezes the patient’s entire chest during CPR. The 
Circulation Improving Resuscitation Care (CIRC) Trial found equivalent survival 
in adult OHCA patients who received integrated load-distributing band CPR (iA-
CPR) as compared to standard CPR [20]. However, the authors performed a 
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pre-planned secondary analysis where they hypothesized that chest compression 
duration that was increased in the iA-CPR group would lead to a survival benefit 
when compared to standard CPR [21]. Chest compressions duration was defined 
as the total minutes spent on compressions during resuscitation and identified 
from transthoracic impedance and accelerometer data recorded by the emergency 
care defibrillator. When adjusting for chest compression duration, there was a 
survival benefit to hospital discharge with iA-CPR in patients with OHCA requir-
ing more than 16.5  min of chest compressions (odds ratio 1.86 [95% CI, 
1.16–3.00]; p < 0.001). Of note, 1360/2012 (68%) iA-CPR cases and 1260/2002 
(63%) M-CPR cases had more than 16.5 min of chest compressions. Nevertheless, 
results should be considered as the secondary analysis data. Moreover, the 
researchers were only able to analyze compressions that were provided after the 
defibrillator was turned-on and the defibrillator pads attached on the patient chest. 
Thus, it is unknown how long patients were resuscitated prior to application of the 
defibrillation pads.

The smaller trial investigating the same device of iA-CPR versus standard CPR 
in OHCA patients found that 24-h survival rate was significantly higher in the iA- 
CPR group than in the standard CPR group (27 [39.1%] of 69 vs. 14 [21.9%] of 64, 
respectively; p = 0.03) [22]. The hospital discharge rate was also higher in the iA- 
CPR CPR group than in the standard CPR group (13 [18.8%] of 69 vs. 4 [6.3%] of 
64, respectively; p  =  0.03). Both outcomes represented the secondary study 
endpoints.

The analysis of the above-presented randomized controlled trials (RCTs) revealed 
that research in cardiac arrest clinical context is very challenging, partially due to the 
difficulty to predict cardiac arrest (especially OHCA), variety of environments where 
it can happen (home vs. public place, witnessed vs. unwitnessed, etc.), heterogeneity 
of its causes, lack of widespread community systems to deal with OHCA. On June 
24, 2019 65 published manuscripts assessing the interventions in the intra- and post-
cardiac arrest period were identified [23]. Almost the same number of trials was 
published from 2015 to 2019 as compared to all trials published prior to 2015, most 
of which were small with a median sample size of 90 participants and few trials with 
more than 500 participants. Only 6% of the included trials studied IHCA clinical 
context [23]. Almost all the above-discussed trials were also small studies in OHCA 
and, therefore, were underpowered to investigated clinically significant outcomes. 
Six of the eight studies investigated different devices aimed to increase the external 
heart massage quality during CPR compared with standard manual chest compres-
sion. However, despite the fact that these devices had technical feasibility and some 
experimental and clinical data of successful usage during CPR, recent findings dem-
onstrated, in both swine model and OHCA patients, that lung edema is more promi-
nent after mechanical chest compression as compared to manual chest compression 
[24] because mechanical chest compression was characterized by higher intratho-
racic pressure swings which led to increased lung weight, reduced oxygenation, and 
respiratory system compliance. Thus, the concept of Cardiopulmonary resuscitation-
associated lung edema underlines that we are only in the active search of the optimal 
CPR technologies and further RCTs are needed to make any definitive conclusions.
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In conclusion, owing to the low quality of available evidence, it is impossible to 
determine conclusively whether early defibrillation and manual/mechanical chest 
compression devices can increase survival after cardiac arrest as compared with 
standard CPR. There is a need for further rigorous research through additional high- 
quality RCTs, including larger sample sizes and proper subgroup analysis.
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9.1  General Principles

In spite of advances in support of all organ functions over the last decades, cognitive 
aspects of intensive care unit admission rarely take the central light. It is a common 
belief that patients admitted to the ICU are completely asleep at all times, but that 
does not correspond to truth. In fact, a large and growing body of evidence has 
shown that sedation is harmful, increasing the risk of infection, delirium, and death, 
and prolonging the time on mechanical ventilation in the ICU and hospital [1–3]. 
Modern approach to intensive care aims to a comprehensive approach to the patient 
well-being, including aspects related to pain, agitation/sedation, delirium, immobil-
ity, and sleep disruption [4].

A prompt understanding and a correct treating of the underlying cause of distress 
should be the cornerstone of today practice in intensive care unit sedation. The use 
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of nonpharmacological strategies should also be considered and implemented prior 
to the use of sedative drugs [5].

Distress in patients admitted to ICU may be caused by a mix of conditions, 
including anxiety, pain, delirium, dyspnea, and neuromuscular blockade.

• Anxiety may be due to fear of death, fear of suffering, and inability to 
communicate.

• Pain during ICU routine care or due to position, immobility, devices, and tubes 
is reported by a significant proportion of patients after discharge.

• Delirium may occur in up to 80% of patients admitted to ICU [6] although often 
underrecognized and may be caused by medications, infections, environment, 
electrolyte imbalances, malnutrition, or end organ dysfunction. Understanding 
and treating delirium using dedicated assessment tools may have an impact over 
ICU length of stay, duration of mechanical ventilation, and long-term cognitive 
function.

• Dyspnea may occur in spite of acceptable blood gas parameters. Adjusting ven-
tilator settings to find the optimal adaptation should be tried before resuming to 
medications.

• Neuromuscular blockade requires sedation, as paralysis without sedation and 
pain control may be unpleasant and scary.

Screening and correcting the abovementioned conditions is the cornerstone of 
treating agitation in the ICU. Nonpharmacological strategies, including frequent 
communication, family visits, reestablishment of normal circadian cycles (includ-
ing sleep and meals), but also relaxation therapy, guided imagery, and music therapy 
should be considered before resorting to pharmacological sedation [7]. Sedation is 
indicated if the agitation cannot be adequately controlled after correcting all causes 
of distress and after nonpharmacological interventions were proven to be insufficient.

9.2  Light Versus Deep Sedation

Current Society of Critical Care Medicine (SCCM) Guidelines suggest using light 
sedation in critically ill, mechanically ventilated adults, although the low overall 
quality of literature evidence only allowed to issue a conditional recommendation 
[4]. The scarcity of scientific evidence about light sedation is also worsened by the 
lack of a universally accepted definition of light sedation. Richmond Agitation- 
Sedation Scale (RASS, Table 9.1) [8] is frequently used to define the level of seda-
tion in the ICU. The SCCM Guidelines suggest that a RASS score of −2 to +1 is 
generally considered a light sedation although they admit that this level of sedation 
is probably deeper than required for the average ICU patient. The ideal sedation 
goal is for the patient to be awake and comfortable with minimal to no distress 
(RASS score 0) [9]. Nevertheless, some patients may require higher sedation levels. 
The correct sedation level should be patient-tailored, evaluated at the bedside on a 
daily basis. In fact, sedation should be based on observed distress rather than 
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anticipated to avoid oversedation [10]. A light level of sedation has been associated 
with a shorter time to extubation and a reduced tracheostomy rate; however, it was 
not associated with a reduction in the rate of delirium outcomes [11, 12]. A slightly 
increased risk of self-extubation was described in randomized controlled trials [13] 
although not statistically significative. While randomized controlled trials failed to 
demonstrate that sedation depth influences mortality [14, 15], observational studies 
suggested benefits in reduced risk of death at day 90 [16]. A recent meta-analysis, 
including both randomized and non-randomized studies, revealed that deep seda-
tion was associated with increased mortality and lengths of stay [17].

9.3  Sedation-Sparing Protocols

Evidences on the harms of excessive sedation are sufficient to justify efforts to mini-
mize use of sedatives in the ICU [1–3]. Uninterrupted sedative-analgesic infusion to 
sedate critically ill patients should be avoided [18]. Since the groundbreaking 
Awakening and Breathing Controlled (ABC) Trial was published in 2008 [19], a 
protocol that paired spontaneous awakening trials (SATs), i.e., daily interruption of 
sedatives, with spontaneous breathing trials (SBTs)—the so-called wake up and 
breathe, was endorsed by guidelines and become routine in many centers around the 
world. A two-step process focuses on creating a synergy between SAT and SBT 
protocols. These protocols typically incorporate safety screens and failure criteria 
(Fig.  9.1). Many different strategies aiming at this target have been proposed, 
including protocol-driven intermittent infusions, daily interruption of sedation, 
nursing-protocolized sedation, or a combination of the above mentioned.

Table 9.1 Richmond agitation-sedation scale (RASS)

Score Term Description
+4 Combative Overtly combative or violent; immediate danger to staff
+3 Very agitated Pulls on or removes tube(s) or catheter(s) or has aggressive 

behavior toward staff
+2 Agitated Frequent nonpurposeful movement or patient–ventilator 

dyssynchrony
+1 Restless Anxious or apprehensive but movements not aggressive or 

vigorous
0 Alert and calm Spontaneously pays attention to caregiver

−1 Drowsy Not fully alert, but has sustained (>10 s) awakening, with eye 
contact, to voice

−2 Light sedation Briefly (less than 10 seconds) awakens with eye contact to voice

−3 Moderate 
sedation

Any movement (but no eye contact) to voice

−4 Deep sedation No response to voice, but any movement to physical stimulation

Adapted from: Sessler CN, Gosnell MS, Grap MJ, et al. The Richmond Agitation-Sedation Scale: 
validity and reliability in adult intensive care unit patients. Am J Respir Crit Care Med 
2002;166:1338–1344
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Daily Interruption of Sedation Daily interruption of sedation consists in discon-
tinuing the continuous infusion of sedatives until the patient is awake and obeying 
to orders, or until agitation or discomfort occurs. This method allows a better 
 neurological evaluation, avoiding unnecessary transportation for imaging, and also 
allows a constant reevaluation of patient’s sedation needs [20].

Fig. 9.1 “Wake up and breathe” protocol: spontaneous awakening trials (SATs) + spontaneous 
breathing trials (SBTs). Adapted from: Vanderbilt University “Wake up and breathe protocol”—
https://uploads- ssl.webflow.com/5b0849daec50243a0a1e5e0c/5babf80c5116b561c618063c_
ABCDEF- Wake- Up- And- Breathe.pdf
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Nursing-Protocolized Sedation Nursing-protocolized sedation consists in an 
established sedation protocol implemented by nurses at the bedside, who are 
allowed to titrate medications to reach the prescribed sedation level [21].

Light sedation can be properly achieved by using either method or a combination 
of the two. Benefits arising from these strategies have been proven by randomized 
controlled trials and meta-analyses in terms of reduction of length of ICU stay and 
mechanical ventilation [22, 23]. Concerns about long-term psychological sequelae 
and the risk of myocardial ischemia and their relation to light sedations have been 
disproven by multiple observational trials [24, 25]. However, some important pit-
falls need to be addressed: if on the one side it is important to remember that these 
protocols increase nursing workload, on the other side a brief daily interruption of 
sedation should not justify the use of deep sedation for the rest of the day when it is 
not indicated. Regardless of the protocol used, ICU staff should attempt to achieve 
light levels of sedation in the majority of patients the majority of the time.

9.4  Sedative Agents: Old School and New School

Sedative agents commonly used for sedation and analgesia in the ICU include ben-
zodiazepines, opioids, propofol, dexmedetomidine, ketamine, and antipsychotics 
(haloperidol and quetiapine). Paracetamol, non-steroidal anti-inflammatory, and 
antiepileptics may be used as adjuvants. Barbiturates must be avoided as they cause 
cardiovascular and respiratory depression, and they reduce cerebral blood flow [26]. 
Halogenated-based (e.g., sevoflurane) ICU sedation is a promising strategy, as a 
recent meta-analysis reported shorter awakening and extubation times, and a pos-
sible myocardial protective effect after cardiac surgery [27]. Further clinical trials 
are needed to confirm these findings.

Evidence in the literature is not sufficient to support the use of one agent over 
others in all clinical situations [28, 29]. However, 2018 SCCM Guidelines recom-
mend to avoid benzodiazepines due to improved short-term outcomes such as ICU 
length of stay, duration of mechanical ventilation, and delirium [4].

Propofol is considered the agent of choice for sedation after cardiac surgery, [30] 
while propofol or dexmedetomidine should be considered in all other surgical or 
medical patients [31, 32]. Choosing a sedative agent should take into consideration 
the etiology of the distress: opioids should be used in case of pain or dyspnea. 
Paracetamol, low-dose ketamine, or neuropathic pain medication (in neuropathic 
pain management) can be considered in adjunction to reduce opioid dosage. 
Antipsychotics or dexmedetomidine may be considered in cases of significative dis-
tress induced by delirium. It is important to remember, however, that no agent to 
date is proven to prevent delirium. Combination therapies are rather common in the 
ICU since many patients experience a multifactorial distress. Drug interaction, age, 
body weight, and organ function should always be carefully taken into account 
when selecting a sedative agent and its dosage [33].

9 Avoidance of Deep Sedation



86

Propofol Versus Dexmedetomidine A few randomized controlled trials were con-
ducted [34–36], but failed to show differences in terms of time to extubation, brady-
cardia, or hypotension between patients sedated with propofol and dexmedetomidine. 
Associated harm or benefit with these two drugs was minimal and not clinically 
significant. Both propofol and dexmedetomidine can be used for ICU sedation, in 
accordance to local practice and drug availability. Dexmedetomidine should not be 
used when deep sedation is required, with or without neuromuscular paralysis [37].

Benzodiazepines: Do They Still Have a Role? Benzodiazepines are still widely 
used in low-income areas and might play a fundamental role in selected clinical 
scenarios—including hemodynamically unstable patients, patients in need of deep 
sedation, at risk for delirium, or with signs of alcohol withdrawal [38, 39]. Also, the 
role of intermittent administration of benzodiazepines in the context of an analgesia- 
based approach is an interesting topic, which requires further investigation.

Enteral Sedation The possibility to administer sedation enterally rather than intra-
venously also deserves some consideration, as this route is cheaper and may result 
in lighter sedations. A recent study conducted in 12 Italian ICUs compared the 
enteral administration of hydroxyzine, lorazepam, and melatonin to intravenous 
sedation with midazolam or propofol in critically ill patients [40]. Although less 
self-extubations were observed in the intravenous group, the target RASS was 
achieved similarly in both groups, postulating a cultural change in regard to the 
enteral route when it comes to “gentle patient sedation” in the ICU.

9.5  Monitoring of Sedation: Analogic and Digital

Sedated patients need frequent reassessments to determine if the distress and/or 
agitation that required sedation at first are being properly managed. Several scales 
have been proposed to assess patients’ levels of pain, sedation, and delirium. These 
scales are fundamental tools to determine the right amount of medications required 
to correctly manage ICU patients.

Sedation The Richmond Agitation-Sedation Scale (RASS, Table 9.1) [8] and the 
Riker Sedation-Agitation Scale (SAS, Table 9.2) [41] are the most commonly used 
to assess sedation in the ICU. RASS score ranges between −5 (unarousable) and +4 
(combative). SAS score ranges between 1 (unarousable) and 7 (dangerous agitation).

Pain Unidimensional scales (e.g., visual analog scale, numeric rating scale) are 
quicker and easy to apply in the ICU environment. The Behavioral Pain Scale (BPS, 
Table 9.3) [42] and the Critical-Care Pain Observation Tool (CPOT, Table 9.4) [43] 
represent the golden standard to assess pain in the ICU.

Delirium The Confusion Assessment Method for the ICU (CAM-ICU, Table 9.5) 
[44] is the delirium assessment tool recommended by SCCM Guidelines. Results of 
CAM-ICU can be presence or absence of delirium, but cannot help in quantifying it.
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Bispectral Index (BIS) Patients under neuromuscular blockers cannot be assessed 
with any of the above-mentioned scales. Historically, vital signs have been assessed 
as indicators of distress, but this method is neither sensible nor specific. Objective 
monitoring should be used in these patients to assess if the proper level of sedation 
is being obtained. BIS monitoring translates electroencephalographic data into a 
number ranging between 0 and 100, estimating the level of sedation. BIS is  routinely 
used in the operative room but not in the ICU, due to possibility that artifacts may 
alter the reliability of data. According to 2018 SCCM Guidelines, [4] BIS monitor-
ing appears best suited for sedative titration during deep sedation or neuromuscular 
blockade though observational data suggest potential benefit with lighter sedation 
as well.

Table 9.2 Riker sedation-agitation scale (SAS)

Score Term Description
7 Dangerous Pulling at ET tube, trying to remove catheters, climbing over 

bedrail, striking at staff, thrashing side-to-side
6 Very agitated Requiring restraint and frequent verbal reminding of limits, biting 

ETT
5 Agitated Anxious or physically agitated, calms to verbal instructions
4 Calm and 

cooperative
Calm, easily arousable, follows commands

3 Sedated Difficult to arouse but awakens to verbal stimuli or gentle 
shaking, follows simple commands but drifts off again

2 Very sedated Arouses to physical stimuli but does not communicate or follow 
commands, may move spontaneously

1 Unarousable Minimal or no response to noxious stimuli, does notcommunicate 
or follow commands

Adapted from: Riker RR, Picard JT, Fraser GL. Prospective evaluation of the Sedation-Agitation 
Scale for adult critically ill patients. Crit Care Med 1999;27:1325–1329

Table 9.3 Behavioral pain scale

Item Description Score
Facial expression Relaxed 1

Partially tightened (e.g., brow lowering) 2
Fully tightened (e.g., eyelid closing) 3
Grimacing 4

Upper limbs No movement 1
Partially bent 2
Fully bent with finger flexion 3
Permanently retracted 4

Compliance with 
ventilation

Tolerating movement 1
Coughing but tolerating ventilation for most of the time 2
Fighting ventilator 3
Unable to control ventilation 4

Adapted from: Payen JF, Bru O, Bosson JL, et al. Assessing pain in critically ill sedated patients 
by using a behavioral pain scale. Crit Care Med 2001;29:2258–2263
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9.6  Limiting Physical Restraints

Use of effect physical restraints in modern-era ICU remains controversial. The fre-
quency of use of physical restraints widely varies in the world. While most ICU 
personnel claims that their use is needed to reduce self-extubation and falls, prevent 
device removal, and protect staff from combative patients, no randomized 

Table 9.4 Critical-care pain observation tool (CPOT)

Item Description Description Score
Facial expression Relaxed, neutral No muscle tension observed 0

Tense Presence of frowning, orbit 
tightening, levator contraction, or 
any other change (e.g., opening 
eyes or tearing during nociceptive 
procedures)

1

Grimacing All previous facial movements plus 
eyelid tightly closed

2

Upper limbs Absence of 
movements or 
normal position

Does not move at all or normal 
position (movements not aimed 
toward the pain site)

0

Protection Slow, cautious movements, 
touching, or rubbing the pain site, 
seeking attention through 
movements

1

Restlessness Pulling tube, attempting to sit up, 
moving limbs, not following 
commands, trying to climb out of 
bed

2

Compliance with 
ventilation (intubated 
patient)

Tolerating 
ventilator or 
movement

Alarms not activated, easy 
ventilation

0

Coughing but 
tolerating

Coughing, alarms may be activated 1

Fighting 
ventilator

Asynchrony: blocking ventilation, 
alarms frequently activated

2

Vocalization (non-intubated 
patient)

Talking in normal 
tone or no sound

Talking in normal tone or no sound 0

Sighing, moaning Sighing, moaning 1
Crying out, 
sobbing

Crying out, sobbing 2

Muscle tension
Evaluation by passive 
flexion and extension of 
upper limbs (in rest or 
when patient is being 
turned)

Relaxed No resistance to passive movements 0
Tense, rigid Resistance to passive movements 1
Very tense or 
rigid

Strong resistance to passive 
movements, inability to complete 
them

2

Adapted from: Gélinas C, Johnston C. Pain assessment in the critically ill ventilated adult: valida-
tion of the Critical-Care Pain Observation Tool and physiologic indicators. Clin J Pain 
2007;23:497–505
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controlled trials exist demonstrating the safety and efficacy of physical restraint in 
critically ill patients [14, 15]. On the contrary, a few studies report a paradox 
increase in unplanned extubations, unintentional device removal, longer ICU stays, 
and higher needs of sedatives in physically restraint patients [45]. While physical 
restraints have been eliminated from daily routine in a few countries [46], this 
required a high nurse-to-patient ratio and possibly higher levels of sedation. 
Therefore, risks and benefits of physical restraints should be carefully considered 
before applying them.

Table 9.5 Confusion assessment method for the ICU (CAM-ICU)

Criteria Present
Feature 1: Alteration/fluctuation in mental status
Is the patient’s mental status different than his/her baseline? OR If yes for either 

question >
□

Has the patient had any fluctuation in mental status in the past 
24 h as evidenced by fluctuation on a sedation scale (e.g., RASS, 
Glasgow coma scale [GCS]), or previous delirium assessment?
Feature 2: Inattention 1: Alteration/fluctuation in mental status
Letters attention test:
Tell the patient “I am going to read to you a series of ten letters. 
Whenever you hear the letter ‘A,’ squeeze my hand”
SAVEAHAART
Count errors (each time patient fails to squeeze on the letter “A” 
and squeezes on a letter other than “A”)

If more than two 
errors >

□

Feature 3: Altered level of consciousness (LOC)
Present if the RASS score is anything other than alert and calm 
(zero) OR

If RASS≠0 or 
SAS ≠ 4 >

□

If SAS is anything other than calm (4)
Feature 4: Disorganized thinking
Yes/no questions: ask the patient to respond:
    1. Will a stone float on water?
    2. Are there fish in the sea?
    3. Does 1 pound weigh more than 2 pounds?
    4. Can you use a hammer to pound a nail?
Count errors (each time patient answers incorrectly)
Commands: ask the patient to follow your instructions:
(a)  “Hold up this many fingers” (hold 2 fingers in front of the 

patient)
(b)  “Now do the same thing with the other hand” (do not 

demonstrate the number of fingers this time)
   –  If unable to move both arms, for part “b” of command ask 

patient to “hold up one more finger”
Count errors if patient is unable to complete the entire command

If combined 
number of errors 
>1 >

□

If features 1 and 2 are both present and either features 3 or 4 are present:
CAM-ICU is positive, delirium is present

Adapted from: Ely EW, Margolin R, Francis J, et al. Evaluation of delirium in critically ill patients: 
validation of the Confusion Assessment Method for the Intensive Care Unit (CAM-ICU). Crit Care 
Med2001;29:1370–1379
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9.7  Conclusions

As intensive care approaches to modern era and the quality of care improves world-
wide, the focus on cognitive and psychological aspects of ICU stay are growing 
worldwide. As lighter levels of sedation closely affect the outcome, all efforts must 
be taken to avoid deep sedation and to increase the use of nonpharmacological 
strategies to relieve stress, anxiety, and ICU-related pain. Bridging the patient 
toward normality, aiming to normalize circadian rhythms, physiological sleep, 
enteral route of drug administration, and avoidance of physical constrictions should 
constitute the cornerstone of medical treatment of the next generation of intensive 
care units.
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10.1  General Principles

Sepsis is a life-threatening organ dysfunction caused by a dysregulated host response 
to infection. Sepsis may worsen in septic shock, which is characterized by underly-
ing circulatory, cellular, and metabolic abnormalities, associated with an increased 
risk of mortality [1]. Each year, millions of people around the world are affected by 
sepsis or septic shock with a mortality close to 25% [2].

Septic shock is characterized by a hypotension defined by a mean arterial pres-
sure <65  mmHg, despite fluid resuscitation, and requiring the administration of 
vasopressors [1].
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However, some patients affected by septic shock are unresponsive to vaso-
pressors. Indeed, cytokines produced during septic shock may suppress the cor-
tisol response to the adrenocorticotropic hormone (ACTH), with a prevalence of 
adrenal insufficiency of 50% of patients. Adrenal insufficiency is defined as a 
maximal post- ACTH cortisol increase ≤9 μg/dL. These patients may potentially 
benefit of steroid therapy, which may reverse the shock and may also improve 
survival [3].

Several trials have been conducted to assess the potential benefit on survival of 
intravenous hydrocortisone to treat septic shock patients.

10.2  Physiological Basis

Steroids have been a topic of particular focus because of their influence on the 
immune response. Several molecular mechanisms of action of corticosteroids have 
been considered beneficial to counteracting the uncontrolled inflammation that may 
characterize sepsis. Steroids modulate the inflammatory response through the regu-
lation of white blood cells, cytokines, and nitric oxide. However, up to 50% of 
septic patients may be affected by adrenal insufficiency [4]. In addition, steroids 
receptors may be under-expressed during septic shock and their affinity may be low, 
inducing a state of body tissues resistance. Since the hypothalamic-pituitary-adrenal 
axis is a major determinant of the host response to stress, researchers have hypoth-
esized that the administration of exogenous corticosteroids would improve the sur-
vival of patients with septic shock.

In an early study conducted in animal model of sepsis, pharmacologic doses of 
steroid increased the survival rate. In rodents, lower doses of corticosteroids were 
then demonstrated to improve hemodynamic and organ function, to favorably 
modulate the inflammatory response, and prolonged survival [5–7].

Low dose of steroids was also tested in healthy volunteers who had received 
intravenous injection of Escherichia coli lipopolysaccharide 12 h before. Steroids 
reduced the release of pro-inflammatory cytokines, prevented endothelial cell and 
neutrophil activation, and inhibited the acute phase response without altering coag-
ulation and fibrinolysis balance [8].

In a prospective observational study, a short course (2 days) of hydrocortisone 
attenuated the inflammatory response in 57 surgical septic patients [9]. 
Furthermore, in another trial enrolling 40 patients with septic shock, low doses of 
hydrocortisone were shown also to increase mean arterial pressure, systemic vas-
cular resistance, and to reduce heart rate, cardiac index, and norepinephrine 
requirement [10]. According to these findings, the administration of corticoste-
roids or hydrocortisone may potentially improve the survival rate of patients 
affected by septic shock. For these reasons, several trials have been conducted in 
the attempt to assess whether or not these physiological benefits would translate 
into outcome improvements.
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10.3  Main Evidences on Mortality

In 1999, Briegel et  al. reported the result of a controlled trial randomizing 40 
septic shock patients to receive or not hydrocortisone. In particular, hydrocorti-
sone was started with a loading dose of 100 mg in 30 min, followed by a continu-
ous infusion of 0.18  mg/kg/h. At septic shock reversal, hydrocortisone was 
reduced to 0.08 mg/kg/h. Although hydrocortisone produced some physiological 
advantage, such as the reduction of the time on vasopressor support and hemody-
namic status, no difference on survival was observed [11]. A multicenter placebo-
controlled, randomized trial of 300 septic shock patients to receive either 
hydrocortisone (50-mg intravenous bolus every 6 h) and fludrocortisone (50-μg 
tablet once daily) or placebo for 7 days [12]. Vasopressor therapy was terminated 
within 28 days in 57% of patients in the corticosteroid group, while in 40% in the 
placebo group (p = 0.001). Overall, steroid therapy reduced time to shock reversal 
with no difference in the rate of adverse events (including gastrointestinal bleed, 
infection, psychiatric disorder, dysrhythmia, myocardial infarction, and isch-
emia). However, in the overall population, the 28-day, ICU, hospital and 1-year 
mortalities were similar between treatments. When stratifying patients in respond-
ers and non-responders to a short corticotropin test, no differences were also 
found in responders’ cohort, while in non-responders steroids reduced the 28-day, 
ICU, and hospital mortalities [12].

Following these results, steroids were widespread accepted as adjunctive treat-
ment for septic shock, until 2008, when the Corticosteroid Therapy of Septic Shock 
(CORTICUS) study was published [13]. In this multicenter trial, 499 patients were 
randomized to receive 50 mg of intravenous hydrocortisone or placebo every 6 h for 
5 days; the dose was then tapered during a 6-day period. The trial failed to demon-
strate any survival improvement operated by the hydrocortisone in patients with 
septic shock, either overall or in patients who did not have a response to corticotro-
pin [13].

In 2016, Tongyoo et  al. reported that, compared to placebo, hydrocortisone 
improved the pulmonary function and gas exchange, in 197 patients with septic 
shock; however, no survival improvement was observed [14]. In keeping with these 
trials, other studies reported different benefits of physiological outcomes, without 
any survival improvements [15].

More recently, a randomized controlled trial (ADRENAL trial) compared a con-
tinuous infusion of hydrocortisone (200 mg per day) with placebo for 1 week, in 
3800 patients with septic shock [16]. Although hydrocortisone fastened the resolu-
tion of the shock and reduced the time spent under mechanical ventilation, no sig-
nificant differences in 28-day or 90-day mortalities were observed between 
treatments [16].

On the opposite, some studies reported outcome improvement in patients with 
septic shock receiving low doses of hydrocortisone [17–19]. However, these trials 
are of limited quality of evidence, due to a retrospective design or small sample.
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Given the contradictory results from the literature, several systematic reviews 
have been conducted in the attempt to clarify the role of hydrocortisone in septic 
shock. However, a large part of these reviews lacks of some studies to be included 
and has several limitations. Very recently, a Cochrane systematic review, with 
pooled data analysis, has been conducted in the attempt to clarify the literature evi-
dence [20]. From the results of 50 trials, that accounted for a total of 1233 partici-
pants, the authors reported that the risk ratio (RR) of dying at 28 days was 0.91 
(95% confidence interval (CI) 0.84 to 0.99; p = 0.04). However, heterogeneity was 
evident in the results, limiting the strength of these findings for inconsistency [20]. 
Furthermore, a subgroup analysis of 1079 patients with adrenal insufficiency from 
12 studies also did not show any survival improvement (47.8% versus 52.5% in 
steroids and control groups, respectively; RR of dying 0.92 [95% CI 0.82 to 1.03; 
p = 0.16]) [20].

Indeed, the recent Surviving Sepsis Campaign guidelines suggest against the use 
of intravenous hydrocortisone to treat septic shock patients, if adequate fluid resus-
citation and vasopressor therapy are able to restore hemodynamic stability. However, 
when patients are hemodynamically unstable, despite fluid resuscitation and admin-
istration of vasopressors, a low dose (200 mg daily) of intravenous hydrocortisone 
may be used [2]. It must be mentioned, however, that the use of low-dose hydrocor-
tisone in septic shock patients may produce an increase of hyperglycemia and 
hypernatremia, which physicians should consider as potential side effects [2].

10.4  Conclusions

Considering the contradictory evidences from the literature and trials, the use of 
hydrocortisone seems to not add any benefit on survival in septic shock patients. 
Indeed, the current guidelines on septic shock suggest against using intravenous 
hydrocortisone in all septic shock patients. However, in case of persistence of unsta-
ble hemodynamic despite fluid resuscitation and administration of vasopressors, a 
low dose of hydrocortisone may be used.
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11.1  General Principles

Since the publication of the landmark paper by Dr. Emanuel Rivers in The New 
England Journal of Medicine in 2001, the world of critical care massively adopted 
his protocol for the resuscitation of severe sepsis and/or septic shock—which was 
named “early goal-directed therapy” [1]. The concept of goal-directed therapy rap-
idly arose from sepsis and was applied to shock in general in the intensive care unit. 
Goal-directed therapy is a bundle of care that embraces the use of fluids, blood 
transfusion, and inotropes aiming to precise hemodynamic targets [2]. In case of 
hypotension or lactate raise, a fluid challenge of 30 ml/kg of crystalloid solution is 
administered to the patient. Fluid responsiveness is assessed in terms of low central 
venous pressure (CVP) and decreases in heart rate. In the following hours, hemody-
namic targets include: a CVP of 8–12 mmHg, a superior vena cava oxygen satura-
tion (ScvO2) >70% or a mixed venous oxygen saturation (SvO2) >65%, a mean 
arterial pressure (MAP) ≥65 mmHg, and a urine output ≥0.5 mL/kg/h. Strategies to 
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achieve these target involve additional fluids, transfusion of packed red blood cells 
or inotrope infusion. In the original study, the application of this protocol reduced 
mortality by more of one third and halved that of patients with severe sepsis [1].

In spite of being a medical dogma for over a decade, three recent multicenter 
trials (ProCESS [3], ARISE [4], and ProMISe [5]) published in the New England 
Journal of Medicine failed to show any benefit from early goal-directed therapy. 
Consequently, the PRISM patient-level meta-analysis was also performed and pub-
lished on the same Journal [6] and to confirm that early goal-directed therapy did 
not result in better outcomes than usual care and was associated with higher hospi-
talization costs. However, taking a closer look at the results of these trials, it appears 
evident that the usual care groups didn’t differ much than the early goal-directed 
therapy group in the Rivers’ trial [7]. The increased awareness of sepsis and efforts 
related to the Surviving Sepsis Campaign caused an evolution of usual care, which 
now includes early volume resuscitation. In modern-era intensive care, the approach 
should always be patient-tailored and invasive care, including blood transfusions 
and use of pulmonary artery catheter, should be carefully considered in each case, 
rather than routinely applied.

11.2  Intravenous Fluids

Pathogenesis of sepsis usually implies intravascular hypovolemia due not only to 
peripheral vasodilation, but also to endothelial injury with altered vascular perme-
ability [8]. Severe intravascular hypovolemia in sepsis must be promptly treated. 
The rapid infusion of 30 ml/kg of fluids is indicated as initial therapy for septic 
shock, unless a significant pulmonary edema is concurrently present. While in the 
earlier days the goal-directed therapy included the administration of up to 5  l of 
fluids, modern studies demonstrated that 2–3  l are sufficient for most patients. 
Administration of extra fluids should be tailored on clinical or hemodynamic indi-
cators of fluid responsiveness. Predefined (e.g., 500 ml) boluses of fluids should be 
rapidly infused. After each bolus, the clinical and hemodynamic response and the 
presence of pulmonary edema must be assessed. Fluid boluses can be repeated until 
blood pressure and tissue perfusion are acceptable in the absence of complications.

Randomized trials and meta-analyses failed to show a significant difference 
between albumin and crystalloid solutions in this setting, but they identified poten-
tial harm of synthetic colloids.

Albumin vs Crystalloids Many randomized controlled trials comparing albumin 
with crystalloids in sepsis failed to assess a difference in hard clinical outcomes 
[9–11]. Consequently, most meta-analysis could not report any difference although 
one suggests a trend toward reduced 90-day mortality in severe sepsis patients 
resuscitated with albumin [12]. In the absence of hard evidence in favor of albumin, 
due to the limited availability and the higher costs, crystalloids are the standard of 
care in clinical practice. No guidelines suggest which crystalloid to use in resuscita-
tion from septic shock.
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Colloids vs Crystalloids The “6S” Scandinavian Starch for Severe Sepsis and 
Septic Shock trial, [13] and the Efficacy of Volume Substitution and Insulin Therapy 
in Severe Sepsis (VISEP) trial [14] compared hydroxyethyl starch and pentastarch 
to crystalloids, respectively. Use of colloids resulted in increased mortality and 
renal replacement therapy.

11.3  Monitoring Fluid Response

Goal-directed therapy requires a strict assessment of clinical, hemodynamic, and 
laboratory parameters. Most patients respond to fluid administration within the first 
6–24 h. However, some patients require intensive monitoring for days or weeks. 
Fluid responsiveness, entailing an increase by 10–20% in cardiac output and in tis-
sue perfusion after the administration of intravenous fluid, should be carefully mon-
itored during fluid resuscitation.

Clinical Parameters Clinical monitoring is the cornerstone of tailoring an ade-
quate goal-directed therapy. Main targets of goal-directed therapy are a mean arte-
rial pressure (MAP) ≥65 mmHg and urine output ≥0.5 mL/kg/h. Many trials were 
performed to assess the appropriate MAP during goal-directed therapy, and con-
cluded that target should be individualized within a range between 60 and 70 mmHg, 
as higher MAPs are potentially harmful [15, 16].

Hemodynamic Parameters Current guidelines suggest that dynamic hemody-
namic indexes are more accurate than static measures at predicting fluid responsive-
ness. Static measures include central venous pressure (usual target 8–12 mmHg) 
and (central) venous mixed O2 saturation (ScvO2, usual target ≥70%; SvO2, usual 
target ≥65%).

Dynamic parameters include pulse pressure variation (PPV), stroke volume vari-
ation (SVV), oximetric waveform variation, respiratory changes in the vena cava 
diameter, femoral vein diameter and Doppler of portal, hepatic, or renal veins.

Pulse Pressure Variation (PPV) The difference between systolic and diastolic 
pressure (defined pulse pressure) varies during positive pressure ventilation. 
Variation in pulse pressure depends on the individual response to preload, according 
to the Frank-Starling Curve. A low variation in the pulse pressure indicates a lack of 
fluid responsiveness, while a variation in pulse pressure over 15% denotes fluid 
responsiveness [17]. PPV is usually averaged over three or more breaths, and calcu-
lated as:

 

maximum pulse pressure PPmax minimum pulse pressure PPmin� � � � ��
� �mean pulse pressure PPmean  
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Stroke Volume Variation (SVV) Stroke volume has a linear correlation with pulse 
pressure; therefore, SVV relies on the same physiologic principle as PPV. Studies 
consistently found that SVV >10% is associated with fluid responsiveness [18]. 
Analogous to PPV, SVV is averaged over several respiratory cycles and calcu-
lated as:

 

maximum stroke volume SVmax minimum stroke volume SVmin

m

� � � � �
eean stroke volume SVmean� �  

The stroke volume can be calculated from the arterial pressure waveform with 
special arterial catheter capable of measuring vascular resistance and arterial com-
pliance. SVV has the same limitations as PPV although it may also be applied to 
spontaneously breathing patients [19].

Oximetric Waveform Variation Variation in the pulse oximeter waveform has been 
proposed as a predictor of fluid responsiveness; however, it showed a modest pre-
diction of fluid responsiveness in the ICU in recent trials [20].

Vena Cava Assessment A change in inferior vena cava diameter of more than 12% 
with respiration has been associated with fluid responsiveness [21]. Due to the lack 
of clear evidence and the operator-dependent nature of this technique, vena cava 
assessment should not be used as a sole indicator of volume responsiveness.

Femoral Vein Diameter Measuring the diameter of femoral vein in mechanically 
ventilated patients has been proposed to estimate central venous pressure. Further 
studies are warranted to validate these findings [22].

Doppler of Portal, Hepatic, or Renal Veins Doppler flow in the portal, hepatic, or 
renal veins has been proposed to assess fluid responsiveness. Pulsatile flows in these 
vessels imply venous congestion and can be early markers of end-organ injury [23].

Pulmonary Artery Catheterization Routine use of a pulmonary artery catheter 
(PAC) does not improve outcome in septic patients, as wedge pressure is a poor 
predictor of fluid responsiveness, cardiac output can be measured with less invasive 
tests and the ability to measure SvO2 does not justify its use—as ScvO2 can be easily 
obtained from a CVC [24]. PAC use must be considered when a concomitant  cardiac 
dysfunction is present, as it may guide the administration of the correct inotropic 
therapy [25].

Laboratory Parameters Include measures which are usually obtained from point- 
of- care arterial blood gases (including lactate levels) and laboratory measures.

Arterial Blood Gases Acidosis severity and type must be closely monitored during 
goal-directed therapy, as hyperchloremic acidosis may occur after resolution of 
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metabolic acidosis. Moreover, a drop in the arterial partial pressure of oxygen: frac-
tion of inspired oxygen ratio may be caused by pulmonary edema from excessive 
fluid resuscitation.

Lactate Clearance Lactate clearance is defined as [(initial lactate—lactate >2 h 
later)/initial lactate] × 100. Lactate-guided resuscitation resulted in a reduction in 
mortality [26]. However, lactate level poorly relates to tissue perfusion after the 
restoration of perfusion [27].

Laboratory Measures A strict monitoring of laboratory values, with special focus 
on platelet count, serum chemistries, and liver function tests should be performed. 
Hyperchloremia should be avoided or treated using low chloride solutions.

11.4  Non-responders to Goal-Directed Therapy

If hypoperfusion persists after fluid resuscitation, a complete reassessment includ-
ing fluid responsiveness, control of any septic focus, proper antimicrobial treatment, 
identification, and correction of unexpected complications or coexisting problems 
must be performed. Vasopressors, inotropes, steroids, and blood transfusion should 
be considered after fluid status has been restored to correct hypoperfusion.

Vasopressors Noradrenaline should be considered as first-line agent in patients 
who remain hypotensive despite adequate fluid resuscitation [28, 29]. Guidelines 
suggest additional agents including vasopressin (as noradrenaline-sparing) or 
adrenaline, nevertheless current practice is not homogeneous [30]. The addition of 
vasopressin may reduce the incidence of atrial fibrillation although no impact on 
hard clinical outcomes was reported in a recent meta-analysis. In patients with 
refractory shock associated with a low cardiac output, dobutamine was associated 
with improved survival [31].

Therefore, initial choice of vasopressor must be patient-tailored and should take 
into consideration the presence of conditions including heart failure, arrhythmias, or 
end-organ dysfunction. In patients with significant tachycardia, vasopressin should 
be considered as it does not have any ß-adrenergic effects, while dopamine may be 
used in those with significant bradycardia.

Steroids While routine use of glucocorticoids is not recommended by current 
guidelines, it must be considered if shock is refractory to adequate fluid resuscita-
tion and vasopressors.

Red Blood Cell Transfusions Current guidelines only endorse red blood cell 
transfusions for patients with a ≤7 g/dl of hemoglobin or if concurrent hemorrhagic 
shock or myocardial ischemia are suspected. These guidelines are derived from 
large randomized clinical trials [32] and expert consensus [33, 34], reporting no 
benefit to more liberal transfusion strategies.
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11.5  Responders to Goal-Directed Therapy

If patients respond to fluid resuscitation, a proper de-escalation of fluid administra-
tion must be performed to avoid overload and development of pulmonary edema. 
The rate of fluid should be carefully reduced or stopped, vasopressor support 
weaned, and, if necessary, diuretics administered. Fluids may be harmful when the 
patient is no longer fluid responsive, as circulatory overload may rapidly cause 
respiratory insufficiency. A restrictive approach to fluids has been associated with 
shorter mechanical ventilation and ICU stay [35]. Also, fluid overload has been 
reported as common in patients with sepsis [36]. As cardiac function may be already 
partly impaired by sepsis, avoidance of fluid overload once fluid status has been 
restored is fundamental in treating shock in critically ill patients.
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12.1  General Principles

Low cardiac output syndrome (LCOS) is the most common and the most serious 
complication after cardiac surgery and is associated with increased rates of morbid-
ity and mortality [1]. This syndrome is characterized by impaired heart function, 
causing a reduced oxygen delivery with further hypoxia [2]. The universally 
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definition of LCOS includes decreases in the cardiac index (CI) to less than 2.0 L/
min/m2 and a systolic blood pressure below 90 mmHg, associated with tissue hypo-
perfusion (clammy skin, cold periphery, oliguria, elevated lactate level, confusion) 
in the absence of hypovolemia.

Cardiogenic shock (CS) is caused by severe reduction of myocardial pump func-
tion that results in decreased cardiac output, organ hypoperfusion, and hypoxia. 
Usually, this presents as hypotension state refractory to volume infusion with signs 
of end-organ hypoperfusion often requiring pharmacological or mechanical support 
[3]. Left ventricular (LV) dysfunction due to acute myocardial infarction (MI) 
remains the most frequent cause of CS. Despite an early revascularization strategy 
and advancing patients care, CS is still the leading cause of death in this population 
with high hospital mortality rate, approaching 50% [4, 5]. Treatment of patients 
with LCOS and CS is challenging, as many will require a combination of inotropic/
vasoactive medications and mechanical support.

Levosimendan is a novel calcium sensitizer with inotropic/vasodilatory action and 
other specific pharmacologic properties which, unlike traditional inotropes such as 
catecholamines, improves myocardial contractility without influence on myocardial 
oxygen consumption and impairing diastolic function, and with no pro- arrhythmic 
effects [6]. Due to these favorable features, levosimendan may represent an ideal 
agent to be administered in patients with LCOS and CS. In the last few years, there 
was a very high interest in using this drug for the treatment of cardiac complications 
after surgery and in critically ill patients [7]. In the recently updated web-based con-
sensus conference on mortality reduction in critically ill patients, levosimendan was 
confirmed as one of the drugs/techniques/strategies, which have been proven by high-
quality randomized evidence to reduce mortality in the perioperative period [8].

12.2  Pharmacologic Properties

Unlike classic inotropic drugs, levosimendan uniquely increases troponin C affinity to 
calcium without increasing intracellular calcium concentration. Cardiac contractility 
thus improves without an increase in myocardial oxygen consumption [9]. The bind-
ing of levosimendan to troponin C is dependent on cytosolic calcium content, which 
is consistently reduced during diastole; this avoids the side effects of traditional ino-
tropes such as lusitropy reduction and arrhythmias [6]. Levosimendan also induces 
vasodilation by acting on potassium channels in the peripheral smooth musculature.

Moreover, levosimendan has been recently shown to have anti-apoptotic and 
anti-inflammatory properties, which may contribute to a cardioprotective action and 
further improve long-term outcomes in the failing heart [10].

12.3  Main Evidences

The use of levosimendan has been widely studied in different clinical settings such 
as cardiac surgery, intensive care, and heart failure.
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12.3.1  Perioperative Levosimendan in Cardiac Surgery

Several meta-analyses and randomized trials suggested that levosimendan might 
prevent LCOS and reduce morbidity and mortality after cardiac surgery. In 2008, a 
randomized controlled trial (RCT) by Levin et al. found that levosimendan was 
superior to dobutamine to treat postoperative LCOS [11]. The study enrolled 137 
patients: 69 were treated with levosimendan, while 68 received dobutamine. 
Although hemodynamic parameters improved in both groups, the effect of levosi-
mendan was more obvious and emerged earlier than that of dobutamine. Also, 
levosimendan treatment resulted in less need for an additional inotropic (8.7% vs 
36.8%; p < 0.05), a vasopressor drugs (11.6% vs 30.9%; p < 0.05), an intra-aortic 
balloon pump (IABP) counterpulsation (2.9% vs 14.7%; p < 0.05), lower incidence 
of major postoperative complications andlower postoperative mortality (8.7% vs 
25%; p < 0.05).

In a further trial by Levin et  al., preoperative levosimendan treatment was 
found to be superior to placebo in patients with severe LV dysfunction (left ven-
tricle ejection fraction (LVEF) <25%) undergoing coronary artery bypass sur-
gery (CABG). Patients treated with levosimendan had a lower incidence of 
complicated weaning from cardiopulmonary bypass (2.4% versus 9.6%; 
p < 0.05), a decreased mortality (3.9% versus 12.8%; p < 0.05), and a lower inci-
dence of LCOS (7.1% versus 20.8%; p < 0.05) compared with placebo. The study 
group also had a lower requirement for inotropes (7.9% versus 58.4%; p < 0.05), 
vasopressors (14.2% versus 45.6%; p < 0.05), and IABP (6.3% versus 30.4%; 
p < 0.05) [12]. Recently, three large multicenter RCTs investigated the periopera-
tive use of levosimendan: the LICORN (Levosimendan on Low Cardiac Output 
Syndrome in Patients With Low Ejection Fraction Undergoing Coronary Artery 
Bypass Grafting With Cardiopulmonary Bypass) trial [13], the CHEETAH 
(Levosimendan to Reduce Mortality in High Risk Cardiac Surgery Patients) trial 
[14], and the LEVO-CTS (Levosimendan in Patients with Left Ventricular 
Systolic Dysfunction Undergoing Cardiac Surgery Requiring Cardiopulmonary 
Bypass) trial [15]. Contrary to the results of many previous smaller investiga-
tions which yielded promising results with the use of levosimendan in the peri-
operative setting, these three studies were either neutral or inconclusive.

In the LEVO-CTS trial, patients with a reduced LVEF undergoing cardiac sur-
gery with the use of CPB were assigned to receive either a levosimendan or placebo 
infusion starting before surgery and continued after surgery. The study population 
included 882 patients with LVEF <35% undergoing scheduled or urgent cardiac 
surgery. All patients were considered at risk of developing postoperative 
LCOS. Levosimendan (0.2 μg/kg/min for 60 min, followed by 0.1 μg/kg/min for 
23 h) or placebo were started at the induction of anesthesia. The study did not find 
a statistically significant difference between the two groups in a composite primary 
endpoint of death, perioperative MI, and need for renal replacement therapy (RRT) 
or a mechanical ventricular assist device. Nevertheless, there were fewer deaths in 
the levosimendan group: 20/428 (4.7%) versus 30/421 (7.1%), odds ratio 0.64, 95% 
confidence interval [CI] 0.37–1.13 (p = 0.12). In addition, patients who received 
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levosimendan experienced significantly fewer LCOS events (78 vs 108; p = 0.007) 
and needed less inotropic support 24  h after initiation of infusion (235 vs. 264; 
p = 0.02).

In a subanalysis of the LEVO-CTS trial, the authors demonstrated a beneficial 
effect of levosimendan in terms of both 30-day (1.8% vs 5.4%; hazard ratio [HR] 
0.32; 95% CI 0.11–0.88) and 90-day all-cause mortality (2.1% vs 7.9%; HR, 0.26; 
95% CI, 0.11–0.64) in patients with reduced LVEF undergoing isolated (CABG). 
Levosimendan was also associated with a lower incidence of LCOS (interaction P 
1/4 0.118) and secondary inotropes use beyond 24 h (interaction P 1/4 0.423), and 
with a greater CI than placebo (interaction P 1/4 0.051). However, these data were 
not confirmed in patients undergoing isolated valve surgery, as well as in patients 
undergoing combined procedures [16].

In the LICORN trial, 336 patients with LVEF ≤40% undergoing CABG were 
recruited from 13 hospitals. The study drug was started after induction of anesthesia 
and infused at a rate of 0.1 μg/kg/min for 24 h. Postoperative LCOS was determined 
using a composite criteria including need for inotropic drugs beyond 48 h following 
discontinuation of levosimendan; need for postoperative assist devices or failure to 
wean from these devices; need for RRT. The primary endpoint occurred in 87/167 
patients (52%) in the levosimendan group compared with 101/168 (61%) in the 
control group (absolute risk reduction −7%, 95% CI: −17% to +3%, p = 0.15). 
There were no statistically significant inter-group differences in mortality or length 
of intensive care unit stay.

Unlike the two trials discussed above, the CHEETAH trial investigated the 
effects of levosimendan used for the treatment rather than for prophylaxis of post-
operative LCOS in patients undergoing cardiac surgery [14]. Either levosimendan 
or placebo was administered to cardiac surgery patients who, according to pre-
defined criteria, developed postoperative LCOS.  The median preoperative LVEF 
was 50% in both groups, with 11% of patients having a LVEF <25%. A total of 248 
patients received levosimendan and 258 received placebo. The mean dose and dura-
tion of levosimendan infusion were 0.07 μg/kg/min and 33 h, respectively. There 
was no significant difference in 30-day mortality between the levosimendan and 
placebo groups: 32 patients (12.9%) versus 33 (12.8%); absolute risk difference 0.1 
percentage points; 95% CI −5.7 to +5.9 percentage points; p = 0.97).

12.3.2  Levosimendan in Cardiogenic Shock and in 
Takotsubo Syndrome

The standard of care in cardiogenic shock consists of primary percutaneous coro-
nary intervention for AMI, inotropes, vasopressors, fluid therapy, and mechanical 
assist devices [17]. Levosimendan has been evaluated in large RCTs against dobu-
tamine or placebo in patients with decompensated heart failure [18], septic shock 
[19], and LCOS after cardiac surgery [14], but not thoroughly in cardiogenic shock. 
Fuhrman and colleagues studied 32 patients with refractory CS. Patients meeting 
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the inclusion criteria were randomly allocated to receive either levosimendan or 
enoximone. The survival rate at 30 days was significantly higher in the levosimen-
dan group compared with the enoximone group (69% vs 37%, p  =  0.023). 
Levosimendan induced a trend toward higher CI, stroke volume, and mixed venous 
oxygen saturation (SvO2). Also, lower cumulative values for catecholamines infu-
sion at 72 h and for clinical signs of inflammation were seen in the levosimendan 
group. Multiple organ failure with subsequent death occurred only in the enoxim-
one group (4 out of 16 patients) [20].

LCOS caused by Takotsubo syndrome (TS), also known as broken-heart syn-
drome or stress cardiomyopathy, is an increasingly diagnosed form of transient LV 
dysfunction that is often completely reversible [21]. It is recognized in ≈1–2% of 
patients initially presenting with symptoms suggestive of acute coronary syndrome 
[22]. In a prospective, randomized, double-blinded study by Guo et al., 200 con-
secutive patients (>65 years) with TS were randomly assigned to either a levosimen-
dan (n = 100) or a control group (n = 100). On the days 30 and 180 after treatment, 
LVEF was significantly higher, and NYHA class and N-terminal pro-brain natri-
uretic peptide levels were significantly lower, in the levosimendan group as com-
pared with the control group (p < 0.05 for all). The main finding of this study was 
mortality reduction in the levosimendan group compared with the control group 
(1% vs 8%, p = 0.041).

12.4  Therapeutic Use

In a current clinical practice levosimendan is administered with or without an initial 
bolus with further intravenous continuous infusion. It has approximately 1-h half- 
life. The steady-state concentration can be achieved within 4 h (without loading 
dose) and active metabolite plasma concentration peaking at 2 days after infusion. 
The drug has total clearance 175–250 ml/h/k, primarily through liver metabolism 
and with a smaller part metabolized through the intestine. Its prolonged action (up 
to 7–9 days) is not due to the drug itself but mainly due to its active metabolite 
OR-1896 (approximately 80 h half-life). The unique inotropic and cardioprotective 
properties of levosimendan can provide persistent effects for several days with sub-
sequent reducing the rate of postoperative complications.

According to expert opinion, the agreed-upon recommended dose of levosimen-
dan to be administered preoperatively or perioperatively in patients undergoing car-
diac surgery was 0.1 μg/kg/min for 24 h, or to the end of the vial. The day prior to 
planned surgery was proposed as the optimal time frame for starting a preoperative 
levosimendan therapy. When levosimendan infusion is started during or after induc-
tion of anesthesia, the addition of a bolus is considered to be a feasible option. 
Experts advised against a bolus dose when used outside the operation room. 
Levosimendan can be administered in any hospital setting with adequate hemody-
namic monitoring [23]. Several previously published trials have used infusion rates 
of 0.2 μg/kg/min with variable bolus doses. Another way to exert a preconditioning 
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effect of levosimendan is administration for up to 24 h before surgery [24]. Higher 
doses could produce more potent hemodynamic effects, but at the expense of a 
greater vasodilatation and hypotension. In case of vasodilation, the experts suggest 
to combine levosimendan with vasopressors (norepinephrine, vasopressin). 
Dobutamine should be the preferred drug if additional inotropic support becomes 
necessary in a levosimendan-treated patient.

12.5  Discussion and Conclusion

According to available literature, levosimendan has been studied in more than 40 
clinical trials in cardiac surgery. Earlier studies showed that it could prevent the 
development of LCOS and be useful in treating postoperative LCOS. Considering 
all the existing data, including the results of the three most recent large studies, we 
can conclude that levosimendan is a safe and effective drug for the treatment of 
patients undergoing cardiac surgery and requiring inotropic support. Nevertheless, 
available data showed that despite its unique mechanism of action, levosimendan 
has no evident advantage over classic inotropic drugs for the treatment of periopera-
tive LCOS in patients undergoing cardiac surgery. For this reason, levosimendan 
currently cannot be recommended for routine use in all cardiac surgery patients with 
the aim of reducing mortality. A possible area of levosimendan use might be its 
application in patients during extracorporeal life support withdrawal, based on the 
rationale of the ongoing “Weanilevo” trial (NCT04158674).

There are currently no high-quality studies assessing the use of levosimendan 
in CS. When analyzing the existing data, it becomes clear that, levosimendan has 
no effect on short-term and long-term mortality, ischemic events, acute kidney 
injury, arrhythmias, or hospital length of stay when compared with dobutamine 
[25]. On the other hand, levosimendan can be well tolerated in combination with 
increased vasopressor support. The main drug-specific changes during levosimen-
dan treatment include an increase in CI, cardiac power index, SvO2 and decrease 
in left ventricular pressure [26]. Additionally based on a low-quality study, levo-
simendan appears to be more useful in refractory cardiogenic shock secondary to 
MI when compared with enoximone [20]. Altogether, despite very promising 
aforementioned properties and based on existing evidence, levosimendan should 
be considered as a second-line therapy in well-selected patients with CS. Well-
designed RCTs are warranted to address the gap between the potential use of 
levosimendan in CS and evident proof. The role of levosimendan in this setting 
will be evaluated in the LevoHeartShock study, which will include 634 patients in 
France (NCT04020263).

The therapeutic management of TS is still under debate and remains empirical 
with no evidence from RCTs available to date. Moreover, the use of catecholamine 
infusion is controversial and should be rather avoided in compromised TS patients 
since it may likely induce or worsen ventricle dysfunction. The potential role of 
levosimendan in this setting deserves further research.
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13.1  General Principles

According to the “Fourth universal definition of myocardial infarction,” Acute 
Myocardial Infarction (AMI) is a “myocardial injury detected by abnormal cardiac 
biomarkers with clinical evidence of acute myocardial ischemia” [1]. The criteria 
include abnormal cardiac troponin (cTn) values with at least one value above the 
99th percentile upper reference limit (URL), and at least one of the following:

• symptoms of myocardial ischemia,
• new ischemic electrocardiogram (ECG) changes,
• development of pathological Q waves,
• new loss of myocardium/new regional wall motion abnormality (imaging 

evidence),
• coronary thrombus (identification at angiography or autopsy).

These criteria were developed to differentiate type 1 MI (due to atherothrombotic 
coronary artery disease), type 2 MI (oxygen supply and demand mismatch), and 
type 3 MI (patient dies before obtaining blood for cTn but presentation was typical 
for MI). Type 4A, 4B, and 5 are coronary procedure-related MIs and the previous 
criteria are not to be used in order to make a diagnosis.

In the United States, the overall prevalence for AMI is 3.0% in people ≥20 years 
of age, and the estimated annual incidence is 605,000 new attacks and 200,000 
recurrent attacks [2].

The patient may present with typical symptoms such as chest discomfort, nausea 
and/or vomiting, dyspnea and weakness, or have no symptoms at all; 12-lead ECG 
should be performed and evaluated for ischemic changes whenever AMI is sus-
pected, and serial biomarker testing (i.e., cTn) should be done to confirm diag-
nosis [3].

ST-segment elevation MI (STEMI) is diagnosed if ST-segment elevation is found 
in at least two contiguous leads and symptoms indicating ischemia are present [4]. 
Non-ST-segment elevation MI (NSTEMI) is diagnosed in patients who do not have 
ST-segment elevation [5]. Serial biomarker testing is also used to subclassify an 
acute coronary syndrome without ST-segment elevation as NSTEMI or unstable 
angina (described as myocardial ischemia at rest or minimal exertion in the absence 
of cardiomyocyte necrosis) [3, 6].

13.2  Pathophysiological Principles

The most diagnosed type of MI is type 1 [4], caused by the erosion or rupture of an 
atherosclerotic coronary plaque that leads to the exposure of circulating blood to 
highly thrombogenic materials [7]. STEMI is usually the result of a totally occlud-
ing thrombus, with transmural ischemia, while NSTEMI or unstable angina are the 
result of partial occlusion or occlusion in the presence of collateral circulation [4, 5]. 
An evidence of coronary artery disease (CAD), diagnosed with angiography, is not 
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mandatory for MI diagnosis [8]: in the absence of CAD, MI is called “Myocardial 
Infarction with Non-Obstructive Coronary Arteries” (MINOCA).

13.3  Treatment

13.3.1  Primary Percutaneous Coronary Intervention  
(STEMI and NSTEMI)

Primary percutaneous coronary intervention (PCI) is the ideal reperfusion strategy 
if patient presents within 12 h of symptoms onset, but it should be performed within 
120 min from a diagnosis of STEMI [4]. For NSTEMI patients, an early invasive 
strategy (coronary angiography performed within 24  h of hospital admission) is 
recommended in high-risk patients [5, 9]. With similar delay to treatment, primary 
PCI is shown superior to intravenous fibrinolytic therapy in reducing mortality or 
other complications in STEMI patients [10, 11]. PCI is the most common interven-
tion, but depending on clinical and anatomical features, coronary artery bypass graft 
(CABG) surgery could be performed instead of PCI.

Dual anti-platelet therapy (DAPT: aspirin and a P2Y12 inhibitor) should be 
administered to patients undergoing primary PCI, plus a parenteral anticoagulant. 
The P2Y12 inhibitor of choice should be prasugrel or ticagrelor, but they should be 
avoided in patients who take oral anticoagulants, with previous hemorrhagic com-
plications or moderate-to-severe liver disease [4]. When both medications are con-
traindicated, clopidogrel is another possibility [12]. Unfractionated heparin (UFH), 
bivalirudin, and enoxaparin are the anticoagulants of choice for primary PCI, while 
fondaparinux is not recommended [13].

About 6–8% of patients undergoing PCI have an indication for long-term oral 
anticoagulation (OAC) with vitamin K antagonists (VKA) or direct oral anticoagu-
lants (DOACs), due to various conditions such as atrial fibrillation, venous throm-
boembolism, or mechanical heart valves [5]. Interruption of OAC and bridging with 
parenteral anticoagulants to perform PCI may lead to an increase in both thrombo-
embolic episodes and bleeds [14]. The safety of PCI on DOACs without additional 
parenteral anticoagulation is unknown, while no parenteral anticoagulation is 
needed if the international normalized ratio (INR) is >2.5  in VKA-treated 
patients [15].

13.3.2  Fibrinolytic Therapy (STEMI)

Fibrinolysis could be the most indicated option when primary PCI is neither feasi-
ble nor immediate. The STrategic Reperfusion Early After Myocardial infarction 
(STREAM) trial [16] randomized early STEMI patients to immediate fibrinolysis, 
followed by routine early angiography, or transfer to primary PCI (immediate PCI 
was not possible): the two groups reported similar outcomes. The median delay to 
PCI was 78  min, while 9  min was the median time from randomization to 
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fibrinolytic therapy. In the 2017 ESC Guidelines for the management of STEMI [4], 
10 min became the time-limit from STEMI diagnosis for the bolus of fibrinolytic 
therapy.

A fibrin-specific agent (i.e., tenecteplase, alteplase, or reteplase) should be 
favored for fibrinolysis [17]. Streptokinase is an option as well, but being a bacterial 
product, it can cause an immune response and lead to allergic reactions if used for a 
second time. Anti-platelet and anticoagulation agents can be considered in addition, 
and the benefits of aspirin and fibrinolytics seem to sum up [18]. Clopidogrel as well 
should be added to aspirin in case of fibrinolysis: the risk of cardiovascular events 
and overall mortality was reduced in previous trials [19, 20]. The Assessment of the 
Safety and Efficacy of a New Thrombolytic 3 (ASSENT-3) Trial showed that enoxa-
parin was better than UFH when administered in combination with tenecteplase 
[21]. In the OASIS-6 Trial [13], Fondaparinux reduced death and reinfarction when 
compared to UFH or placebo. In the Hirulog and Early Reperfusion or Occlusion 
(HERO)-2 Trial, compared to UFH, bivalirudin reduced reinfarctions when given 
with streptokinase (fibrin-specific agents were not studied) [22].

13.3.3  Different Perspectives (NSTEMI)

Another approach has to be considered for NSTEMI, where the clot is platelet- 
enriched, and the coronary artery is only partially occluded by the clot’s fibrin cap. 
STEMI is caused instead by a fibrin-rich clot. Therefore, in NSTEMI platelets could 
be released into circulation by thrombolysis or fibrinolysis, possibly leading to the 
development of further thrombosis. Hence, the risk of thrombolysis outweighs the 
benefits in NSTEMI patients [23].

NSTEMI can be managed with an invasive approach and treated with PCI/CABG 
[5, 9]. Conversely, various trials explore a noninvasive management of NSTEMI 
[24, 25].

The management strategy of NSTEMI has no effect on the need for initiation of 
P2Y12 inhibitors after the diagnosis [26, 27]. Aspirin administration is suggested as 
well [28]. Ischemic events in NSTEMI are reduced by parenteral anticoagulation, 
with a further reduction if anticoagulation is combined with platelet inhibitors [29].

13.3.4  Other Medications

• Oxygen: it should be administered only with arterial oxygen saturation (SaO2) 
<90% since hyperoxia could have detrimental effects in non-complicated 
MI [30].

• Betablockers: acute malignant ventricular arrhythmias in patients undergoing 
fibrinolysis are reduced by intravenous beta-blocker treatment, but effects on 
long-term clinical outcomes are unknown [31]. Hemodynamically stable patients 
undergoing primary PCI could benefit from early administration of beta-blockers 
[32, 33].
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• Statins: they are a keystone of secondary prevention [34], and also patients with 
acute coronary syndrome may benefit from their early administration, according 
to literature [35, 36].

• Nitrates: their routine use in STEMI is not recommended because it was not 
beneficial in a randomized controlled trial against placebo [37]. In chronic situa-
tions, they can be used to control angina symptoms.

• Angiotensin-converting enzyme inhibitors (ACE-I) and angiotensin II receptor 
blockers (ARBs): an impaired left ventricle ejection fraction (<40%) is an indi-
cation for ACE-I, and their administration is also recommended in patients who 
initially suffered from heart failure [38]. ARBs should be given to patients intol-
erant to ACE-I.  Valsartan was found to be non-inferior to captopril in the 
VALsartan In Acute myocardial iNfarcTion (VALIANT) trial [39].

13.4  Main Evidences

13.4.1  Dual Anti-Platelet Therapy

The Dual Anti-Platelet Therapy dramatically changed the acute coronary syndrome 
(ACS) treatment. Compared with aspirin alone, results of randomized trials have 
shown that clopidogrel plus aspirin reduces the risk of ischemic events in patients 
undergoing PCI, and in those with non-ST-elevation ACS [40, 41].

ST-elevation acute coronary syndromes were deeply investigated by COMMIT- 
CCS2 (ClOpidogrel and Metoprolol in Myocardial Infarction Trial—Second 
Chinese Cardiac Study), one of the largest randomized placebo-controlled trials of 
the emergency treatment of patients with suspected AMI [19]: 45,852 patients were 
included among 1250 hospitals, those scheduled for primary PCI were excluded. 
ST-segment elevation or bundle branch block was found in 93% patient at the 
admission. Patients were randomized to clopidogrel 75 mg daily or matching pla-
cebo in addition to aspirin 162 mg daily. The main results showed how the alloca-
tion to clopidogrel led to a consistent 9% proportional death, reinfarction, or stroke 
reduction. This was independent of other treatments being used and no significant 
excess major bleeding risk was recorded. These findings clearly demonstrated the 
reduction of mortality and major vascular events in hospital when clopidogrel was 
daily added to aspirin and other standard treatments in a large population with 
AMI. The authors underlined that aspirin might have a substantial role at preventing 
recurrent clinical events, rather than at maintaining coronary artery patency [42]. 
On the contrary, clopidogrel might be more effective in acute setting by preventing 
re-occlusion or by limiting the microvascular effects of platelet activation.

13.4.2  Novel Anti-Platelet Medication

The PLATO, a multicenter, double-blind, randomized trial showed a significant 
reduction of deaths from vascular causes, myocardial infarction, or stroke in patients 
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who have an acute coronary syndrome with or without ST-segment elevation. 
Ticagrelor (180 mg loading dose, 90 mg twice daily thereafter) was compared with 
clopidogrel (300–600 mg loading dose, 75 mg daily thereafter) for the prevention of 
cardiovascular events in 18,624 acute coronary syndromes. The occurrence of death 
from vascular causes, myocardial infarction or stroke, evaluated at 12 months, was 
9.8% in patients treated with ticagrelor as compared with 11.7% in those receiving 
clopidogrel. Myocardial infarction alone occurred in 5.8% in the ticagrelor group, 
whereas in 6.9% of patients receiving clopidogrel. However, ticagrelor was associ-
ated with a higher rate of major procedure-related bleeding (4.5% vs. 3.8%, 
p = 0.03) [43].

The TRITON-TIMI is another crucial trial, which compared prasugrel (a 60 mg 
loading dose and a 10 mg daily maintenance dose) with clopidogrel (a 300 mg load-
ing dose and a 75 mg daily maintenance dose) in 13,608 patients with moderate-to- 
high-risk acute coronary syndromes scheduled to percutaneous coronary 
intervention. Prasugrel was associated with significantly reduced rates of ischemic 
events (hazard ratio for prasugrel vs. clopidogrel, 0.81; 95% confidence interval 
[CI], 0.73 to 0.90; p < 0.001), including stent thrombosis (2.4% vs. 1.1%; p < 0.001), 
but with an increased risk of major bleeding, including fatal bleeding (0.4% vs. 
0.1%; p = 0.002). However, the overall mortality did not differ significantly between 
treatment groups [44].

13.4.3  Thrombolysis

The thrombolytic therapy was a milestone in the AMI treatment, being a crucial step 
before the ongoing percutaneous revascularization therapy.

The Grampian Region Early Anistreplase Trial (GREAT) was one of the largest 
trials investigating the effects of thrombolysis. First, this trial demonstrated the high 
benefit of earlier thrombolysis in AMI. In fact, Rawles et al. [45] showed delaying 
thrombolytic treatment by 1 h increases the hazard ratio of death by 20%, equivalent 
to the loss of 43/1000 lives within the next 5 years. Furthermore, delaying thrombo-
lytic treatment by 30 min reduces the average expectation of life by 1 year. They 
compared two groups undergoing intravenous administration of anistreplase either 
before hospital admission or in the hospital, at a median time of 105 and 240 min, 
respectively, after onset of symptoms. By 5 years, 25% of patients included in the 
pre-hospital group had died compared with 36% of those treated in the hospital 
group. Pre-hospital and hospital Kaplan–Meier survival curves were clearly sepa-
rated throughout the 5-year follow-up period. Furthermore, if compared to in- 
hospital thrombolysis, administrating anistreplase at home resulted in a reduction in 
mortality, fewer cardiac arrests, fewer Q-wave infarcts, and better left ventricular 
function.

For instance, a substudy of GREAT trial [46] found a 50% relative reduction in 
cardiac mortality when anistreplase was given at home [11/163 cases (6.7%) vs 
20/148 (13.5%), difference −6.8%, p = 0.05]. Again, fewer deaths or resuscitation 
from cardiac arrest occurred in patients treated at home compared with patients 
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treated in hospital [13/163 (8.0%) vs 24/148 (16.2%), difference −8.2%, p = 0.02]. 
The benefits of home thrombolysis also led to a better myocardial performance. 
Since the reduction in Q-wave infarction with home thrombolysis was greater in the 
group who received the home injection (in particular those treated within 2 h of the 
onset of symptoms), the survivors in the early branch showed a better left ventricular 
function in the short term which may explain the middle-long-term survival benefit.

Secondly, The GREAT Trial group confirmed the feasibility and safety of domi-
ciliary thrombolysis by general practitioners. The study included 311 patients with 
suspected AMI visited at home within four h of onset of symptoms. Patients with 
contraindications to thrombolytic therapy were excluded. Anistreplase was admin-
istered by general practitioners at home 101 min after onset of symptoms. Adverse 
events after thrombolysis were infrequent and, apart from cardiac arrest, not a seri-
ous one occurred before admission to hospital. However, no obvious association 
between the thrombolytic therapy and cardiac arrest was found. Moreover, its 
occurrence was less common in the anistreplase group compared with placebo, indi-
cating the coronary occlusion might be the primary cause leading to fatal arrhyth-
mias. Yet, few patients suffered from hematemesis, but only one required a 
transfusion and none had significant blood loss before arrival to hospital.

Although the results from GREAT trial were positive, the thrombolysis may fail. 
Sarullo et al. [47] demonstrated that an additional thrombolytic administration in 
patients with unsuccessful thrombolysis is feasible and provides significant infarct 
extension reduction. Ninety patients hospitalized for suspected AMI who under-
went thrombolytic therapy within 4 h of the symptom onset, experienced pain, and 
showed persistent ST-segment elevation 120 min after starting thrombolysis, were 
randomized into two groups. The first group included patients who received an 
additional 50 mg recombinant Tissue Plasminogen Activator (rt-PA), whereas only 
conventional therapy was administrated in the second one. Among patients who 
received the additional dose, 77.7% showed reperfusion compared to 26.6% in the 
control group. Furthermore, markers of myocardial injury such as CK (creatine 
kinase) and CK-MB (CK myocardial band) showed lower peaks, as well as pre- 
discharge echocardiogram ejection fraction which was higher. This led to a lower 
mortality in patients treated with additional thrombolytic dose (6.6% vs 28.8%), 
and the bleeding risk increase was acceptable. In fact, only one major bleeding was 
recorded (non-fatal stroke), and 44.4% patients suffered from minor bleeding. 
However, the rescue thrombolysis does not guarantee a stable coronary reperfusion 
since 55.5% of patient who received a rescue thrombolysis had a recurrent ischemia 
event (reinfarction or angina).
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14.1  General Principles

Traumatic injuries are a considerable public health burden with significant personal 
and social costs. Hemorrhage is responsible for a third of in-hospital trauma deaths 
and contributes to deaths due to multiorgan failure [1].

The hemostatic system helps to maintain circulation after severe vascular injury, 
whether traumatic or surgical in origin. Major surgery and trauma trigger similar 
hemostatic responses and, in both situations, severe blood loss presents an extreme 
challenge to the coagulation system, resulting in a stimulation of clot breakdown 
(fibrinolysis) that might become pathological. Hyperfibrinolysis is demonstrated in 
severely injured trauma patients contributing to an early coagulopathy associated 
with increased mortality [2].
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Antifibrinolytic agents reduce blood loss in patients with both normal and exag-
gerated fibrinolytic responses to surgery, without apparently increasing the risk of 
postoperative complications [3]. In a large multicenter placebo-controlled trial 
(CRASH-2), early administration of a short course of tranexamic acid (TXA), an 
inhibitor of fibrinolysis, was proved to have positive effect on survival, leading to 
validation of its use in trauma patients [4, 5].

14.2  Main Evidences

Reliable evidence that TXA reduces blood transfusion in surgical patients has been 
available for many years. Several systematic reviews of randomized trials in patients 
undergoing elective or emergency/urgent surgery treated with TXA identified a 
reduction in blood transfusion by 30% without serious adverse effects but with no 
significant reduction in mortality. Although the effect on thromboembolic events 
remains uncertain, the use of TXA in cardiac surgery did not increase the risk of 
myocardial infarction (MI), stroke, deep venous thrombosis, pulmonary embolus or 
renal dysfunction [3, 6, 7] (Table 14.1).

Since the hemostatic responses to surgery and trauma are similar, the effects of 
TXA on death, vascular occlusive events, and the receipt of blood transfusion on 
adult trauma patients with significant hemorrhage or at risk of significant hemor-
rhage, were evaluated by a large multicenter, placebo-controlled trial, the CRASH-2 
(Clinical Randomization of an Antifibrinolytic in Significant Hemorrhage 2). 
Tranexamic acid was administrated within 8 h from injury, with a loading dose of 
1 g over 10 min followed by infusion of 1 g over 8 h. The trial included 20,211 
patients and treatment with TXA was associated with a reduction in all-cause mor-
tality with no apparent increase in vascular occlusive events, in number of patients 
receiving blood products and in amount of blood transfused within the two groups 
(respectively 1.7% vs. 2.0%, 50.4% vs. 51.3%, 6.06 vs. 6.29). The relative risk (RR) 
of death with TXA was 0.91 (95% Confidence Interval [95%CI] 0.85–0.97, 
p = 0.0035) [4].

Although the reduction of fibrinolysis is a plausible mechanism, no measure on 
fibrinolytic activity has been performed in the trial. Alternative plausible hypotheses 
that may explain the effects take into account the reduction of the pro-inflammatory 
effects of plasmin, hemostasis improvement, or other mechanisms [5].

A further analysis of the CRASH-2 results showed that TXA treatment within 
3 h of injury reduced the risk of death due to bleeding by nearly 30% (p < 0.0001), 
and the effect was even greater if the time of administration was less than 1 h from 
injury (5.3% vs. 7.7%; RR 0.68, 95% CI 0.57–0.82; p < 0.0001). Moreover, there 
were fewer vascular occlusive deaths with TXA and a significant reduction in fatal 
and non-fatal MI. Treatment given more than 3 h after injury, on the other hand, 
significantly increased the risk of death due to bleeding (4.4% vs 3.1%). The hypoth-
esized mechanisms leading to reduced risk of death are anti-thrombotic or 
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anti- inflammatory effects together with the effect on myocardial oxygen demand 
and oxygen supply, secondary to the reduction of bleeding [5, 9–11].

A new randomized placebo-controlled trial that evaluates the effects of 
tranexamic acid on death, disability, vascular occlusive events in patients with trau-
matic brain injury (CRASH-3) was published in October 2019. Patients with a GCS 
of 12 or lower or with any intracranial bleeding on CT scan without no major extra-
cranial bleeding were enrolled for this study. The primary study outcome was head 
injury-related in-hospital death within 28  days of injury. The results show that 
among patients treated within 3 h of injury, the risk of head injury-related death was 
18.5% in the tranexamic acid group versus 19.8% in the placebo group (855 vs 892 
events, RR 0.94%). Excluding patients with GCS score of 3 or bilateral unreactive 
pupils at baseline, the results were 12.5% in the tranexamic acid group vs 14.0% in 
the placebo group (RR 0.89). The risk of vascular occlusive events and other com-
plications was similar in the two groups. The CRASH-3 trial provides evidence that 
tranexamic acid is safe in patients with TBI and that treatment within 3 h of injury 
reduces head injury-related deaths because early administration of tranexamic acid 
in patients with TBI might prevent or reduce intracranial hemorrhage expansion, 
brain herniation, and death [12].

14.3  Pharmacologic Properties 
and Physiopathological Principles

Tranexamic acid is trans-4-aminomethylcyclohexane-carboxylic acid, a lysine-like 
drug. It is a competitive inhibitor of plasminogen activation and, at higher concen-
trations, a non-competitive inhibitor of plasmin that prevents dissolution of the 
fibrin clot. With reduction in plasmin activity, TXA also has an anti-inflammatory 
effect reducing activation of complement and consumption of C1 esterase inhibitor. 
Since fibrinolysis normally acts in hours or days, while there is a quick clinical 
effect of TXA, other mechanism should be involved.

Tranexamic acid activates thrombin generation by contact phase and acts on fac-
tor XII and prekallikrein. It also shows some modulatory effect on thrombin: it 
inhibits competitively the activation of trypsinogen by enterokinase, it inhibits non-
competitively the trypsin and weakly the thrombin, it activates thrombin generation 
by contact phase, and it acts on factor XII and prekallikrein. Tranexamic acid at 
usual doses has no effect on blood coagulation parameters (coagulation time or vari-
ous coagulation factors in whole blood or citrated blood from normal subjects), 
platelets count, and in vitro aggregation [13, 14].

Although further studies are needed to understand the way TXA reduces the risk 
of death in bleeding trauma patients, on the basis of evidence, different mechanism 
should be involved:

• reduction in perioperative bleeding, transfusion requirements, and risk of post-
operative complications. In the CRASH-2 trial, the lack of transfusion reduction 
could be related to the difficulty to estimate blood loss in the emergency 
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evaluation together with the greater opportunity to receive a blood transfusion by 
the patients who survived (competing risks)

• activity on hyperfibrinolysis which is associated with increased mortality [2, 15]
• reduction in inflammatory response (17% vs. 42%; p < 0.05) and in incidence of 

vasoplegic shock (0 vs. 27%; p < 0.01) [6]

14.4  Therapeutic Use

14.4.1  Pharmacokinetics

After i.v. administration of TXA the plasma concentration showed three mono-
exponential decays: the first very rapid, the second with half-life of 1.3–2 h, and 
the third with half-life of 9–18 h. About half of the dose was recovered unchanged 
in the urine during the first 3–4 h, 90–95% within 24 h, and 95–99% within 72 h. 
The half- life of elimination was about one-fourth of the half-life related to avail-
ability of the compound (3 h). Tranexamic acid is eliminated by glomerular fil-
tration and neither tubular excretion nor absorption takes place. Impairment of 
renal function prolongs the biological half-life of the compound with consequent 
increased plasma concentrations. Tranexamic acid is delivered in the cell com-
partment and the cerebrospinal fluid with delay. The distribution volume is about 
33% of the body mass.

Moreover, TXA is minimally bound to plasma proteins (≈3%) at therapeutic 
plasma concentrations (5–10 mg/L) [16].

14.4.2  Practical Application: Dosage and Timing

Tranexamic acid use is unlabeled in most fields (hemorrhage associated to trauma, 
surgery, and fibrinolysis) but large reliable evidence demonstrated its benefit in 
these circumstances.

In trauma-associated hemorrhage, clinical trials included patients with signifi-
cant hemorrhage (systolic blood pressure < 90 mmHg, heart rate > 110 bpm, or 
both) or those at risk of significant hemorrhage. According to studies in surgical 
patients that showed no significant difference between high and low doses, an i.v. 
loading dose of 1000 mg over 10 min was recommended for administration, fol-
lowed by a continuous i.v. infusion of 1000 mg over the next 8 h. In children, the 
Royal College of Paediatrics and Child Health and the National and Paediatric 
Pharmacists Group Joint Committee recommended an initial loading dose of 
15 mg/kg (maximum 1 g) over 10 min followed by 2 mg/kg/h [17]. In elderly 
patients, no reduction in dosage is necessary unless there is evidence of renal 
failure.

Every effort should be made to treat patients as soon as possible. In the CRASH-2 
Trial, treatment began within 8 h of injury [4], but further analysis demonstrated a 
higher benefit with an administration within 3 h of injury, and preferably within 1 h. 
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Moreover, there is the possibility that late treatment might increase the risk of death 
due to bleeding although there was no evidence of any increase in all-cause mortal-
ity in patients treated after 3 h [5, 10, 18].

14.4.3  Indications and Contraindications

The recommendation in the European guideline on management of bleeding and 
coagulopathy following major trauma include the early administration of TXA 
(Grade 1A), preferably within 3 h after injury (Grade 1B), considering the adminis-
tration of the first dose en route to the hospital (Grade 2C) [19].

The Clinical Guideline of the National Institute for health and Care Excellence 
(NICE) on major trauma (Major trauma: assessment and initial management NICE 
guideline [NG39] Published date: 17 February 2016), recommend the use of intra-
venous tranexamic acid as soon as possible in patients with major trauma and active 
or suspected active bleeding and advise against its use more than 3 h after injury in 
patients with major trauma unless there is evidence of hyperfibrinolysis [20].

Moreover, the 18th Expert Committee on the Selection and Use of Essential 
Medicines was successful to get TXA included in the World Health Organization 
list of essential medicines for use in adult trauma patients with hemorrhage within 
8 h of injury [21].

In the evidence statement “Major Trauma and the Use of Tranexamic Acid in 
Children,” the Royal College of Paediatrics and Child Health and the National and 
Paediatric Pharmacists Group Joint Committee recommended a pragmatic dosage 
schedule, but further prospective trials are needed to better define the best dose 
scheme and the safety profile of these drugs. Administration of TXA or epsilon- 
aminocaproic acid could potentially be helpful in other settings, such as transplanta-
tion, trauma, or massively bleeding children [17].

Contraindications are hypersensitivity to TXA or any of the other ingredients, 
history of venous or arterial thrombosis, or history of convulsions.

14.5  Conclusion

The evidence collected strongly endorses the importance of early administration of 
TXA in bleeding trauma patients and suggests that trauma systems should be con-
figured to facilitate this recommendation. In patients presenting late (>3  h after 
injury), the use has to be limited to patients with evidence of hyperfibrinolysis since 
the drug after the 3 h is associate with worst outcome.
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15.1  General Principles

Procalcitonin (PCT) is a blood biomarker used in clinical practice to detect bacterial 
etiology in patients with sepsis or acute respiratory tract infection, to assess infec-
tion severity, and to monitor the effectiveness of antibiotic therapy. In February 
2017, the U.S. Food and Drug Administration (FDA) approved the use of the first 
PCT assay to guide antibiotic use in the context of lower respiratory tract infections 
(LRTI) and sepsis [1].

Antibiotics are the cornerstone of bacterial infection treatment. Unfortunately, 
the number of multi-drug resistant (MDR) pathogens is constantly increasing and is 
directly linked to antibiotic overuse. Therefore, many efforts have been done in 
order to implement antibiotic stewardship in clinical practice. Procalcitonin, 
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together with full clinical evaluation, can help physicians to withhold antibiotics 
prescription when bacterial infection is unlikely and to stop treatment earlier when 
infection is defeated [2].

Since 2005, an increasing number of randomized controlled trials (RCTs) com-
pared a PCT-guided intervention arm to a standard-of-care arm, showing a safe and 
significant reduction in antibiotic use. The safety parameters usually considered in 
these trials were mortality (with a non-inferiority approach), length of hospital/
intensive care unit (ICU) stay, and reinfection rate [3].

Among these RCTs, two showed a statistically significant, but conflicting, effect 
on mortality [4, 5]. These two RCTs are discussed in details in the first part of this 
chapter, in which the survival effect reported by these investigations is also analyzed 
in light of the wide literature available on PCT.  The second part of the chapter 
describes PCT physiology and its possible clinical use.

15.2  Main Evidences

Most of the RCTs on PCT guidance to antibiotic therapy aimed to demonstrate a 
reduction of antibiotic exposure, with potential benefits in term of toxicity, rise of 
MDR pathogens, and costs. Mortality was investigated in these trials, as primary or 
secondary outcome, with a non-inferiority approach, i.e., to demonstrate that antibi-
otic use reduction does not lead to increased mortality.

As mentioned, only two RCTs reported a significant effect on survival: the Stop 
Antibiotics on Procalcitonin guidance Study (SAPS) showed a reduction in 28-day 
mortality rate in the interventional (PCT-guided antibiotic therapy) arm among criti-
cally ill patients [4], while the BPCTrea trial failed to prove non-inferiority of PCT- 
guided antibiotic therapy with respect to 3-month mortality among patients with 
severe acute exacerbation of chronic obstructive pulmonary disease (AECOPD) [5].

15.2.1  The SAPS Trial and PCT Guidance in Critically  
Ill/Septic Patients

In 2016, de Jong et al. [4] published the Stop Antibiotics on Procalcitonin guidance 
Study (SAPS), a prospective, multicenter, open-label RCT of 1546 patients from 15 
ICUs in the Netherland. Eligible patients had to be admitted to the ICU and to have 
initiated antibiotic treatment within 24 h before inclusion in the trial for an assumed 
or proven infection.

The study protocol included daily measurement of PCT levels until ICU dis-
charge or 3 days after antibiotic discontinuation in the interventional arm. Physicians 
were invited to stop antibiotic treatment when PCT concentration had decreased by 
80% or more of its peak value (relative stopping threshold) or when it reached a 
value of 0.5 μg/L or lower (absolute stopping threshold). In the standard-of-care 
arm, PCT levels were not measured and antibiotics were used according to local or 
national guidelines.
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No significant difference in baseline characteristics was noted. Despite adher-
ence to the stopping thresholds was low (44%), both antibiotic consumption (i.e., 
daily defined doses) and antibiotic treatment duration were lower in the interven-
tional arm, respectively, 7.5 vs 9.3 defined daily doses (absolute difference 2.69, 
95% confidence interval (CI) 1.26–4.12, p < 0.0001) and 5 vs 7 days (absolute dif-
ference 1.22, 95% CI 0.65–1.78, p < 0.0001). Both 28-day and 1-year mortality 
were lower in the PCT-guided group. In the intention-to-treat analysis, 20% of 
patients had died in the PCT group versus 25% in the control group (absolute differ-
ence 5.4%, 95% CI 1.2–9.5, p = 0.012). The favorable effect on mortality was main-
tained 1 year after randomization (35% vs 41%, absolute difference 6.1%, 95% CI 
1.2–10.9, p < 0.0158). Per-protocol analysis confirmed these results [4]. Fragility 
index was 9, which shows a good robustness compared to other RCTs involving 
critically ill patients [6].

As stated by the authors themselves, mortality reduction with PCT guidance was 
an unexpected result, as the study was aiming for non-inferiority. It can be hypoth-
esized that bias and type I error might have played an essential role in obtaining 
these results. Other important limitations were the absence of blinding and the low 
adherence to the study protocol. As a matter of fact, the stopping rule was followed 
only when patients were clinically stable.

The authors speculated several reasons for the observed mortality reduction: 
first, low PCT levels may have led to consider alternative diagnoses; second, persis-
tent high values may have highlighted inadequate therapy and induced to optimize 
infection management. Third, unnecessary antibiotics might have led to adverse 
effects without benefits. However, none of these hypotheses is supported by any 
data in the study.

While the antibiotic sparing effect of PCT-guided protocols has been confirmed 
by numerous meta-analyses published both before and after the SAPS trial, an effect 
on mortality was only shown in subsequent meta-analyses [7–9], with loss of statis-
tical significance when the results of the SAPS trial are omitted.

As a matter of fact, the SAPS trial is the largest RCT of PCT use in critically ill 
patients, and it is the only one showing a statistically significant mortality reduction. 
To date, only two trials were designed to detect a survival benefit of PCT guidance 
and both failed to show a significant mortality reduction [10, 11]. The Placebo- 
Controlled Trial of Sodium Selenite and Procalcitonin Guided Antimicrobial 
Therapy in Severe Sepsis (SISPCT) was the only RCT adequately powered for mor-
tality. It was a two-by-two factorial trial investigating the role of sodium selenite 
and PCT-guided antibiotic therapy in sepsis, in which 1089 patients were enrolled 
across 33 German ICUs. Therapy optimization was recommended if PCT levels did 
not drop by at least 50% at day 4 and discontinuation of antibiotics was recom-
mended when PCT values were less than 1 μg/L. There was no significant differ-
ence in 28-day mortality between patients assigned to PCT guidance and those not 
assigned to PCT guidance (25.6% vs 28.2%, p = 0.34); PCT guidance resulted in a 
4.5% reduction in antibiotic exposure [10]. The Procalcitonin And Survival Study 
(PASS) had a completely different design, in which a drug-escalation algorithm and 
intensified diagnostics based on daily PCT measurements were implemented in the 
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PCT arm. The trial included 1200 patients from nine Danish ICUs. Death from any 
cause at day 28 did not differ between the interventional and control arm (31.5% vs 
32%, respectively); moreover, the length of ICU stay was lower in the control 
arm [11].

Two more large multicenter RCTs of PCT in critically ill patients investigated 
mortality [12, 13]. In 2010, the PROcalcitonin to Reduce Antibiotic Treatments in 
Acutely ill patients (ProRATA) trail enrolled 621 patients from seven French ICUs. 
In the interventional arm, PCT values were used to decide whether antibiotic treat-
ment should be started (with the exception of situations requiring immediate antibi-
otic treatment, such as septic shock or purulent meningitis), continued, and stopped. 
Procalcitonin threshold was 0.5 μg/L. 28-day mortality in the PCT group met the set 
non-inferiority margin of 10% (21.2% in PCT group vs 20.4% in control group, 
absolute difference 0.8%, 95% CI −4.6 to 6.2), also 60-day mortality was not sig-
nificantly different although it was higher in the experimental group (30% in PCT 
group vs 26% in control group, absolute difference 3.8%, 95% CI −2.1 to 9.7). 
Duration of antibiotic treatment was significantly lower in the PCT group (6.1 days 
vs 9.9 days, p < 0.0001), but no difference was detected in the length of both ICU 
and hospital stay. Moreover, the percentage of emerging MDR bacteria isolated 
from specimens taken for routine microbiological assessments did not differ 
between the two groups (17.9% in PCT group vs 16.6% in control group, p = 0.67) 
[12]. The only large trial which did not show any reduction in the duration of anti-
biotic therapy is the Australian ProGUARD. Compared to other trials, this multi-
center RCT of 400 patients used a very restrictive PCT threshold to discontinue 
antibiotics (<0.1 μg/L). The total number of days on antibiotic therapy by 28-day 
was not significantly different (9  in the PCT group vs 11  in the control group, 
p = 0.58), and no differences were found in the length of ICU and hospital stay and 
in the emergence of MDR organisms. Also mortality was not significantly different 
between PCT and control group (60-day all-cause mortality, 18% vs 16%, 
p = 0.6) [13].

15.2.2  BPCTrea Trial and PCT Guidance in Respiratory 
Tract Infections

The BPCTrea trial is a prospective, multicenter, parallel-group RCT, involving 302 
patients from 11 French ICUs. This study was designed to assess the effect of PCT- 
guided antibiotic therapy on 3-month mortality (with an expected non-inferiority 
margin of 12%) in ICU patients with severe AECOPD and suspected LRTI with or 
without pneumonia. Duration of antibiotic exposure was assessed too.

Procalcitonin levels were measured in all patients at the time of randomization, 
6 h after randomization, and on days 1, 3, and 5. In the interventional arm, antibiotic 
therapy was based on PCT levels as follows: strongly discouraged with 
PCT < 0.1 μg/L (no bacterial infection); encouraged with PCT 0.1–0.25 μg/L (pos-
sible bacterial infection); strongly encouraged with PCT  >  0.25  μg/L (bacterial 
infection). In addition, antibiotic discontinuation was recommended when PCT 
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levels were reduced by at least 90% of the peak concentration or less than 0.1 μg/L. In 
the control group, clinicians were blinded to PCT values and prescribed antibiotics 
according to current guidelines.

Mortality at 3 months was not statistically different, but the study failed to dem-
onstrate non-inferiority (mortality was 20% in the PCT group vs 14% in the control 
group; adjusted difference, 6.6%; 90% CI −0.3 to 13.5%). In the subgroup of 
patients who were not receiving antibiotics at baseline, mortality was significantly 
higher in PCT group (31% vs 12%, adjusted difference 19.1%; CI 7.2–31.1%). As 
for antibiotics usage, significantly less patients received antibiotics in the PCT 
group, but both in-ICU and in-hospital antibiotic exposure duration were similar 
(5.2 ± 6.5 days in the PCT group vs 5.4 ± 4.4 days in the control group, p = 0.85, 
and 7.9 ± 8 days in the PCT group vs 7.7 ± 5.7 days in the control group, p = 0.75, 
respectively) [5].

These results challenge the wide literature according to which PCT guidance 
seems to be safe and effective in reducing antibiotic exposure in patients with acute 
respiratory infections.

No other RCT nor meta-analysis showed an association between PCT-guided 
antibiotic therapy and increased mortality [14–16]. In a recent meta-analysis by Li 
et al. which focused on PCT guidance in AECOPD and included the BPCTrea trial, 
no effect on all-cause mortality was reported (RR 1.05, p = 0.79) [15]. Moreover, in 
a large, individual patient-level data meta-analysis of RCTs (not including data 
from the BPCTrea study), Schuetz et al. pooled data of 6708 patients from 26 trials 
and found that PCT-guided antibiotic therapy was associated with a significant 
reduction in 30-day mortality (9% in PCT group vs 10% in control group, p = 0.037) 
although this result is not statistically robust (fragility index = 0). This meta- analysis 
included a very heterogeneous population, regarding both the primary diagnosis 
(ranging from common cold to ventilator-associated pneumonia) and the clinical 
setting (i.e., primary care, emergency department, and ICU). However, no signifi-
cant negative effect was detected in subgroup analyses, when focusing on both ICU 
patients (19% vs 22%, p = 0.62) and AECOPD (3% vs 4%, p = 0.85) [14]. These 
positive results are also validated by large observational studies that confirm the 
results of RCTs in “real life” [17]. The Pro-REAL study included 1759 patients 
from Switzerland, France, and the USA. Overall algorithm compliance was 68.2%, 
with differences between diagnoses, outpatients and inpatients, algorithm- 
experienced and algorithm-naive centers, and countries. Antibiotic therapy duration 
was significantly shorter if the PCT algorithm was followed compared with when it 
was overruled (5.9 versus 7.4 days; difference −1.51 days, 95% CI −2.04 to −0.98; 
p < 0.001) [18].

The PCT algorithm of the BPCTrea study is similar to those applied in other tri-
als focusing on LRTI, where PCT guidance is used to both initiate and stop antibiot-
ics. However, in the vast majority of trials focusing on AECOPD patients, the 
population investigated is generally less severe than the study population of the 
BPCTrea study, which consists in severely ill patients, requiring ICU. Conversely, 
in most trials involving critically ill patients, PCT values are used only to discon-
tinue antibiotic therapy, which is usually started according to other clinical criteria 
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and physician’s judgment [14, 15, 19, 20]. In fact, only two out of the ten ICU RCTs 
included in the meta-analysis by Schuetz et al. provided for a PCT cut-off to start 
antibiotic therapy in their algorithm [14]. A meta-analysis by Huang et al. compar-
ing different PCT-guided strategies in critically ill patients found that only PCT- 
guided antibiotic discontinuation (but not PCT-guided antibiotic initiation) was 
associated with reduced antibiotic use and lower short-term mortality [21]. 
Consistently, mortality in the BPCTrea trial is not increased when included patients 
where already receiving antibiotics [5].

The guidelines for the management of adult patients with LRTI recommend that 
patients with a severe AECOPD who require invasive or noninvasive mechanical 
ventilation should receive antibiotics [22].

The findings of the BPCTrea study also challenge current literature on PCT effi-
cacy in reducing antibiotic exposure in patients with respiratory infection. Large 
meta-analyses showed a clinical benefit in terms of antibiotic initiation and expo-
sure [14, 16]. However, the most recent meta-analysis by Li et al., which includes 
the BPCTrea trial, shows a significant reduction only in antibiotic prescription [15], 
confirming the results of Daubin et al. Moreover, in the recent ProACT trial, which 
enrolled 1656 patients presenting at the emergency department with suspected 
LRTI, PCT guidance did not result in less use of antibiotics compared with usual 
care [20]. It is possible that the benefits of PCT-guided protocols might be less evi-
dent in contests where antibiotic prescription guidelines are highly implemented. As 
a matter of fact, in the BPCTrea study the control group mean duration of antibiotic 
therapy was rather low (7.9 ± 8 days in PCT group vs 7.7 ± 5.7 days in control 
group, p = 0.75). This might be due to the fact that almost 80% of the patients were 
enrolled in three teaching hospitals [5]. In the meta-analysis by Schuertz et al., PCT 
guidance was associated with a 2.4 day reduction in antibiotic exposure (5.7 days in 
PCT group vs 8.1 days in control group, p < 0.0001) [14]. The same consideration 
can be done when comparing the two main RCTs of PCT guidance in respiratory 
infections in the emergency department: the ProHOSP trial and the ProACT trial 
[19, 20]. The ProHOSP study showed a great reduction in antibiotic treatment dura-
tion (5.7 days in the PCT group vs 8.7 in the control group) [19], while no signifi-
cant difference in antibiotic-days (4.2 vs. 4.3 days, p = 0.87) was found between the 
PCT group and the control group in the ProACT trial, in which clinicians in both 
arms were provided with national antibiotic guidelines for LRTI [20].

Other characteristics of the BPCTrea trial might have affected the efficacy of 
PCT guidance for antibiotic therapy in patients with respiratory tract infections. 
First, the PCT algorithm on antibiotic discontinuation was very restrictive. Most 
ICU trials recommend to stop antibiotics when PCT is below 0.25 or 0.5 μg/L [14]. 
Trials focusing on AECOPD are more conservative [15], but they usually deal with 
less severe patients, with alleged lower PCT concentrations [4, 20, 23]. Second, 
mean ICU and hospital antibiotic duration was longer than PCT monitoring accord-
ing to study protocol; therefore in most cases, antibiotic therapy was stopped 
according to clinical judgment also in the PCT group not for low protocol adher-
ence, but for protocol design [5]. The same issues concerning PCT algorithm and 
duration of PCT monitoring are also present in the ProGUARD trial, which failed to 
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demonstrate a significant reduction in the median number of days on antibiotic ther-
apy (9 days in the PCT group vs. 11 days in the control group, p = 0.58) [13].

15.3  Pathophysiological Principles

Procalcitonin is the precursor of calcitonin, a hormone involved in calcium homeo-
stasis. In physiological conditions, thyroid C cells synthesize preprocalcitonin, a 
141 amino acids precursor of calcitonin, which is then rapidly converted into PCT 
(116 amino acids) by endopeptidases-catalyzed removal of the 25-amino acid signal 
sequence. Procalcitonin is then converted into the circulation in calcitonin (32 
amino acids) and other products. Normal PCT blood concentration is as low as 
<0.01 μg/L [24].

Severe bacterial infections enhance extra-thyroid production of PCT. Bacterial 
toxins (e.g., endotoxin) and proinflammatory cytokines (TNFα, IL-1β, IL-6) stimu-
late PCT secretion in several organs such as liver, lung, pancreas, kidney, and intes-
tine, as well as in leukocytes. Moreover, cleavage of the protein into calcitonin is 
reduced during bacterial infection [25]. Accordingly, patients with bacterial infec-
tions show high blood PCT concentrations. Notably, interferon-γ, that is commonly 
released in response to viral infection, inhibits PCT synthesis so that its concentra-
tion remains low in this type of infections [26].

Procalcitonin levels start to increase within 2–4 h from the onset of sepsis, reach-
ing peak blood values 6–8 h afterward and persisting as long as the inflammatory 
process continues. Its concentrations correlate with the severity of infection and 
PCT half-life is usually 20-24  h [27]. Impaired renal function might slow PCT 
clearance [8]. Peak concentrations also correlate with the pathogen involved and the 
infection site. Septic patients with proven Gram-negative bacteremia have signifi-
cantly higher PCT concentrations (median 26  μg/L, IQR 7.7–63.1  μg/L) than 
patients with Gram-positive bacteremia (median 7.1 μg/L, IQR 2.0–23.3 μg/L) or 
candidemia (median 4.7 μg/L, IQR 1.9–13.7 μg/L). Moreover, higher PCT values 
are seen in patients with urogenital infection, followed by abdominal infection, 
while the lowest values are usually found in patients with respiratory infection [23]. 
Last, in certain conditions PCT levels may increase significantly even in non-septic 
patients. In postoperative patients, normal PCT kinetics varies. A physiological rise 
in PCT concentration is observed due to surgical stress-triggered inflammation. The 
highest values are measured on the second postoperative day and usually show a 
sharp decline thereafter [17]. In patients with cardiogenic shock, PCT level might 
rise up to 10 μg/L within 1–3 days, especially if vasopressor support is required. 
Severe chronic liver and kidney dysfunctions are associated with a moderate, but 
constant increase in PCT level (<2 μg/L). In addition, certain types of autoimmune 
disorders (Kawasaki Syndrome, Good pasture’s Syndrome, Anti-neutrophil 
antibody- positive vasculitis, autoimmune hepatitis, or primary sclerosing cholangi-
tis) may induce significant amounts of PCT level [28].

These features make PCT a useful diagnostic tool to differentiate bacterial infec-
tion from inflammatory states with different etiology, mainly in patients with sepsis 
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or acute respiratory tract infection [3]. In a large meta-analysis of 30 observational 
studies, Wacker et  al. evaluated PCT performance in identifying septic patients. 
Procalcitonin showed a high discriminatory ability (area under the curve (AUC) 
0.85); mean sensitivity was 0.77 (95% CI 0.72–0.81) and mean specificity was 0.79 
(95% CI 0.74–0.84). The area under the receiver operating characteristic curve was 
0.85 (95% CI 0.81–0.88) [29]. In a large observational study, Laukemann compared 
the ability of several clinical scores and blood biomarkers to predict positive blood 
cultures. The best biomarker was PCT (AUC 0.803), compared to C-reactive protein 
(AUC 0.645) and white blood cell counts (AUC 0.544). Combining PCT levels with 
the Shapiro score further increased the AUC to 0.827 [30].

In addition, several studies proved a good correlation with clinical evolution and 
prognosis [3].

15.4  Clinical Use

There is no consensus on the use of PCT in clinical practice. Traditionally, this 
marker is used in situations where differential diagnostic is needed in order to help 
defining the bacterial origin of an inflammatory status. Tujula et al. performed a 
systematic search to identify clinical practice guidelines (CPG) dealing with 
PCT. They included 17 CPG, most of them dealing with patients affected by either 
LRTI or sepsis [31].

In the context of septic or critically ill patients, two CPG take PCT in consider-
ation: the Surviving Sepsis Campaign [32] and the Antibiotic Stewardship Program 
of the Infectious Diseases Society of America (IDSA) [33]. Both guidelines state 
that PCT is useful to stop antibiotic therapy but do not provide specific cut-offs. The 
“International Guidelines for Management of Sepsis and Septic Shock” published 
by Surviving Sepsis Campaign in 2016 confirm the usefulness of low PCT levels to 
guide antibiotics discontinuation, already suggested in 2012. In particular, the use 
of PCT levels is suggested to support the reduction of antimicrobial therapy dura-
tion in septic patients as well as the discontinuation of empiric antibiotics in patients 
who initially appeared to have sepsis, but subsequently have limited clinical evi-
dence of infection (weak recommendation, low quality of evidence) [32]. The 
guidelines do not set a defined cut-off, highlighting that there are no evidences 
about which of the proposed algorithms performs best. It is also stressed that PCT, 
as any other biomarker, can provide only supportive and supplemental data to clini-
cal assessment [32]. Similarly, in the Guidelines to Implement an Antibiotic 
Stewardship Program (ASP), the IDSA suggests to use PCT levels to decrease anti-
biotic use in adult ICU patients with suspected infection (weak recommendation, 
moderate-quality evidence) [33].

In patients with respiratory infection, guidelines are even more cautious. The 
IDSA guidelines suggest to use PCT levels plus clinical criteria to discontinue 
antibiotic therapy in patients with hospital/ventilator acquired pneumonia (HAP/
VAP). The panel questions the potential benefits of using PCT monitoring in 
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contexts where standard antibiotic therapy for VAP is already 7  days or less. 
Moreover, IDSA guidelines suggest the use of clinical criteria alone rather than 
clinical criteria associated with PCT levels to decide whether to initiate antibiotic 
therapy. This recommendation is based on accuracy studies, according to which 
serum PCT plus clinical criteria can diagnose HAP/VAP with a sensitivity and 
specificity of 67% and 83%, respectively, leading to a high false negative and false 
positive rate. Both of these recommendations are weak and based on low quality 
evidence [34].

Concerning COPD, both the German Respiratory Society and the 
U.S. Department of Veterans Affairs state that there is insufficient evidence to rec-
ommend for or against PCT-guided antibiotic use for patients with acute COPD 
exacerbations [35, 36].

Despite the lack of official guidelines, an international expert consensus on PCT- 
guided antibiotic stewardship has recently been published [2]. In this opinion paper, 
Schuetz et al. propose a shared algorithm in which the likelihood of bacterial infec-
tion is evaluated combining initial clinical assessment (including microbiology) 
with PCT results (see Table 15.1). A high probability of bacterial infection is associ-
ated with PCT ≥ 0.25 μg/L (or ≥ 0.5 μg/L in ICU patients). The subsequent antibi-
otic strategy is suggested according to the probability of bacterial infection and the 
severity of clinical presentation. It is suggested to withhold antibiotic therapy when 
both clinical suspicion and PCT levels are low, only if patients have mild symptoms. 
In this case, a second PCT test may be done to confirm the diagnosis. Otherwise, 
antibiotic therapy should always be started according to clinical judgment. However, 
if PCT levels are low, other diagnostic tests should be considered to investigate dif-
ferential diagnosis.

When the overall likelihood of bacterial infection is low, a second PCT test 
below the cut-off levels may be used to stop empiric therapy. Otherwise, when bac-
terial infection is likely and PCT levels are high, monitoring PCT levels every 
24–48 h can help monitoring antibiotics efficacy and suggests discontinuation when 
PCT levels are lower than defined cut-offs or drop by 80% of the peak value. Specific 
populations excluded by this algorithm are patients with immunosuppression, cystic 
fibrosis, pancreatitis, high volume transfusion, malaria, and chronic infections (e.g., 
osteomyelitis or endocarditis) [2].

15.5  Conclusions

Procalcitonin-guided antibiotic discontinuation in critically ill patients is a useful 
tool to decrease antibiotic therapy duration, with a good safety profile in terms of 
reinfection, mortality, and prolonged ICU/hospital stay. However, available evi-
dence does not confirm reduction in the emergence of MDR pathogens, which is the 
final aim of antimicrobial stewardship programs. Moreover, the sparing effect is less 
evident in contexts where other antimicrobial stewardship programs have already 
been implemented.
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Two multicenter RCTs show conflicting results on mortality. Daubin et al. [5] 
showed an increased mortality risk in the subgroup of patients who were not receiv-
ing antibiotics at baseline. This RCT focused on a very limited population (i.e., 
patients with acute exacerbations of COPD admitted to ICU) and implemented a 
PCT-guided protocol where PCT values were used not only to stop but also to start 
antibiotic therapy. Because of these features, it is not appropriate to generalize the 
results of this trial to the whole critically ill population and an increase in mortality 
due to PCT-guided antibiotic discontinuation seems unlikely. On the opposite, de 
Jong et al. showed a survival benefit with PCT-guided antibiotic discontinuation [4]. 
This study is not at low risk of bias, due to lack of blinding and incomplete outcome 
data. Moreover, low adherence to PCT protocol and risk of type I error are present. 
Subsequent meta-analyses confirmed a survival benefit with the use of PCT, but the 
effect is lost without the results of the trial by de Jong et al. Further large, specifi-
cally designed and adequately powered multicenter RCTs are needed in order to 
assess the potential survival benefit of PCT-guided antibiotic discontinuation in 
critically ill patients.
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16.1  General Principles

Selective decontamination of the digestive tract (SDD) is an antimicrobial prophy-
laxis using parenteral (e.g., third-generation cephalosporin) and enteral antimicro-
bials (e.g., polymyxin E, tobramycin, and amphotericin B) for the control of severe 
infections in critically ill patients [1].

SDD is based on the observation that critical illness profoundly affects the body 
flora, both qualitatively and quantitatively, promoting a shift from normal to abnor-
mal carriage, and from low to high carriage (overgrowth) of normal and abnormal 
flora [1]. The efficacy of SDD in controlling infections and in reducing mortality is 
based on the ability of the chosen antimicrobials to clear the carriage of potentially 
pathogenic microorganisms (PPMs) in overgrowth concentration.
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16.2  Main Evidence

There have been 75 randomized controlled trials (RCTs) of SDD in about 36,000 
critically ill patients and several meta-analyses, over a period of more than 35 years 
of clinical research. However, most RCTs were designed to detect morbidity, i.e., 
infection of the lower airways and the bloodstream, and were under powered to 
detect a survival benefit. The full protocol of parenteral and enteral antimicrobials 
significantly reduced lower airway infection by 72% (odds ratio [OR] 0.28, 95% 
confidence interval [CI], 0.20–0.38) [2], and bloodstream infection by 27% (OR 
0.73, 95% CI, 0.59–0.90) [3]. Mortality reduction ranged from 16% (OR  0.84, 95% 
CI, 0.73–0.97) [4] to 27% (OR, 0.73, 95% CI, 0.64–0.84) [5] and 29% (OR, 0.71, 
95% CI, 0.61–0.82) [6].

The largest RCTs on SDD with the endpoint of mortality were performed in the 
Netherlands [7–9]. The first Dutch trial included 934 patients and showed a 35% 
reduction of intensive care unit (ICU) mortality (relative risk [RR] 0.65, 95% CI, 
0.49–0.85) in the overall population, and a significant reduction of ICU mortality in 
the subset of surgical patients who underwent emergency surgery (RR 0.48, 95% 
CI, 0.26–0.87) [7]. The second Dutch study included about 6000 patients, and com-
pared SDD, selective oropharyngeal decontamination (SOD), a regimen without 
intestinal and parenteral components, and standard care [8]. SDD reduced ICU mor-
tality compared to standard care [OR 0.81, 95% CI, 0.69–0.94]. A post hoc analysis 
in surgical patients showed that SDD reduced 28-day mortality, albeit not signifi-
cantly (OR 0.86, 95% CI, 0.69–1.09) [10]. Oostdijk et al. [9] compared the effects 
of SOD and SDD and demonstrated a 28-day mortality of 25.7% and 23.8% in SOD 
and SDD group, respectively (adjusted OR 0.85, 95% CI, 0.77–0.93). Additionally, 
a German RCT in 546 surgical patients [11] although not designed to detect a sur-
vival benefit, showed a significant mortality reduction in patients with mid-range 
APACHE II score of 10–29 (RR 0.51, 95% CI, 0.29–0.87). Finally, a European RCT 
in ICUs with moderate to high level of antibiotic resistance, and including 8665 
patients, compared the efficacy of SDD (although without the parenteral compo-
nent), SOD, and standard care on bloodstream infection [12]. Bloodstream infec-
tions due to multidrug-resistant microorganisms were reduced, albeit not 
significantly, by SDD and SOD compared to standard care.

In surgical patients, pneumonia, postoperative infections, and anastomotic leak-
age were reduced by SDD, mainly in gastrointestinal surgery [13, 14]. There are 
three meta-analyses in liver transplant recipients receiving SDD [15–17]. Two of 
them [15, 16] found a significantly reduced infection due to aerobic Gram-negative 
bacilli (AGNB) and yeasts (OR 0.16, 95% CI, 0.07–0.37, and OR 0.41, 95% CI, 
0.23–0.73, respectively) although the mortality reduction was not significant due to 
the small sample size (OR 0.82, 95% CI, 0.22–2.45) [15]. SDD has been studied in 
cardiac surgical patients. All RCTs showed a reduction in rates of infections and 
reduced levels of endotoxin and inflammation mediators in the postoperative period 
[17]. Three meta-analyses exploring the efficacy of SDD in critically ill surgical 
patients showed a significant reduction in morbidity and mortality [4, 17, 18]. 
Remarkably, SDD reduced mortality in surgical population by 36% (OR 0.64, 95 
CI, 0.53–0.79) and was superior to SOD (OR 0.80, 95% CI, 0.69–0.93) [4].
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Based on evidence from RCTs and meta-analyses, SDD has been included 
among the non-surgical interventions that may reduce mortality in the perioperative 
period [19–21]. Additionally, the Dutch working party on antibiotic policy advised 
to use SDD in patients with an ICU stay of more than 48 h [22].

16.3 Pharmacological Properties

The mechanism of action of SDD is the control of critical illness-related carriage in 
overgrowth state [1]. Low-grade carriage is defined as <105 PPMs per gram of 
digestive tract secretions. High-grade carriage (i.e., overgrowth) is defined as ≥105 
PPMs per gram of digestive tract secretions. Overgrowth is a risk factor for develop-
ing endogenous infection and resistance [1].

The majority of infections developing in ICU patients are endogenous (85%), 
i.e., they are preceded by overgrowth in throat and/or gut [1]. Oropharyngeal car-
riage of PPMs in overgrowth concentrations is the first step in the pathogenesis of 
lower airway infections. Similarly, gut carriage of PPMs in overgrowth concentra-
tions is the first stage in the pathogenesis of bloodstream infections. Normal PPMs 
are the etiological agents in previously healthy individuals requiring intensive care 
following an acute event, such as trauma, surgery, pancreatitis, acute hepatic failure, 
and burns. They are Streptococcus pneumoniae, Haemophilus influenzae, Moraxella 
catarrhalis, Escherichia coli, methicillin-sensitive Staphylococcus aureus and 
Candida albicans. There are nine abnormal PPMs carried by individuals with 
underlying diseases: eight aerobic Gram-negative bacilli (AGNB), e.g., Klebsiella, 
Enterobacter, Citrobacter, Proteus, Morganella, Serratia, Acinetobacter, and 
Pseudomonas species, and methicillin-resistant S. aureus (MRSA) [1].

There is a qualitative and quantitative relationship between surveillance cultures 
of the throat and gut and diagnostic samples of lower airways and blood, i.e., when 
the potential pathogen reaches overgrowth concentrations in the throat and gut, 
lower airway secretions and blood may become positive for the same potential 
pathogen.

Exogenous infections (15%) are not preceded by overgrowth in throat and/or gut; 
they are usually caused by abnormal bacteria and may occur anytime during ICU 
stay. A high level of hygiene is the controlling maneuver and, in tracheostomized 
patients, may be combined with topical SDD antimicrobials onto the tracheostoma 
to prevent lower airway infections.

16.4  Therapeutic Use

The full protocol of SDD is based on the following four pillars [1] [Table 16.1]:

 1. Parenteral antibiotics given immediately on admission for 4 days to control pri-
mary endogenous infections due to PPMs already present in the patient’s admis-
sion flora. Healthy patients with normal flora can be treated with cefotaxime 
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80–100  mg/kg/day. Patients with a chronic underlying disease or patients 
transferred from other ICUs or general wards may carry both normal and abnor-
mal flora in throat and gut, and they may require an antipseudomonas cephalo-
sporin, or a glycopeptide if MRSA carriage is expected.

 2. Enteral non-absorbable antimicrobials, i.e., polymyxin E (colistin), tobramycin, 
and amphotericin B (PTA), given throughout the treatment in the ICU, to control 
secondary carriage and subsequent secondary endogenous infections due to 
PPMs acquired in the ICU. Half a gram of gel or paste containing 2% PTA is 
applied to the oropharyngeal mucosa with a spatula or a gloved finger four times 
a day; additionally, 10 mL of a suspension containing 100 mg of polymyxin E, 
80 mg of tobramycin and 500 mg of amphotericin B is administered into the gut 
through the nasogastric tube four times a day. In properly decontaminated 
patients, surveillance samples of throat and rectum are free from AGNB, 
S. aureus and yeasts.

 3. High standards of hygiene are needed to control exogenous infections due to 
transmission of ICU-associated microorganisms. Identical antimicrobials of 
PTA and/or vancomycin as gel/paste are indicated for topical use on the tra-
cheostomy in tracheostomized patients to control exogenous lower airway 
infections.

 4. Surveillance cultures of throat and rectum on admission and, afterwards, twice 
weekly are required to monitor the efficacy of SDD and to detect the emergence 
of resistance at early stage.

Table 16.1 The four-component protocol of SDD

Target PPM, antimicrobials, maneuvers
Total daily dosea

<5 years 5–12 years >12 years
1.  Parenteral antimicrobials for the first 4 days, e.g., 

cefotaxime, mg
100–150/
kg/day

75–100/
kg/day

4000/day

2. Enteral antimicrobials
    a. Oropharynx
        (1) AGNB: Polymyxin E with tobramycin 2 g of 2% paste or gel
        (2) Yeasts: Amphotericin B or nystatin 2 g of 2% paste or gel
    b. Gut
        (1) AGNB: Polymyxin E, mg 100 200 400
             With tobramycin, mg 80 160 320
        (2) Yeasts: Amphotericin B, mg 500 1000 2000
             Or nystatin units 2 × 106 4 × 106 8 × 106

3. High levels of hygiene
4.  Surveillance samples of throat and rectum taken on 

admission, and Monday and Thursday, thereafter

SDD selective decontamination of the digestive tract, PPM potentially pathogenic microorgan-
isms, AGNB aerobic Gram-negative bacilli, MRSA methicillin-resistant Staphylococcus aureus, 
mg milligram, g gram, kg kilogram
aTotal daily dose must be divided into four doses
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The combination of polymyxin and tobramycin was chosen because it covers most 
abnormal AGNB including Pseudomonas species, and it is synergic in vitro. The 
use of a polyene, such as amphotericin B or nystatin, eradicates fungal overgrowth. 
However, the SDD concept is not a mere implementation of the three antimicrobi-
als, and in settings with moderate-to-high prevalence of antibiotic resistance requires 
an adaptation of the antimicrobials based on the resistance patterns. For instance, in 
case of MRSA endemicity, half a gram of a 4% vancomycin gel/paste in the oro-
pharynx and/or 500 mg of vancomycin solution in the gut can be added to the clas-
sical PTA regimen four times a day, or in case of multidrug-resistant AGNB 
paromomycin might be required [23].

Experts are concerned that SDD may lead to an ecological catastrophe. In 
contrast, the best evidence is that the use of SDD is generally safe, and resistance 
is under control [24]. This is mainly due to the control of gut overgrowth reduc-
ing spontaneous mutations, polyclonality, and resistance [1, 24]. Three large 
RCTs had resistance as endpoint [7–9]. These RCTs showed less resistance in 
patients receiving SDD than in those receiving standard care. Additionally, the 
incidence of bacteremia and lower respiratory tract colonization due to highly 
resistant AGNB was significantly reduced by SDD compared to standard care 
[24, 25]. Two meta- analyses explored the impact of SDD on resistance [26, 27]. 
In the first meta- analysis, including only RCTs, resistance was reduced in patients 
receiving SDD compared with controls (OR 0.56, 95% CI, 0.41–0.76) [26]. 
Another systematic review showed a reduction in polymyxin and third-genera-
tion cephalosporin resistance to AGNB in patients receiving SDD compared with 
those who received no intervention [27]. These data are confirmed by long-term 
ecological studies showing a reduction in resistance rates in patients receiving 
SDD [24].

The enteral antimicrobials of SDD are usually poorly absorbed. However, criti-
cal illness may determine a gut barrier failure. Therefore, serum tobramycin levels 
should be routinely checked in critically ill patients with renal failure and/or receiv-
ing renal replacement therapy [28].

Few small studies assessed the impact of SDD on the gut microbiota. Compared 
with healthy subjects, the microbiota of ICU patients receiving SDD is character-
ized by a lower microbial diversity, lower levels of E. coli and butyrate-producing 
bacteria, and higher levels of Bacteroidetes and enterococci [24, 29].

16.5  Conclusions

SDD, including parenteral and enteral antimicrobials, controls gut overgrowth of 
potential pathogenic microorganisms, reduces infection of the lower airways and 
the bloodstream, and provides a survival benefit in critically ill patients. SDD is a 
safe maneuver with regard to the emergence of resistance.
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17.1  General Principles of the Nutrition Therapy 
in the Critical Care Patient

The critical illness is associated with a complex metabolic response, which includes 
catabolic stress and protein mass loss among other processes that are closely related 
with inflammation [1, 2]. At the same time, many patients suffer from nutritional 
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deficiencies on Intensive Care Unit (ICU) admission that may contribute to enhance 
inflammation and worsen illness severity [2, 3].

Nutrition is not simply an adjunctive therapy designed to provide exogenous 
nutrients; it may also help to preserve lean body mass during the stress response 
and prevent sarcopenia and myopathy, which ultimately can contribute to improve 
recovery and length of stay (LOS) [2]. Nutrition therapy itself may help to modu-
late metabolic response to stress, prevent oxidative cell injury, and stimulate an 
adequate immune response [3]. Indeed, an inadequate nutrition therapy may cause 
more complications (e.g., infections, prolonged LOS, prolonged weaning from 
mechanical ventilation) and worst survival in ICU patients. Increased delivery 
(i.e., overnutrition) of nutrients and also higher nutritional debt (i.e., malnutrition) 
may both cause worst outcomes [4]. Thus, providing early and adequate nutrition 
based on guidelines recommendationsis a proactive therapeutic strategy that may 
help to reduce disease severity, complications, improve LOS, and affect patient 
survival [4, 5].

Enteral and parenteral nutrition are both provided in ICU patients for nutritional 
therapy with the aim to reduce lean body mass loss and improve outcomes [4]. 
Enteral nutrition (EN) is the main route for artificial nutritional therapy in the 
ICU. However, it is essential to implement all strategies to optimize delivery of EN 
and EN tolerance (e.g., avoiding inappropriate interruptions, use of prokinetics, and 
use of post-pyloric access when it is not possible to use the gastric route) [4–6].

Nowadays, parenteral nutrition (PN), which was introduced in clinical practice 
over 25 years ago, is a standard tool in the management of ICU patients. PN is 
mainly indicated in selected patients, mostly in those whom EN is contraindicated 
and/or those in whom oral intake is inadequate, but it can be used to complete nutri-
tional demands if those are not completely achieved by means of EN (i.e, supple-
mentary or complementary PN) [4–6]. The use of PN has been largely controversial 
and physicians have been reluctant to use early PN. However, as we discuss below, 
PN represents a safe way to nourish the critically ill.

17.2  Evidence in the General Principles 
of the Nutrition Therapy

There are several published randomized clinical trials (RCTs) that have shown met-
abolic and nutrition-related therapies that may help to reduce mortality (see 
Table 17.1 [2, 7–14]). However, all these reported therapeutical approaches, even if 
sustained by an important scientific evidence, are not yet so widespread among cli-
nicians and currently used in clinical practice. Indeed, some of them showed contra-
dictory results that challenged scientific rationale and common sense [11]. In the 
following paragraphs, we discuss these different nutrition-related therapies that may 
reduce mortality in critically ill, together an insight with the general principles for 
adequate nutrition therapy that may help to improve outcome of critically ill.

G. Paternoster et al.
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17.2.1  Caloric Intake: Focus on Progressive Feeding and Prevent 
Refeeding Syndrome, Underfeeding and Overfeeding

The initial catabolic response of the critically ill is mainly caused by the systemic 
inflammatory response to medical illness, major surgery or trauma. It does mark-
edly increase metabolic demands and enhances proteolysis of muscle tissue, result-
ing in a reduction of lean body mass, which ultimately may cause myopathy. This 
may negatively impact during ICU recovery [1, 2]. However, there is not a complete 
agreement on optimal timing, route, type, and amount of nutrition therapy in criti-
cally ill patients.

Progressive feeding is a restrictive strategy recommended during the initial/
acute phase of ICU LOS (i.e., first 3–4 days). After this phase, full caloric dose 
should be provided, preferably based on indirect calorimetry [4]. However, some 
patients who are at nutritional risk or already suffer from a degree of malnutrition 
when admitted at the ICU, do not tolerate complete energy delivery and develop 
refeeding syndrome, which is associaded with worst outcomes (e.g., weaning fail-
ure from ventilator, arrhythmias, nosocomial infections, higher mortality). 
Refeeding syndrome is a potentially life-threatening condition induced by initia-
tion of feeding after a period of starvation and hypophosphatemia is the main sign 
of its presence [15, 16].

In an RCT, Doig et al. enrolled 339 adult critically ill patients who developed 
refeeding syndrome within 72 h of commencing nutritional therapy in the ICU. The 
patients enrolled were allocated to receive standard or protocolized caloric restric-
tion when refeeding syndrome was developed. They demostrated that caloric restric-
tion (i.e., 50% reduction during at least 48 h) was associated with improvement in 
overall survival time and mortality at day 60 of follow-up. Moreover, caloric restric-
tion also significantly reduced the incidence of major infections [17]. Thus, caloric 
restriction may be a suitable therapeutic option for adult critically ill patients suffer-
ing from refeeding syndrome [15–17].

Overfeeding is energy administration of 110% above the defined target. 
Underfeeding is defined as an energy administration below 70% of the defined tar-
get. Both represent a risk for adverse outcomes in critically ill. However, Arabi et al. 
in an RCT demonstrated that permissive underfeeding (i.e., 50% of energy needs 
approximately) was associated with lower mortality and morbidity [18]. This strat-
egy is controversial and it may be recommended to patients with severely ill with 
previous nutritional reserve; it cannot be recommended in patients at nutritional risk 
or those who suffer from malnutrition [4–6].

In critically ill patients, especially those who develop refeeding synbdrome, a 
standardized and multidisciplinary care plan can reduce complication rates and 
overall mortality. This has been shown in several recent studies that also reported 
lower mortality rates with low caloric intake compared with full nutritional support 
[16, 17]. This is probably explained by the avoidance of overfeeding and refeeding 
syndrome with low caloric intake. Thus, an individualized nutrition therapy strategy 
should be made based on the occurrence of nutritional complications, such as 
refeeding syndrome, and the nutritional status of the patient [4–6].
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17.2.2  The Route of Nutrition Therapy: Enteral Vs Parenteral

There has been over the past years a debate on the best type of nutrition and route 
of administration in critically ill patients. As we mentioned above, EN is recco-
mended by many authors and scientific societies as the main and first route for nutri-
tion therapy. However, supporting evidence comes from elective surgery and trauma 
patients [4–6]. Early initiation of EN is recommended in hemodynamically stable 
patients who are unable to maintain oral intake within 48 h, or even within 24 h, if 
there is no reason to delay EN [3, 4]. Indeed, early EN, even when TROPHIC EN is 
administered (i.e., <25% nutritional needs via enteral route), is associated with 
lower risk of infections and preserves structure and function of the gut (i.e., immu-
nity and absorptive capacity) [4, 18].

PN is indicated when the delivery of nutrients via the gastrointestinal tract is 
contraindicated or insufficient for the needs of the patient. PN can be provided 
either as a full source of nutrition (exclusive PN) or as an additional nutrition source 
when full requirements are not able to be met by oral intake or EN (supplemental or 
complementary PN). PN is easy to be administered and managed, but its benefits 
were counterbalanced by complications related to central venous catheter infections 
and gut bacteria translocation. Improvements in catheter-related nosocomial infec-
tions and PN technology, together with the recent reported safety of PN compared 
with EN in contemporary studies, have both overcome the reluctancy to the early 
use of PN in patients witn malnutrition (or at risk) [1, 2, 4–6].

17.2.3  Appropriate Caloric and Protein Target

In critically ill patients, it is difficult to estabilish the exact caloric needs and it is 
recommended to gradually achieve caloric and protein target particularly in the 
early/acute phase of ICU LOS.  Recommended caloric and protein target are 
20-25 Kcal/kg/day and 1.3 g/kg/day, respectively, when indirect calorimetry is not 
available [3–5]. Caloric and protein requirements must be considered separately, 
especially due to the importance of protein for the prevention of higher loss of 
muscle mass, which is caused by the remarkable proteolysis during the acute phase 
of illness. A significative mortality reduction in patients with normal kidney func-
tion may be achieved if patients receive higher dose of protein intake (i.e., 2 g/Kg/
day) [7].

In total PN, the protein source can be administrated by means of specific type of 
aminoacids, which may be helpful to design formulas enriched with aminoacids 
that have beneficial propierties for some type of patients. Indeed, Garcia deLorenzo 
et al. demonstrated in a multicenter RCT a mortality reduction in septic patients 
receiving high branch-chain aminoacids [19]. This study showed for the first time 
the importance of early protein administration in ICU patients.

ICU patients during EN frequently do not receive the prescribed energy and pro-
tein dose. The reasons for this are multifactorial, including interruptions for diag-
nostic or therapeutical procedures, delayed initiation of EN, and gastrointestinal 
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intolerance, among others. Standard operating procedures may be helpful to avoid 
caloric and proteic debt. An analysis of data from a prospective, international study 
evaluating more than 7000 mechanically ventilated patients found a significant 
inverse association between the administrated calories and the risk of mortality. 
Based on the findings, the authors proposed that patients should receive a minimum 
of 80% of prescribed calories and protein and suggested that this measure could 
serve as a quality indicator [20]. A subsequent retrospective cohort study assessed 
the relationship between nutritional adequacy and long-term outcomes in 475 criti-
cally ill patients requiring prolonged mechanical ventilation. Nutritional efficacy 
was defined depending on the percentage of prescribed calories received during the 
first week in the ICU as low (<50%), moderate (50 – <80%), or high (≥80%). Higher 
caloric and protein delivery during the first week in the ICU was associated with 
longer survival time and enhanced recovery after ICU discharge in critically ill who 
required prolonged mechanical ventilation [21]. In view of those studies, under-
feeding is not recommended as nutritional therapy strategy in the most severe ICU 
patients.

17.2.4  Nutrition Monitoring

Nutrition monitoring represents a real challenge in ICU. Anthropometric and 
biochemical markers are traditionally used as monitoring tools to evaluate nutri-
tional status, but their use in critical illness is not appropriate due to many con-
founding factors (e.g., volume overload, inflammation). It is necessary to realize 
locally adapted standard operating procedures (SOPs) for follow-up of EN and/
or PN administration. Clinical observations, laboratory parameters (e.g., blood 
glucose levels, electrolytes, triglycerides, liver tests), and monitoring of energy 
expenditure and body composition have to be addressed daily, focusing on pre-
vention, and early detection of nutrition-related complications. In consequence, 
understanding and defining risks and developing local SOPs are critical to 
reduce those complications that eventually may prolong ICU LOS and cause 
death [22].

17.3  Evidence in Immunonutrition Enteral Formulas

The main purpose of immunonutrition (IMN) EN formulas or the supplementation 
of higher doses of immunonutrients (combined or alone) was to protect patients 
from infections and improve ICU LOS. Indeed, some formulas enriched with spe-
cific immune-modulating nutrients are actually in the market for clinical use. Such 
nutrients include Omega-3 (n-3) polyunsaturated fatty acids (PUFAs), arginine, glu-
tamine, and nucleotides. Despite the strong rationale for their use based on the bio-
logical propierties (i.e., modulate inflammatory response) of the different 
components of IMN formulas, due to the great variety of their composition and the 
lack of strong results, the use of these formulas is controversial [23].
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The PUFAs have anti-inflammatory effects by blocking eicosanoid production. 
Arginine performs several actions, in particular it has an anabolic effect (e.g., 
increases growth hormone production), improves immune function (e.g., increases 
the number of T-helper lymphocites), and modulates vasoplegia (e.g., stimulates 
nitric oxide synthesis). Nucleotides, which are usually associated with arginine in 
IMN formulas, could have important effects upon T cell function [24].

Several meta-analyses suggest that immunonutrient mixtures, which contain one 
or more of the PUFAs, glutamine, arginine, and nucleotides, are useful periopera-
tive use in trauma and surgical patients by determining a reduction in hospital LOS 
and infection rates, but not in mortality [23]. In septic ICU patients, IMN has shown 
a reduction mortality and infection rate, especially in less severe patients [24].

Glutamine plays an important role in immune response as it is the fundamental 
energy substrate for lymphocytes and macrophages, the gut mucosa, and it also 
improves the antioxidant status by enhancing glutathione production. Low plasma 
glutamine concentration is a condition linked to unfavorable outcomes in ICU 
patients [11, 12]. In an mRCT, intravenous glutamine was administered within 
3 days after ICU admission, which showed a reduced ICU mortality with the use of 
glutamine group, even if this result was not sustained at 6 months [11]. Heyland 
et al. in a blinded 2-by-2 factorial trial with 1223 patients, demonstrated that early 
provision of glutamine or antioxidant or both did not improve clinical outcomes, 
and glutamine was associated with an increase in mortality in patients with multiple 
organ failure. However, results were conflicting because major part of the patients 
did not receive appropriate protein intake [12].

In the last 10 years, various RCT evaluated the potential benefits of specific IMN 
formulas in major oncologic surgery due to the significant role of the immune sys-
tem in cancer physiopathology. The inflammation produced by a surgical insult may 
be modulated by IMN which is of special importance due to the impaired immune 
response in cancer patients [8]. IMN may reduce overall complications, postopera-
tive infections, and hospital LOS, and it represents an emerging possibility in oncol-
ogy and further research is needed.

Agreement is still lacking about the value of individual immune-modulating sub-
strates for specific patient populations. However, in critical illness, it is difficult to 
draw any conclusion on the effect of IMN at the present moment due to different 
factors and their use is not strongly recommended in medical patients.

17.4  Evidence in Micronutrients and Antioxidants

Several studies evaluated the benefits of micronutrients (i.e., vitamins, electrolytes, 
and specific substrates) and antioxidant supplementation in various clinical settings 
of ICU patients. An early RCT featured by Crimi et al., antioxidant vitamins C and 
E supplementation were evaluated in critically ill who were fed by EN. In this study, 
216 patients were enrolled and they received at least 10 days of EN: 105 patients 
received EN supplemented with antioxidants and 111 control patients received an 
isocaloric formula. This study showed that antioxidants supplementation reduced 
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oxidative stress and 28-day mortality [3]. In a recent RCT of patients with sepsis 
and Acute Respiratory Distress Syndrome, the administration of high doses of IV 
vitamin C during the first 96 h of ICU admission showed a reduction in 28-day all- 
cause mortality [25]. The beneficial effects of antioxidants in RCTs are mainly 
explained due to their anti-inflammatory effects against Reactive Oxygen 
Species (ROS).

There are other several examples of RCTs aiming to evaluate micronutrients in 
terms of survival. Selenium, which is essential for normal antioxidant function, 
showed a reduction in 28-day mortality when administered (1 mg once daily during 
2 weeks) in septic patients at the ICU [26]. Magnesium administration, which defi-
cit is associated with weaning failure and cardiac arrhythmias, has been recently 
associated with lactate clearance and a potential for improving outcomes in septic 
patients [27]. High-dose of vitamin D (300,000 IU), which seems to have immuno-
modulatory properties and reduce the risk of infections, has also shown a trend 
towards a reduction in the needs of mechanical ventilation [28]. Preliminary data of 
an RCT has shown a better survival in sepsis with the admistration of L-carnitine 
infusion, a micronutrient that is involved in mitochondrial metabolism [29]. 
Administration of higher doses of Vitamin B1 (200 mg of IV Thiamine twice daily), 
which is important for metabolic cell function and plays a role in lactate clearance, 
has shown survival benefit in septic patients with thiamine deficiency on ICU admis-
sion [30]. Indeed, ESPEN guidelines on clinical nutrition in ICU, recommend daily 
supplementation with multivitamins and trace elements, especially for PN prescrip-
tions [6]. However, there is not still a strongly evidence for the general use of micro-
nutrients in all critically ill. Despite this, their use in patients may be recommeneded 
due to their low adverse side-effects profile.

17.5  Nutritional Management in ICU Patients Infected 
with SARS-COV-2

Emerging evidence shows that the COVID-19 infection is associated with negative 
outcomes in older, comorbid and hypoalbuminemic patients, characteristics which 
are associated with nutritional risk [31]. The emerging literature on COVID-19 indi-
rectly exhibits the importance of nutrition in improving their outcomes. Older age 
and the presence of comorbid conditions are almost invariably associated with 
impaired nutritional status and sarcopenia, independently of body mass index (BMI) 
[32]. High BMI is also related to poor prognosis in comorbid COVID-19 patients 
due to a possible role of sarcopenic obesity in influencing outcome. In addition, 
lymphopenia, a marker of malnutrition, is a negative prognostic factor in COVID-19 
patients [33]. Finally, the timing of nutritional therapy proves to be critical since 
most patients rapidly progress from cough to dyspnea, and then to respiratory fail-
ure and ICU admission for mechanical ventilation [31–33].

In COVID-19 non-intubated ICU patients when the energy target is not possible 
with an oral diet, oral nutritional supplements (ONS) should be considered before 
initiate EN support. If there are limitations for achieving caloric and protein targets 
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by means of the enteral route, it could be advised to prescribe supplementary 
PN. Prescribe EN in patients under non-invasive ventilation (NIV) can be difficult 
due to the difficulty in placing nasal gastric (NG) tube. Stomach dilatation may both 
compromise the effectiveness of NIV and delivery of EN.  PN may be therefore 
considered under these conditions to avoid the risk of patient starvation and devel-
opment of malnutrition, especially in the first 48 h of ICU stay, and also for reducing 
higher risk of related complications with EN, such as aspiration [34].

Regarding patients oxygenated through high-flow nasal cannula (HFNC), it may 
be generally considered appropriate to resume oral feeding. However, limited evi-
dence indicates that caloric and protein intake may remain low and inadequate to 
prevent or treat malnutrition in HFNC patients [35]. For this reason, adequate 
assessment of nutrient intake is recommended with the ONS administration or with 
EN if oral route is insufficient.

In the management of patients infected with SARS-COV-2 when HFNC or NIV 
have been applied for more than 2 h without successful oxygenation, it is recom-
mended to intubate and ventilate the patient. In COVID-19 intubated and ventilated 
ICU patients, EN should be started through an NG tube (10–12 Fr); post-pyloric 
feeding should be provided in patients with gastric intolerance after prokinetic treat-
ment or in patients at high risk for aspiration; the prone position is not a limitation 
or an absolute contraindication for EN. When EN is introduced in prone position, it 
is recommended to hold the head of the bed elevated (reverse Trendelenburg) to 
least 10 to 30 degrees to reduce the risk of aspiration of gastric contents, facial 
edema, and intra-abdominal hypertension [36].

As in other critical patients, hypocaloric nutrition (not exceeding 70% of energy 
expenditure) should be administered in the early phase of acute illness with incre-
ments up to 80–100% after day 3. In those patients who do not tolerate full dose of 
EN during the first week in the ICU, PN should not be started until all strategies to 
optimize EN tolerance have been tried. However, PN should be performed as soon 
as possible in patients who suffer malnutrition or are at risk of malnutrition if EN is 
not tolerated or contraindicated [4–6, 36].

In summary, nutrition therapy should be considered as an integral part of the 
approach to patient’s victim of SARS-CoV-2 infection, with stronger focus on older, 
frail, and comorbid individuals. There is still need to develop and implement a pro-
tocol based on the clinical practice with the aim of identifying the best nutritional 
approach and identifying optimal care in this population of patients.

17.6  Conclusions

The results achieved by recent large-scale trials in heterogeneous groups of patients 
showed no clear benefit of intensive feeding protocols compared to underfeeding 
during the acute phase of critical illness. However, this is probably mainly related 
with the occurrence of overnutrition with intensive therapy. A progressive and 
invidualized nutritional approach should be performed, especially in patients 
already suffering malnutrition or at risk of malnutrition on ICU admission, in order 
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to avoid higher caloric and protein debts. The use of PN should be strongly consid-
ered, even early when patient is at risk.

It remains uncertain the impact of specific nutrition interventions, such as IMN 
enteral formulas, has in the acute and recovery phase of illness. Specific subgroups 
(e.g., septic patients) respond differently to nutrition interventions, with the need of 
regular evaluation of nutrition requirements and constant monitoring, in particular 
patients admitted to the ICU more than a week. The effect of nutrition delivery on 
other clinically meaningful outcomes, such as muscle health and physical function, 
is also insufficiently studied. However, administration of higher amounts of protein 
during nutrition therapy, parenteral PUFAs, and higher doses of antioxidants and 
vitamins, may exert beneficial effects over critically ill, even in terms of mortality, 
with lower risk of side-effects.

Despite the effort of many trials to evaluate how to improve nutritional assess-
ment, nutrition therapy remains a challenge. Therefore, it remains essential to 
examine the effects of nutrition therapy on other important outcomes, such as 
reduced loss of lean mass, muscle health and physical function, poorly studied 
until now.
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18.1  General Principles

Extracorporeal membrane oxygenation (ECMO) is a technology capable of provid-
ing short-term mechanical support to the heart, lungs, or both. Despite being 
employed clinically first in the 1970s [1], the more widespread use of ECMO in 
critically ill adult patients is a recent phenomenon [2], and the number of centers 
offering ECMO has grown rapidly. During the same period, the indications for 
ECMO in adults have expanded from refractory severe respiratory and cardiac fail-
ure [3] to extracorporeal cardiopulmonary resuscitation (ECPR) [4] and as a bridge 
to lung transplantation [5]. Furthermore, the use of ECMO is strongly established in 
neonatal and pediatrics populations [6].

ECMO treatment has therefore represented a crucial improvement in the treat-
ment of patients with refractory organ failure. There are two types of ECMO—
venoarterial (VA) and venovenous (VV), used for cardiogenic shock and respiratory 
failure, respectively. Indeed, both provide respiratory support, but only VA ECMO 
provides hemodynamic support.
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Technological and clinical improvements have made them a fundamental 
resource in the therapeutic armamentarium of critical care specialists, and they have 
helped in saving thousands of lives in the last decades.

Randomized evidence on survival benefits on such treatments however is lack-
ing, and this has several explanations. First, the clinical setting in which ECMO 
treatment is performed makes randomization extremely challenging: indeed ECMO 
is performed 7/7 days and 24/24 days with almost no time for randomization. At the 
same time, a valuable alternative strategy is often not available, and it would be 
unethical to deny ECMO treatment when standard therapy has already failed. 
Furthermore, patients candidate to ECMO treatment are not ideal patients for an 
RCT, since they are very sick, generally present concomitant pathological condi-
tions and acute critical organ failures, and this makes very difficult to interpret the 
results of ECMO treatment by itself on major clinical outcomes. For all these rea-
sons, evidence from RCTs is few and not solid, but we think that stronger evidence 
is going to be produced in the next few years.

18.2  VV ECMO for Respiratory Failure

Several observational studies and uncontrolled clinical trials have evaluated the 
effect of ECMO on mortality in patients with severe acute respiratory failure. They 
reported survival rates from 50 to 71% among patients who received ECMO com-
pared with historical control rates [7–18].

Notably, only two randomized studies have assessed the benefits of VV ECMO 
on major clinical outcomes.

The Conventional ventilatory support versus Extracorporeal membrane oxygen-
ation for Severe Acute Respiratory failure (CESAR; 2009) [19] trial randomly 
assigned 180 patients with severe acute respiratory failure to either be referred to a 
single ECMO center or undergo continued conventional management. Referral to 
ECMO center was associated with increased survival without disability at 6 months 
compared to conventional management (63 versus 47 percent). The conclusion of 
this trial was that adults with severe acute respiratory failure should be referred to 
an ECMO center for evaluation for ECMO.

This trial has the extraordinary merit to be the first randomized trial ever per-
formed on ECMO treatment although it didn’t actually show any survival benefit of 
ECMO treatment. On the contrary, it was referral to a tertiary care center that 
resulted associated with survival benefit. Furthermore, this trial was criticized for 
the heterogeneous ventilation strategies in the control group and the large number 
of patients transferred for ECMO that never received it (due to improvement with 
standard low-volume ventilation).

The second randomized trial on VV ECMO was performed almost 10 years later 
(EOLIA; 2018) [20] In the EOLIA trial, 249 patients with severe ARDS were ran-
domized (partial arterial pressure of oxygen: fraction of inspired oxygen ratio 
[PaO2:FiO2] <50 mmHg >3 h or PaO2:FiO2 <80 mmHg for >6 h) to receive early VV 

M. Pieri and A. M. Scandroglio



173

ECMO or conventional protective ventilation. In this second arm, late ECMO was 
however possible as a rescue therapy [20]. ECMO resulted in improved oxygen-
ation, more days free of renal failure (46 versus 21%), and fewer patients with 
ischemic stroke (0 versus 5%). Although the study was stopped early by the data 
safety and monitoring board for interim results that were in favor of ECMO [21], 
after the final analysis, the difference in 60-day mortality, although in favor of 
ECMO (35 versus 46%) was not significant. Furthermore, survival was higher in 
those who received early (2 days after onset; 65%) compared with late (6 days after 
onset, i.e., rescue) ECMO (43%). As for complications and adverse effects, ECMO 
was associated with higher rates of bleeding requiring transfusion (46 versus 28%) 
and severe thrombocytopenia (27 versus 16%) compared with conventional therapy. 
These results may however have been biased in favor of conventional care by sev-
eral factors including the high percentage of very sick patients that crossed over 
from the conventional treatment group to the ECMO group for rescue therapy (28%; 
median PaO2 was 51 mmHg compared with 73 mmHg at study entry), and the high 
utilization in the control group of ARDS therapies associated with improved out-
come or oxygenation including prone positioning (90%), inhaled pulmonary vaso-
dilators (83%), and neuromuscular blockade (100%). Therefore, this study overall 
supports the consideration that patients with ARDS refractory optimal treatment 
should be managed with ECMO promptly rather than later as a rescue treatment.

Stronger evidence on effects of VV ECMO treatment on survival has been pro-
vided by meta-analysis, which included the results of randomized evidence. A 
meta-analysis of the two randomized trials [19, 20] and three observational studies 
reported the 60-day mortality rate was lower in patients receiving venovenous 
ECMO (34 versus 47%; relative risk 0.73, 95% CI 0.58–0.92) [22]. Furthermore, a 
network meta-analysis that compared several interventions in patients with ARDS 
on low tidal volume ventilation reported that ECMO was associated with a reduced 
28-day mortality [23].

18.3  VA ECMO for Cardiogenic Shock

Venoarterial (VA) ECMO can provide acute support in cardiogenic shock or cardiac 
arrest in adults. VA ECMO is provided until the patient recovers or receives a long- 
term ventricular assist device as a bridge to cardiac transplantation. Unlike ECMO 
for respiratory failure, it is almost impossible to perform a controlled trial of ECMO 
for cardiac failure because assignment to a control group is not justified. In an extra-
corporeal life support organization registry, among 9000 adults who underwent 
ECMO, 41% survived to hospital discharge [24]. It is reasonable that this survival 
rate will continuously increase due to improved expertise and evolution of technol-
ogy. Furthermore, cardiogenic shock patients represent a very heterogeneous group, 
which includes patients with arrhythmia, acute myocardial infarction-related shock, 
post-cardiotomic shock, sudden cardiac arrest, etc.; different outcomes are therefore 
also to be expected according to the cause of cardiogenic shock itself.
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18.4  Key Points

• Few randomized studies exist on VV ECMO for respiratory failure: no effect on 
mortality has been shown by a single RCT although a survival benefit in patients 
treated with VV ECMO compared to optimal medical therapy has been shown in 
meta-analysis of RCTs.

• VA ECMO for cardiogenic shock represents a crucial clinical improvement to 
treat a heterogeneous population of patients with different cardiac diseases: it is 
almost impossible to perform RCT in this setting due to ethical reason in this 
high-risk setting.
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19.1  General Principles

With the word POCUS, we refer to a bedside examination conducted by an expert 
physician in order to add information to clinical evaluation. Owing to its unstruc-
tured physical approach based on multidistrict visual, problem-focused analysis, 
and functional rather than anatomical evaluation, POCUS is largely different from 
other kinds of ultrasonography [1]. This approach provides simple answers to sim-
ple questions, the most valuables being those with yes/no responses, and leads to the 
so-called early gold-directed therapy.
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In emergency and critical care, POCUS can empower a common sequence of 
echo-enhanced advanced life support by analyzing airways first, then breathing, and 
finally circulation.

19.2  Main Evidences

Numerous studies have provided support to the use of ultrasonography in various 
clinical applications, including upper airways procedures such as intubation and 
tracheostomy, evaluation of lower respiratory tract diseases, and emergency medi-
cine and intensive care.

19.2.1  Ultrasonography in Upper Airways Procedures

The analysis of upper airways can confirm the correct placement of an endotracheal 
tube, by its direct visualization within the trachea, and check the cuff position [2]. 
Bilateral ventilation can be confirmed by bilateral lung sliding, whereas esophageal 
intubation is easily identified from the appearance of the double-tract sign [3] or 
excluded by tracheal rapid ultrasound examination [4]. Ultrasonographic evaluation 
of neck anatomy and vessels before percutaneous dilatational tracheostomy can pre-
dict the success of procedure [5–9]. Besides, some authors decided to modify the 
planned puncture location in around 50% of their patients after ultrasound evalua-
tions [6, 8, 10].

Moreover, it has been recently demonstrated that percutaneous dilatational tra-
cheostomy under ultrasound guidance is, compared to endoscopic procedure, not 
associated with remarkable hypercapnia or intracranial pressure increase, which are 
harmful complications in neurosurgical patients [11].

19.2.2  Ultrasonography in the Assessments of Lower 
Respiratory Tract

For diagnostic purposes, lung ultrasonography allows detecting pneumonia consoli-
dations [12], pneumothorax [13], pleural effusions [14], and the so-called ultrasono-
graphic interstitial syndrome associated with increased extravascular lung water 
[15], thus differentiating between “dry” and “wet” lung. In these applications, lung 
ultrasonography resulted to be superior not only to auscultation [16] but also to 
chest X-ray [17].

For mechanical ventilation, ultrasonography can help guide lung recruitment 
maneuvers and adjust positive end expiratory pressure [18].
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19.2.3  Ultrasonography in Intensive Care

In emergency settings, ultrasonography allows investigating the hemodynamic sta-
tus by epigastric or apical heart scanning. These simple views can provide informa-
tion on pericardium, left and right ventricles, valves, inferior cava vein, aorta and 
position of central venous lines. Table 19.1 shows a summary of the main applica-
tions of POCUS in emergency and intensive care settings.

In addition, by investigating kidneys and spleen perfusion, POCUS can give 
information on splanchnic perfusion, tissue hypoxemia [19–21] and hemodynamic 
status [22] that cannot be usually detected by physical examination [16, 23]. Thus, 
point-of-care ultrasound is considered a precious method for the evaluation of 
undistinguished shock, resuscitation guide [24, 25], preoperative assessment of 
patients undergoing surgery [26, 27].

19.3  Randomized-Controlled Studies of POCUS

The characteristics of the available randomized-controlled studies of POCUS in dif-
ferent settings are summarized in Table 19.2.

19.3.1  POCUS in Percutaneous Dilatational Tracheostomy

In a single-center randomized clinical trial, Rudas and co-workers [28] studied 
whether the use of ultrasound can improve its safety and efficacy. In comparison 
with the reference method, the ultrasound-based technique tended to be better in 
terms of appropriate midline punctures and reduced complications though the dif-
ferences did not achieve statistical significance.

19.3.2  POCUS in Respiratory Patients

A single-center randomized clinical trial study [29] showed that the bedside evalu-
ation of heart and lungs, in addition to the diagnostic methods currently used, 
increased by 24% the number of correct diagnoses and by 21% the choice of appro-
priate treatment in patients with respiratory symptoms within 4 h after accessing the 
emergency room.

19.3.3  POCUS Impact on Mortality and Complication Rates  
in Hip Fracture Patients

A pilot study conducted by Canty et al. [30] showed that targeted echocardiography 
(FOCUS) is feasible in patients undergoing hip fracture surgery leading to a 
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reduction in complications and mortality at 30 days and 12 months. A prospective 
multicenter study to confirm these data is advisable.

19.3.4  Impact of Ultrasound Protocol in Early ICU Stay

In a prospective randomized clinical trial conducted in two polyvalent ICUs [31], 
patients were assigned to two groups: one underwent ultrasound examination of 
optic nerve, lungs, pleura and venous district, the other only clinical evaluation. The 
result showed a better diagnostic definition (35%) and clinical management (60%) 
in patients evaluated with ultrasound technique, in terms of accurate administration 
of fluid administration, reduced mechanical ventilation, as well as a more contained 
use of conventional imaging resources in the first week of hospitalization.

19.3.5  Echocardiography in the Treatment of Septic Shock

A study conducted by Lanspa et al. [32] assigned patients with septic shock to two 
groups: one first evaluated with a resuscitation protocol under echocardiographic 
guidance, the other directly treated with early gold-directed therapy in the first 
hours of onset. The results showed no significant differences in outcomes, namely, 
organ failure, number of days out of intensive care, weaning from mechanical ven-
tilation at 28 days, and changes in mortality. However, the study missed feasibility 
outcomes, namely, fluid and dobutamine administration and time to lactate clear-
ance, for patients had been resuscitated before entering the randomization. Moreover, 
because of the small sample size the study was prone to type-2 error, thus making 
any conclusion on non-inferiority unconvincing.

19.4  Conclusions

Only few randomized clinical trials showed that POCUS could have a beneficial 
effect on survival. It may reduce mortality in elderly and frail traumatic patients 
submitted to a multiorgan approach, if by trained intensivists [31]. POCUS should 
be considered to treat critical care patients, especially during emergency in unstable 
hemodynamic conditions and cardiac arrest at an early stage since it is capable of 
identifying individuals who have a higher survival rate after discharge since it can 
recognize patients with higher likelihood of survival to hospital discharge 
and recognize interventions that go beyond the ACLS algorithm.

Hence, POCUS has to be considered an invaluable tool among physicians 
since it is the only method available, safe and rapid, and has proven to be able to 
enormously increase the diagnostic capacity of the clinician and to modify the 
treatment in terms of therapeutic attitude. Although, it is likely that both the defi-
nition of correct diagnoses and the change in patient management can improve 
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the clinical approach and, therefore, modify the workload, as well as reduce 
hospitalization times.

Further research is warranted to evaluate POCUS in other fields and in contro-
versial areas.
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20.1  Introduction

The Pubmed search strategy used during the last update of previous “Democracy- 
based” international consensus conferences [1, 2] to identify all randomized con-
trolled trials (RCTs) dealing with nonsurgical interventions which were found to 
affect mortality in the perioperative and critical care settings returned, among oth-
ers, two RCTs investigating the use of acupuncture and an herbal preparation, 
respectively, as an adjunctive therapy in patients with sepsis [3, 4]. These topics, 
regarded to as a whole with the term “alternative medicine,” were excluded from the 
consensus process before the web poll according to pre-specified criteria (individual 
small single-center RCTs without other supportive evidence) [1]. However, the 
number of RCTs reporting a significant survival benefit with the use of Traditional 
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Chinese Medicine (TCM), particularly intravenous herbal remedies, as an adjunct 
to standard therapy in critically ill patients has increased in the last few years and, 
as discussed below, also includes a couple of relatively large investigations pub-
lished in a top-rating international journal [5, 6]. Moreover, although acupuncture 
and, especially, herbal intravenous injections are regarded as “alternative” in west-
ern countries, they represent two cornerstones of Traditional Medicine (including 
TCM as well as Japanese and Korean Traditional Medicines) [7], a set of practices 
with a thousand-year-old tradition, some of which are often still used, in addition to 
conventional care, in the intensive care units (ICUs) of East Asian countries [5, 
6, 8, 9].

Considering the international scope of the consensus conference whose findings 
are discussed in details in the book, this chapter briefly summarizes the main evi-
dences about the potential role of alternative medicine in reducing mortality among 
critically ill patients although for Western clinicians (including the authors of the 
present chapter) any interpretation of such evidences is very difficult and the impli-
cations for clinical practice are virtually absent (at least in the short term).

20.2  Alternative Medicine and Mortality in the ICU Setting: 
Main Evidences

As discussed in the following paragraphs, a reduced mortality has been reported in 
patients with sepsis or septic shock receiving either various TCM remedies (includ-
ing acupuncture, herbal intravenous injections, or decoctions administered by 
nasogastric tube or enteroclysis) [3, 10–13] or other herbal preparations available in 
some Middle Eastern countries [4, 14], in patients with return of spontaneous 
circulation (ROSC) after in-hospital cardiac arrest (IHCA) receiving Shenfu 
infusions [5], and in patients with community-acquired pneumonia receiving 
XueBiJing infusions [6].

20.2.1  Traditional Chinese Medicine in Patients with Sepsis

TCM includes acupuncture, herbal remedies, moxibustion, cupping, and manual 
therapies (Tuina) [7]. In a small RCT, 90 patients with sepsis (of unknown severity 
since the article is in Chinese) were randomized to receive either acupuncture or 
thymosin alpha-1 (an endogenous immunomodulatory peptide with a potential role 
in the treatment of cancer, sepsis, and viral diseases) [15] in addition to standard 
care, or standard care alone: 28-day mortality was significantly lower in both the 
acupuncture and thymosin groups as compared with the standard care group (16.7 
vs 20 vs 30%, respectively, p = 0.01) [3]. Moreover, ICU length of stay (LOS) was 
shorter and both CD3+, CD4+, and CD8+ T-cell subtypes and immunoglobulin levels 
increased to a greater extent in the acupuncture and thymosin groups as compared 
with the standard care group. However, a subsequent small RCT, although confirm-
ing a possible immunomodulatory effect of acupuncture, failed to show a significant 
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difference in 28-day mortality among 58 septic patients randomized to receive or 
not electro-acupuncture in addition to usual care [16].

The most often used TCM remedy in Chinese ICUs is intravenous herbal injec-
tion [10]. Two RCTs [10, 11] and a couple of meta-analyses [12, 17] suggested a 
possible favorable impact on mortality of this type of TCM treatments in patients 
with sepsis. However, the largest RCT of intravenous herbal injection in septic 
patients ever performed [10] failed to show any difference in outcomes (including, 
among others, 7-day and 28-day mortality, ICU and hospital LOS, lactate levels, 
and use of vasopressors) in 199 patients with septic shock randomized to either 
Shenfu injections or saline, with the exception of a reduction in 7-day mortality in 
the Shenfu group (83.3 vs 54.5%, p = 0.034) when considering only patients with 
arterial lactate levels ≥4.5 mmol/L. Another RCT found a significant reduction in 
ICU LOS and 28-day mortality among 167 septic patients randomized to conven-
tional (Western) medicine in association or not with Qishen Huoxue Granule (a 
preparation of Astragalus membranaceus, Salvia miltiorrhiza, Flos carthami, 
Angelicae sinensis, and other herbs) [11].

Finally, a recent multicenter RCT of 302 patients with sepsis-associated acute 
gastrointestinal injury found a significantly reduced 28-day mortality in patients 
treated with a TCM bundle (including acupuncture and herbal decoctions adminis-
tered by nasogastric tube or enteroclysis) in addition to conventional care as com-
pared with conventional care alone (35.3 vs 48.3%, p = 0.01) [13].

20.2.2  Septimeb™ in Patients with Sepsis

Septimeb™ is an herbal remedy containing extracts of Tanacetum vulgare, Rosa 
canina, and Urtica dioica (see Fig.  20.1) in addition to selenium, carotenes, and 
flavonoids which is approved in Iran as an immunomodulatory agent. A very small 
(multicenter) RCT of 29 septic ICU patients found a dramatic reduction in 14-day 
mortality in patients receiving Septimeb™ as an adjunct to usual care as compared 
with usual care alone (18.8 vs 53.8%, p  =  0.048) [4]. A subsequent RCT of 51 

a b c

Fig. 20.1 Septimeb™ is an herbal remedy containing extracts of Tanacetum vulgare (a), Rosa 
canina (b) and Urtica dioica (c) in addition to selenium, carotenes, and flavonoids
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patients with “severe sepsis” admitted to the ICU or a medical ward of a single hos-
pital found a similar decrease in 90-day mortality (8.3 vs 25%) in those receiving 
adjunctive Septimeb™ as compared with usual care alone [14]. Of note, none of 
these two trials was placebo-controlled. Moreover, the lack of clear inclusion crite-
ria, the reported baseline vital signs and laboratory tests (as well as the missing data 
about baseline illness severity and organ injury scores), the inclusion of non-ICU 
patients, and the relatively low mortality rate in the control group raise some doubt 
that all patients in the second study really had “severe sepsis” (or sepsis according 
to current definition).

20.2.3  Shenfu Injection After In-Hospital Cardiac Arrest

Shenfu is a well-known herbal preparation containing red ginseng roots and aco-
nite roots (see Fig. 20.2) which, according to TCM, is indicated for shock and is 
often still used in Chinese emergency departments [5, 12]. In a recently published 
multicenter RCT involving 50 hospitals in China, Zhang et  al. [5] randomly 
assigned 978 patients with ROSC after IHCA to either intravenous Shenfu injec-
tion as an adjunct to a standardized post-resuscitation bundle (including early per-
cutaneous coronary revascularization if indicated, therapeutic hypothermia, 
targeted ventilatory and hemodynamic management, seizures prevention, etc.) or 
to the post-resuscitation bundle alone. Both 28-day mortality and 90-day mortality 
were significantly lower in the Shenfu group as compared with the control group 
(hazard ratio [HR] 0.61, 95% confidence interval [CI] 0.43–0.89, p = 0.009 and HR 
0.55, 95% CI 0.38–0.79, p = 0.002, respectively). Moreover, duration of mechani-
cal ventilation and hospital LOS were significantly reduced in the Shenfu group as 

a b

Fig. 20.2 Shenfu is a well-known herbal Traditional Chinese Medicine remedy prepared from 
roots of red ginseng (a) and aconite (b)
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compared with the control group. In addition to possible immunomodulation and 
inhibition of inflammatory response [5, 12, 18], Shenfu is thought to increase sys-
temic arterial pressure, improve microcirculation, and attenuate post-resuscitation 
myocardial dysfunction through mechanisms such as scavenging of reactive oxy-
gen species, reduction of calcium overload, and restoration of Na+-K+-ATPase and 
Ca2+-ATPase activities [5, 12].

20.2.4  XueBiJing Injection in Patients with Severe 
Community-Acquired Pneumonia

XueBiJing is a TCM herbal remedy containing more than a hundred substances 
from different herbs (such as Carthamus tinctorius flowers, Paeonia lactiflora roots, 
Ligusticum chuanxiong rhizomes, Angelica sinensis roots, and Salvia miltiorrhiza 
roots); it is approved and commonly used in China for the treatment of sepsis in 
critically ill patients and is believed to antagonize endotoxin, attenuate inflamma-
tory cytokines, modulate coagulation and immune response, and improve microcir-
culation [6]. In a large RCT published in 2019, 710 adult patients with severe 
community-acquired pneumonia were randomized in 33 Chinese hospitals to 
receive either intravenous XueBiJing or placebo in addition to usual care [6]. The 
authors found a reduced 28-day mortality in the XueBiJing group as compared with 
the placebo group (15.87 vs 24.63%, between-group difference 8.8%, 95% 
CI2.4–15.2%, p = 0.006). Moreover, duration of mechanical ventilation and ICU 
LOS were significantly shorter, and improvement in the pneumonia severity index 
was greater, in the XueBiJing group as compared with the placebo group.

20.3  Relevance to Clinical Practice: A Brief Comment

As mentioned, the enormous cultural distance between the world of Traditional 
Medicines and that of “official” medicine makes it very difficult to interpret and 
comment the abovementioned evidences. Beyond the small and mostly non-blinded 
and not placebo-controlled investigations which appear to have little more than 
anecdotal value according to our evidence-based medicine standards, the findings of 
the two seemingly high-quality large multicenter RCTs [5, 6] leave us at least per-
plexed. It is possible that, as suggested for acupuncture [19], also the beneficial 
effects observed with the use of herbal remedies may be attributable to neurophysi-
ological mechanisms as well as to the deep trust of both clinicians and patients in a 
strongly rooted tradition. On the other hand, a direct pharmacological action (e.g., 
on the molecular mechanisms of inflammation and immune response) of some 
among the multitude of substances which are present in these preparations cannot 
be excluded, as well as the potential toxicity of these substances is poorly known (in 
this regard, a recent retrospective investigation reported 30 cases of acute liver fail-
ure caused by TCM remedies [20]).
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Also considering the difficult availability of these preparations and, above all, the 
lack of regulation about their use in Western countries, it is clear that there is cur-
rently no clinical application for these “alternative” treatments in ICU patients in 
our latitudes, unless after possible isolation of some active substance (which would 
first undergo all the stages of drug testing).
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According to already published randomized controlled trials (RCTs), several inter-
ventions significantly increase mortality in critically ill and perioperative settings. 
Most evidences are supported by multicenter RCTs, while others are sustained by 
one single-center RCT.

All the identified drugs or interventions negatively affecting patients’ survival 
will be briefly discussed below.

21.1  Patients with Acute Kidney Injury (AKI)

One intervention has shown to negatively affect survival of critically ill patients 
with AKI.

21.1.1  Thyroxine

Thyroid hormones have both pre-renal and intrinsic renal effects that increase the 
renal blood flow and the glomerular filtration rate (GFR). In fact, hypothyroidism is 
commonly associated with reduced GFR, while hyperthyroidism results in both 
increased GFR and renin—angiotensin—aldosterone system’s activation. Moreover, 
patients with chronic kidney disease are often affected by primary and subclinical 
hypothyroidism [1]. Preclinical studies showed that the administration of thyroid 
hormone in the early phases of acute renal failure improved recovery in different 
ischemic and toxic models of kidney injury. On the contrary, one single-center, 
double-blind, placebo-controlled trial performed on 59 critically ill patients with 
AKI showed increased mortality in patients treated with thyroxine (43% vs 13%). 
In addition, thyroxine administration resulted in a progressive and severe suppres-
sion of thyroid-stimulating hormone (TSH) levels, without affecting the severity of 
renal failure [2].

21.2  Sepsis and Infectious Disease

Six interventions have shown to increase mortality in critically ill patients with sep-
sis or infectious diseases: protein C zymogen, nitric oxide synthase inhibitor 
546C88, methylprednisolone at high doses, hypothermia in severe bacterial menin-
gitis, cytokine hemoadsorption device on IL-6 and early resuscitation protocol.
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21.2.1  Protein C Zymogen

Protein C plays a fundamental role in the host response to infection since it partici-
pates in the immunomodulatory and inflammatory processes. It is a modulator of 
the coagulation system synthesized by the liver as a vitamin K-dependent proen-
zyme. In blood, it is activated by the endothelial and platelet thrombin–thrombo-
modulin complexes and by an endothelial receptor thus acquiring anticoagulant 
effect. In conditions associated with acquired protein C zymogen deficit, such as 
severe sepsis, the use of this plasma-derived drug suggested improved outcomes in 
different observational studies [3, 4].On the contrary, Pappalardo et  al., in one 
single- center, randomized, double-blind, placebo-controlled, parallel-group trial on 
37 patient with severe sepsis or septic shock showed that intensive care unit (ICU) 
mortality was increased in the group who received protein C zymogen (79% vs 
39%), as was in-hospital mortality (84% vs 44%) [5]. No difference in mortality 
was reported in longer follow-up (30-day). The trial planned to enroll 120 patients 
but was stopped earlier in a situation of futility for the composite outcome of pro-
longed ICU stay and/or 30-day mortality.

21.2.2  Nitric Oxide Synthase Inhibitor 546C88

Sepsis is associated with an increased production of nitric oxide (NO), leading to 
hypotension and decreased responsiveness to vasoconstrictors. Limiting the over-
production of NO by administrating different kind of inhibitors of nitric oxide syn-
thase (NOS) in septic patients showed to restore vascular responsiveness to 
vasoconstrictive therapy and improved hemodynamics, without clinical relevant 
adverse events [6, 7]. On the contrary, in an international, multicentric, double- 
blind, placebo-controlled trial on the use of the NOS inhibitor 546C88 in patients 
with septic shock, Lopez et al. found an increased 28-day mortality in the treatment 
group (59% vs 49%) and the trial was stopped for safety reasons. In the 546C88 
group, a higher proportion of vascular death and a lower incidence of deaths caused 
by multiple organ failure were observed [8].

21.2.3  High-Dose Methylprednisolone

The use of corticosteroids in infectious diseases and sepsis is still a debated subject. 
The rationale for their use in this setting is that this class of drugs downregulates the 
proinflammatory response, thereby limiting the inflammatory response while pre-
serving innate immunity. Moreover, it is well known that critical illness induces a 
state of absolute or relative adrenal insufficiency that may contribute to hemody-
namic instability and shock. A very old single-center, double-blind, placebo- 
controlled trial on the use of high-dose methylprednisolone (30  mg/kg) in 382 
patients with severe sepsis or septic shock showed no difference in the prevention 
and reversal of shock and in the overall mortality between groups. Nonetheless, it 
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showed a 14-days increased mortality in the subgroup of patients with elevated 
serum creatinine levels (>2  mg/dL) at enrollment (59% vs 29%). The increased 
number of deaths in the high-dose corticosteroids group was related to occurrence 
of secondary infections [9]. The topic remained debated in the following 
decades [10].

21.2.4  Hypothermia in Meningitis

Hypothermia was widely applied in different setting, such as global cerebral 
hypoxemia post-cardiac-arrest and traumatic brain injury (TBI), sometimes with 
conflicting results. In preclinical models of meningitis, moderate hypothermia 
showed positive effects by lowering intracranial pressure, preventing cellular 
apoptosis and modulating nuclear factor-kB, therefore concurring to reduce brain 
injury [11–15].Moreover, experimental studies and case reports suggested that 
hypothermia improved outcome of most severe cases [13, 14].

One multicentric, open-label RCT performed in 49 ICUs in France in patients 
with severe bacterial meningitis was stopped after the inclusion of the first 98 
patients because mortality rate in patients treated with hypothermia was signifi-
cantly higher than mortality in the control group (51% vs 31%) [15].

21.2.5  Cytokine Hemoadsorption Device on IL-6

Sepsis is characterized by an overwhelming production of proinflammatory cyto-
kines. Trying to block this overproduction was suggested as a possible strategy to 
improve patients’ outcome. One possibility is the use of therapeutic monoclonal 
antibodies against specific cytokines, but clinical trials on this topic did not confirm 
the benefits observed in preclinical studies and the recombinant-activated protein C 
(Xigris®) was withdrawn from the market in 2011 after the results of the PROWESS- 
SHOCK trial [16]. Another possibility is the use of extracorporeal blood purifica-
tion to reduce cytokines’ level. One meta-analysis on the various techniques of 
blood purification showed that only plasma exchange and hemoadsorption 
appeared to be potentially effective in septic patients [17]. CytoSorb (Cytosorbents, 
Corporation, New Jersey, USA) is a hemoadsorption device containing a porous 
polymeric beads able to remove cytokines and other toxins from blood and showed 
promising results in preclinical studies. One open label, multicentric RCT was con-
ducted in ten German ICUs and enrolled 100 patients to be treated with standard of 
care and CytoSorb hemoperfusion for 6 h per day, up to 7 consecutive days or to 
standard of care therapy alone [18]. Unfortunately, the 60-day unadjusted mortality 
rate of patients treated with Cytosorb resulted to be significantly higher than mortal-
ity in the standard of care group (44.7% vs 26%). Nonetheless, after adjustment for 
baseline patients’ morbidity and imbalances, no association of hemoperfusion with 
mortality was found.
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21.2.6  Early Resuscitation Protocol on Septic Patients 
with Hypotension

While mortality of septic patients in developed countries has declined in the last 
decades, it remains extremely high in low-income countries. Different studies tried 
to determine if early resuscitation protocols could improve outcome in septic 
patients in resource-limited countries and results were conflicting [19, 20]. From 
October 2012 to November 2013, a monocentric RCT on 212 Zambian adult patients 
with sepsis and hypotension was performed to determine whether an early resusci-
tation protocol with administration of intravenous fluids, vasopressors, and blood 
transfusion could affect in-hospital mortality when compared with usual care [21].
The primary outcome of in-hospital mortality occurred in 48.1% of patients in the 
intervention group compared with 33.0% of patients in the usual care group.

21.3  Acute Respiratory Distress Syndrome (ARDS)

Six interventions have shown to increase mortality of critically ill patients with ALI 
or ARDS: intravenous salbutamol, keratinocyte growth factor, cysteine prodrug 
(L-2-oxothiazolidine-4-carboxylic acid), intensive nutrition, methylprednisolone, 
and high-frequency oscillation ventilation.

21.3.1  Intravenous Salbutamol

One of the main targets in patients with ARDS is the reduction of inflammatory 
pulmonary edema. In preclinical studies, stimulation of β2 adrenergic receptors led 
to an increase in the transport of sodium across the alveolar epithelium and facili-
tated edema clearance. Nonetheless, several studies failed to demonstrate that intra-
venous infusion or inhalation of short- and long-acting β2-agonists were effective in 
improving outcome of ARDS patients and their routinely use is not recommended. 
The Beta-Agonist Lung injury TrIal-2 (BALTI-2) enrolled 326 mechanically venti-
lated ARDS patients and randomized them to receive either intravenous infusion of 
albuterol or placebo [22]. The study was prematurely stopped for safety reasons 
because it showed an increase in 28-day mortality in the group of patients treated 
with albuterol (34% vs. 23%).

21.3.2  Keratinocyte Growth Factor

The National Heart, Lung and Blood Institute Working Group emphasized the lung 
epithelium as an important target for future research and new therapies for patients 
with ARDS.  Keratinocyte growth factor (KGF) modulates several mechanisms 
involved in the epithelial repair and, therefore, could be potentially effective in the 
treatment of patients with ARDS.  Recombinant human KGF (palifermin) is a 
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23 N-terminal aminoacid truncated version of endogenous KGF, which showed to 
decrease the incidence, duration, and severity of oral mucositis in patients with 
hematological malignancies. This efficacy in the repairment of the epithelium led to 
study its potential use in the treatment of epithelial injury in ARDS.  Beneficial 
effects of KGF have been shown in preclinical studies. A double-blind trial under-
taken in two adult general ICUs in the United Kingdom randomized 60 mechani-
cally ventilated patients with severe ARDS to receive either recombinant KGF 
(palifermin) or placebo. 28-day mortality of patients who received palifermin was 
significantly higher than mortality in control group (31% vs 10%) [23].

21.3.3  Cysteine Prodrug (L-2-Oxothiazolidine-4-Carboxylic Acid)

Reactive oxygen species play an important role in the pathogenesis of ARDS. Ion 
superoxide produced by neutrophils can be metabolized to hydroxyl radicals, hydro-
gen peroxide, and hypochlorous acid. This process may also be the result of an 
antioxidant defense system overwhelmed. In fact, a decrease in glutathione was 
associated with the development of lung injury. Synthesis of glutathione can be 
limited by the supply of intracellular cysteine. Therefore, improving the availability 
of cysteine can be considered a therapeutic approach in patients with ARDS. L-2- 
oxothiazolidine-4 carboxylic acid (OTZ) is a cysteine prodrug and is metabolized to 
cysteine within the cells. Different preclinical and one clinical study showed an 
increased level of glutathione with the use of OTZ [24]. In a double-blind multicen-
tric RCT, patients with ARDS were randomized to receive OTZ or placebo. 30-day 
mortality in the OTZ group was significantly higher than in the placebo group 
(29.7% vs 15.8%) [25].The study was stopped prematurely for safety reasons after 
enrolling 215 of the planned 352 patients.

21.3.4  Intensive Nutrition in Acute Lung Injury

Both enteral and parenteral nutrition support are always provided to ICU patients to 
avoid the loss of lean body mass and improve outcome. Nonetheless, evidence to 
support their efficacy is still limited. Braunschweig et al., in 2013, performed one 
high-quality single-center RCT to determine if a comprehensive nutrition program 
improved outcome in 78 normal and malnourished ICU patients with ALI [26].
According to study protocol, the control group received standard care, while the 
intervention group received early enteral nutrition (within 6 h of hemodynamic sta-
bility), with close monitoring in order to achieve estimated daily needs. Feedings 
were prescribed during a 24-hour period, eliminating bolus or intermittent feeding 
prescriptions. Actually, the only significant clinical difference between the groups 
was the higher energy and protein received in those randomized to intensive nutri-
tion. The trial was stopped prematurely due to greater mortality in the intensive 
nutrition group (40%v s 15.8%).
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21.3.5  High-Frequency Oscillation Ventilation (HFOV)

In patients with ARDS, lung protective mechanical ventilation with low tidal 
volumes is considered the standard of care. Prone positioning, extracorporeal 
membrane oxygenation, and HFOV were suggested as potential strategies for 
improving oxygenation in life-threatening severe hypoxemia.

HFOV was developed by Lunkenheimer et al. in 1972 and is characterized by a 
very low tidal volume (frequently less than anatomical dead space), delivered at a 
very high-frequency rate. It theoretically avoids volutrauma and atelectotrauma of 
the lung and, therefore, was studied in the last decade in severe ARDS patients. 
Different observational studies and a small number of RCTs supported the safety of 
HFOV and its role in improving oxygenation in ARDS patients [27].On the con-
trary, a large multicenter RCT on patients with moderate to severe ARDS, proved 
that early application of HFOV was associated with higher mortality rate (47% vs 
35%) when compared with a ventilation strategy that used small tidal volumes, high 
positive end-expiratory pressure (PEEP) levels, and HFOV only in the subgroup of 
patients with severe refractory hypoxemia [28].

21.4  Perioperative Setting

Three interventions have proven to negatively affect survival in the perioperative 
setting: metoprolol retard in non-cardiac surgery, aprotinin, and prophylactic bicar-
bonate to prevent AKI in cardiac surgery.

21.4.1  Metoprolol Retard in Non-cardiac Surgery

Surgical stress causes a rise in catecholamine concentrations that results in an 
increase in blood pressure, heart rate, and free fatty acid concentrations leading to 
an increased myocardial oxygen demand. β blockers attenuate the effects of 
increased catecholamine levels and might theoretically prevent perioperative car-
diovascular complications in non-cardiac surgery. Several RCTs were performed on 
this topic, suggesting that β blockers could prevent the occurrence of major cardio-
vascular events but increase the risk of hypotension and bradycardia [29].

The POISE trial, a large multicentric, double-blind, placebo-controlled trial, 
showed that patients randomized to metoprolol had increased mortality when com-
pared to the placebo group (3.1% vs 2.3%]. Moreover, in the metoprolol group a 
significant increase in the number of strokes was observed (1% vs 0.5%) [30].

21.4.2  Aprotinin in Cardiac Surgery

Different pharmacological strategies were used to minimize bleeding and reduce 
the perioperative need for transfusion. In particular, three antifibrinolytic agents 
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were largely used in cardiac surgery: aprotinin, tranexamic acid, and aminocaproic 
acid. Aprotinin is a naturally occurring serine protease inhibitor (thus counteracts 
fibrinolysis), while tranexamic acid and aminocaproic acid are lysine analogues. 
Different trials and meta-analyses were performed on these drugs. In 2005, a 
Cochrane review of 20 head-to-head comparisons of RCTs concluded that data 
were not enough to definitively recommend one drug over another [31]. Therefore, 
a large, double-blind, multicenter RCT was performed to determine whether apro-
tinin was superior to either tranexamic acid or aminocaproic acid in decreasing 
massive postoperative bleeding and other clinically relevant outcomes [32]. The 
trial was early stopped because of a higher rate of death in patients receiving apro-
tinin (3.2% in the aprotinin group vs 1.3% and 1.7% in the tranexamic acid and 
aminocaproic acid group, respectively).

21.4.3  Prophylactic Bicarbonate to Prevent Acute  
Kidney Injury in Cardiac Surgery

The pathophysiology of the development of AKI in cardiac surgery is extremely 
complex. A pilot RCT reported that perioperative urinary alkalinization in patients 
undergoing cardiac surgery resulted in a reduction in postoperative AKI (from 52% 
to 32%) and postoperative acute tubular damage, with no significant side effects 
[33]. These protective effects of bicarbonate may be due to its ability to alkalinize 
the urine and slow the Haber-Weiss reaction, reducing the generation of reactive 
oxygen species [34]. These hypothesis were supported by two other studies: a large 
meta-analysis on the contrast-related nephropathy (another form of AKI related to 
oxidative stress) and a systematic review that identified urinary alkalinization as the 
single most important drug-based intervention to prevent AKI [35].  Therefore, a 
large multicenter, double-blind RCT was performed to test whether prophylactic 
perioperative bicarbonate infusion was efficient to reduce the incidence of AKI in 
patients undergoing open heart surgery with the use of cardiopulmonary bypass. 
The study was stopped early because an interim analysis showed that hospital mor-
tality was increased in patients receiving sodium bicarbonate compared with control 
group (6.3% vs 1.7%) [36].

21.5  Nutrition and Supplementation

Three nutritions/supplementations were proven to negatively affect survival of criti-
cally ill patients: growth hormone, glutamine supplementation, and high-protein 
enteral nutrition enriched with immune-modulating nutrients.

21.5.1  Growth Hormone (GH)

Negative nitrogen balance due to an increase in protein turnover is commonly 
observed in critically ill patients. This results in skeletal muscle wasting, difficult 
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weaning from mechanical ventilation, and delayed return to full mobility. Small 
RCTs on the use of GH supplementation in patients receiving adequate nutrition 
support showed positive effects. Therefore, in 1999, a large, double-blind RCT in 
patients who were expected to remain in ICU for at least 10 days was performed to 
confirm those promising findings [37]. The published report of the trial combined 
two studies conducted in parallel (the Finnish study and the European study), 
recruiting a total of 532 patients. In both trials, the in-hospital mortality was higher 
in the patients receiving GH (39% vs 20% in the Finnish study; 44% vs 18% in the 
European study).

21.5.2  Glutamine

Malnourishment is frequently observed in critically ill patients and different spe-
cialized nutrition therapies are often used to prevent malnutrition since it is associ-
ated with increased morbidity and mortality [38, 39]. Different RCTs were published 
on this topic [40]. Among them, the potential benefit of glutamine supplementation 
in critical care setting was extensively studied.

Glutamine is the most abundant essential amino acid and is mostly stored in 
skeletal muscle tissue. It is a precursor of glutathione and plays a crucial role in dif-
ferent stress-response pathways by modulating inflammatory response and metabo-
lism of glucose, by preventing organ injury, and by inducing cellular protection 
pathways in critical ill patients [41]. Low serum glutamine levels have shown to be 
independent predictors of mortality in ICU [42, 43].

In 2013, Heyland et al. in a large, high-quality, multicentric RCT from 40 differ-
ent ICUs in Canada, the United States, and Europe provided evidence that gluta-
mine supplementation increases 28-day mortality in critically ill mechanically 
ventilated patients with multiorgan failure (32.4% vs.

27.2%) [44]. On the contrary, previous meta-analysis suggested that glutamine 
and antioxidant supplementation were associated with improved outcome in this 
population [45, 46]. Later, RCTs and meta-analyses did not confirm such beneficial 
effects [47–49].

21.5.3  High-Protein Enteral Nutrition Enriched 
with Immune-Modulating Nutrients

Different immune-modulating nutrients (i.e., arginine, glutamine, selenium, nucleic 
acids, omega-3 fatty acids, and antioxidants) may modulate inflammatory and oxi-
dative stress responses. Several meta-analyses reported that the use of artificial 
enteral nutrition with immune-modulating nutrients was associated with reductions 
in infectious morbidity and improved outcome in critically ill patients when com-
pared with standard enteral nutrition [50–52].

Scientific societies guidelines are contradictory on the use of immune- modulating 
nutrients in severely ill patients. While the European Society for Clinical Nutrition 
and Metabolism did not recommend it, the Society of Critical Care Medicine and 
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the American Society for Parenteral and Enteral Nutrition suggested that immune- 
modulating supplementation should be used only in appropriate patients, with cau-
tion in severe sepsis, with grade A recommendations for surgical and grade B 
recommendations for medical ICU patients. Both guidelines recommend use of 
high-protein enteral nutrition (1.2–2.0 g/kg/die), supported by observational studies 
showing improved survival in patients reaching higher protein targets [53, 54]. The 
MetaPlus trial was a randomized, multicenter, international, double-blind trial per-
formed in 14 ICUs in Europe. A total of 301 patients requiring mechanical ventila-
tion for more than 72 h were randomized to receive immune-modulating nutrients 
or standard high-protein enteral nutrition. Six-month mortality rate in the subgroup 
of medical patients who received immune-modulating nutrients was significantly 
higher than mortality rate of medical patients who received standard high-protein 
enteral nutrition (54% vs 35%) [55].

21.6  Trauma and Shock

Six interventions have shown to increase mortality in patients with trauma or shock: 
stress ulcer prophylaxis with antacids in ventilated trauma patients, systematic ICU 
admission for older patients, albumin in patients with traumatic brain injury (TBI), 
dopamine versus noradrenaline as first-choice vasopressor in patients with shock, 
diaspirin cross-linked hemoglobin (DCLHb), and methylprednisolone in TBI.

21.6.1  Stress Ulcer Prophylaxis in Ventilated Trauma Patients

Different drugs such as sucralfate, antacids, or histamine-2 (H2) antagonists were 
used to prevent stress ulcer bleeding in mechanically ventilated patients. Results on 
the potential role of H2 antagonist to increase the risk of nosocomial pneumonia, by 
augmenting the gastric pH and allowing the colonization with Gram-bacilli, were 
conflicting. Therefore, a randomized clinical trial on mechanically ventilated injured 
patients randomized to one of three distinct stress ulcer prophylaxis regimens 
(sucralfate, antacid, or ranitidine) was performed. Between November 1990 and 
May 1994, 424 patients were randomized to receive one of the three prophylaxis 
regimens. The mortality rate of patients treated with antacids was significantly 
higher compared with patients given sucralfate or ranitidine (23.2% vs 12.5% vs 
10%, respectively) [56]. In the last decade, research mainly focused on the role of 
proton pump inhibitors in preventing stress ulcer in critically ill patients. In a post 
hoc analysis of patients with high disease severity included in the SUP-ICU trial 
[57], higher 90-day mortality and fewer days alive without life support with panto-
prazole vs placebo were observed [58].
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21.6.2  Systematic ICU Admission for Older Patients

According to the World Health Organization, older people are a rapidly growing 
proportion of the world’s entire population. In fact, in 2015, this population rose by 
55 million and the proportion of the older people reached 8.5% of the total popula-
tion. This trend unavoidably leads to an increasing demand for health care resources, 
including ICU beds. Moreover, ICU costs in this population are substantial. These 
limitations pose great challenges to the ICU triage decision-making process.

Observational studies reported conflicting results on the benefits of ICU admis-
sion in the elderly and triage guidelines adapted to these patients are still lacking, 
leading to wide heterogeneity in the ICU triage decision-making process [59–62]. 
In 2017, The Intensive Care for Elderly–CUB-Réa 2 (ICE-CUB 2) trial, a large 
multicentric cluster-RCT performed in 24 French hospitals, tried to determine 
whether a recommendation for systematic ICU admission in critically ill elderly 
patients (>75 years old) could reduce 6-month mortality compared with usual prac-
tice [63]. Six-month mortality of patients randomized to the systematic strategy 
group was significantly higher than mortality of patients in the standard practice 
group (45% vs 39%). No further RCTs were published on this topic so far.

21.6.3  Albumin in Patients with Traumatic Brain Injury

The best fluid strategy to maintain systemic and cerebral perfusion in patients with 
TBI is still debated and both crystalloids and colloids were used in the past.

The Saline versus Albumin Fluid Evaluation (SAFE) study evaluated the effect 
of fluid resuscitation with 4% albumin or saline on mortality in ICU patients [64]. 
No difference was found between groups. On the contrary, a post hoc follow-up 
study of patients from the SAFE study who had traumatic brain injury (the SAFE–
TBI study), showed an increased 24-month mortality among patients in the albumin 
group (33.2%), as compared with patients in the saline group (20.4%).

21.6.4  Dopamine Versus Noradrenaline as First-Choice 
Vasopressor in Patients with Shock

Both norepinephrine and dopamine are used as a first-choice vasopressor in patients 
with shock. However, different studies suggested that the administration of dopa-
mine was associated with worst outcome [65, 66]. Therefore, between December 
2003 and October a multicentric RCT was performed in eight centers in Belgium, 
Austria, and Spain to evaluate whether norepinephrine over dopamine as first-line 
vasopressor agent could reduce the rate of death among patients in shock. A total 
of 1679 patients were enrolled. No difference in the overall mortality was find 
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between groups. Nonetheless, the rate of death at 28 days was significantly higher 
among patients with cardiogenic shock who were treated with dopamine than 
among those with cardiogenic shock who were treated with norepinephrine [67].A 
meta-analyses published in 2017 confirmed that norepinephrine, when compared 
to dopamine as first-line vasopressor in patients with cardiogenic shock was asso-
ciated with a lower 28-day mortality, a lower risk of arrhythmic events, and gastro-
intestinal reaction [68].

21.6.5  Diaspirin Cross-Linked Hemoglobin (DCLHb)

In case of reduced cardiac output and/or hypoxemia, hemoglobin (Hb) concentra-
tion plays a fundamental role in preventing cellular dysfunction and tissue hypoxia. 
Over the past decades, different artificial blood solutions (blood substitutes, blood 
surrogates, artificial Hb, or artificial blood) were synthetized and tested in order to 
replace blood transfusion. Some of them reached phase III in clinical trials but, 
unfortunately, many of these products were withdrawn from the market because of 
severe reported side effects.

Sloan et al., in 1999, tested the addition of 500–1000 mL DCLHb, a purified and 
chemically modified human Hb solution (HemAssist®, 10  g/dL diaspirin cross- 
linked human Hb in balanced electrolytes solution) during initial fluid resuscitation 
in patients with shock [69]. In patients treated with DCLHb, mortality rate was 
higher than in patients who received standard treatment (46% vs. 17%). A subse-
quent RCT performed in 2003 did not confirm these findings and was interrupted 
prematurely for futility after an interim evaluation [70].

21.6.6  Methylprednisolone in Traumatic Brain Injury

Corticosteroids were used to treat head injury for decades. Different small RCTs 
were performed in the past and an old review and meta-analyses performed in 1997 
suggested that the absolute risk of death in the corticosteroid group was about 1–2% 
lower than in controls although 95% CI ranged from 6% fewer to 2% more 
deaths [71].

The CRASH trial, a large international multicentric RCT, enrolled 10,008 adults 
with head injury to receive 48 h infusion of methylprednisolone or placebo [72]. 
Compared with placebo, 14-days mortality rate of patients allocated to the cortico-
steroids group resulted significantly higher (21.1% vs 17.9%). Two different meta- 
analyses published in 2005 confirmed the detrimental effect of corticosteroids on 
survival of patients with TBI [73, 74].
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Evidence-based medicine (EBM) is of utmost importance to drive current clinical 
practice, and randomized controlled trials (RCTs) represent the beating heart of 
EBM.  However, tight glycemic control and the use of hydroxyethyl starch have 
conflicting randomized published evidence (showing both increased mortality and 
increased survival).

22.1  Tight Glycemic Control

22.1.1  Physiology

Stress-induced hyperglycemia is common among critically ill and surgical patients 
[1–3]. Inflammatory cytokines activate the hypothalamic-pituitary-adrenal axis, 
enhancing secretion of cortisol, hepatic glycogenolysis, and gluconeogenesis. The 
inhibited synthesis of glucose-transporter family (GLUT)-4 reduces intracellular 
insulin-dependent glucose transport in adipocytes and myocytes [4]. This implies 
hyper-catabolism with peripheral insulin resistance, fostering energy production in 
acute stress responses cells, e.g., white blood cells [2]. Hepatic glycogenolysis and 
protein breakdown promote hepatic gluconeogenesis and synthesis of acute phase 
reactants. Progressive hyperglycemia ensues (“stress hyperglycemia”/“stress diabe-
tes”) whose severity is related to severity of underlying acute illness. In prolonged 
critical illness, this state leads to mitochondrial dysfunction, persistent inflamma-
tion, immune-paralysis, anemia, and increased mortality [3].

22.1.2  Stress-Induced Hyperglycemia

It is widely accepted that stress-induced hyperglycemia is associated to increased 
mortality and morbidity [5–9]. Patients with acute myocardial infarction and stroke 
are particularly susceptible [5, 7, 8, 10–12]. Hyperglycemic trauma patients shown 
increased ICU−/hospital length-of-stay and higher mortality rates, possibly related 
to increased nosocomial infections and duration of mechanical ventilation (MV) 
[13]. In patients with traumatic brain injury, admission’s hyperglycemia was inde-
pendently related to worse neurological outcomes [14]. After coronary artery bypass 
hyperglycemia is associated to sternal wound infections, longer ICU length-of-stay, 
increased risk for stroke, myocardial infarction, sepsis, and mortality [15, 16].

In light of this evidence, strategies to control hyperglycemia in critically ill 
patients have been implemented.

22.1.3  Tight Glycemic Control: Main Evidence

In 2001, the Leuven trial enrolled 1548 surgical patients to receive intensive insulin 
therapy (IIT) with continuous intravenous insulin infusion or conventional blood 
glucose management. Targeted blood glucose for IIT patients was 80–110 mg/dL, 
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while for controls was 180–200 mg/L. There was a significant reduction in ICU 
(42%) and in-hospital mortality (34%) in the IIT group compared to controls. IIT 
was associated with reduced incidence of acute renal failure (−41%), blood stream 
infections (−46%), transfusion requirements, and polyneuropathy. The reduction in 
mortality was observed mostly among non-diabetic patients. Incidence of hypogly-
cemia was significantly higher in the IIT group [17, 18]. In 2006, IIT was associated 
with an absolute 10% reduction in mortality rates for long staying, critically ill 
patients, as much with reduced ICU- and hospital length-of-stays, duration of MV, 
and incidence of acute renal failure [19].

In 2008 and 2009, two trials comparing the effects of IIT (blood glucose 
80–110  mg/dL) versus conventional therapy (180–200  mg/dL) did not confirm 
these positive results and raised concerns about hypoglycemia [20, 21]. In the sub-
sequent NICE-SUGAR trial (6104 patients), patients on IIT showed higher rates of 
hypoglycemia and 90-day mortality [22].

However, in a recent metanalysis on 57 RCTs involving 21,840 critically ill 
patients, intensive glucose control significantly reduced all-cause mortality, ICU 
length-of-stay, and rate of secondary infection/sepsis compared to patients treated 
with the usual care strategy, while the intensive glucose control strategy was associ-
ated with higher occurrence of severe hypoglycemic events [23].

22.1.4  The Role of Nutrition and Diabetes

The risk for hypoglycemia is higher in patients undergoing IIT, particularly if dia-
betic and poorly controlled. In the Leuven trials, a mean non-protein daily caloric 
intake of 20  kCal/kg was achieved with glucose administration. In the NICE- 
SUGAR, the median daily caloric intake was 11.04 ± 6.08 kCal/kg. Thus, an appro-
priate nutrition protocol should be part of IIT [24, 25]. The concomitant infusion of 
glucose/nutrients and insulin, rather than the sole tight glycemic control, can be 
beneficial to prevent hypoglycemia and opposing hyper-catabolism [26, 27]. Stress- 
induced glycogenolysis and hepatic gluconeogenesis are associated with muscle 
energy depletion and hepatic hypoxic injury. Insulin-mediated increased expression 
of GLUT-4/GLUT-2 on muscle cells and hepatocytes restores adenosine triphos-
phate (ATP) levels and inhibits protein wasting [28–32]. Insulin may exert immune- 
modulator effects, preventing the apoptosis of activated macrophages and promoting 
a shift towards a T-helper 2-phenotype [33]. These effects may translate in lower 
rate of muscle weakness, secondary infections, length-of-stay, and mortality.

The blood glucose target is different for non-diabetic and diabetic patients [34–
36]. Blood glucose time-in-range during IIT is independently associated with 
reduced mortality in critically ill, non-diabetic patients [37]. Higher pre- and post- 
admission glycemic GAP and lower glycosylated hemoglobin are associated to 
higher mortality in diabetic patients [38, 39]. Tight glycemic control in ICU would 
bring advantage to previously non-diabetic or diabetic patients with good preadmis-
sion glycemic control. For poorly controlled diabetic patients, tight blood glucose is 
less safe. To date, definite evidence is lacking and general recommendations is to 
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target a glycemia of 140–160 mg/dL, for both non-diabetic and diabetic patients in 
good pre-ICU control [40, 41].

22.1.5  Continuous Glucose Monitoring and Automated 
Insulin Infusion

The major safety concern about IIT is hypoglycemia. Poorly controlled diabetic 
patients are particularly susceptible. Moreover, a glucose variability >20% is asso-
ciated to increased oxidative stress and worse outcomes alone in critically ill/surgi-
cal patients [42], irrespective of hypoglycemia [43–46]. To reduce glucose variability 
and avoid hypoglycemia, a combination of continuous glucose monitoring and 
automated infusion of insulin is advised [47]. Though still experimental, this method 
showed promising results in clinical applications. In cardio-surgical and non- cardiac 
patients, automated algorithm of insulin infusion resulted in higher rates of time-in- 
range blood glucose levels compared to paper-based algorithm (49% vs. 27%, 
respectively) [48, 49]. Subcutaneous continuous monitoring and micro-dialysis 
methods are promising tool [50]. With recent technology, subcutaneous glucose 
monitoring probes showed to be more precise than intravascular or blood-gas analy-
sis [51]. Automated systems for insulin therapy include automatic subcutaneous 
insulin infusers, electronic-medical record-based infusion algorithm and totally 
automatic glucose management systems. Those tools are under investigation and 
need to prove cost-effective [52]. Up to date, none is routinely applied to ICU 
patients.

22.1.6  Conclusions

Stress-related hyperglycemia is associated with adverse outcomes in surgical and 
non-surgical critically ill patients, particularly non-diabetic and well-controlled dia-
betic patients. The randomized controlled trials that aimed to achieve a survival 
benefit towards and tight glucose management found conflicting results. Since 
hypoglycemia and fluctuations in blood glucose, as well as hyperglycemia, are 
associated with increased mortality, tools for continuous glucose monitoring and 
automated insulin infusion are under investigation. Concomitant administration of 
insulin and nutrition seems beneficial to prevent hypoglycemia and oppose meta-
bolic consequences of prolonged critical illness.

22.2  Hydroxyethyl Starches

22.2.1  General Considerations on Fluid Choice

Hypovolemia impairs oxygen transport to cells and may contribute to multiple 
organ failure in critical illness [53]. Fluid therapy/volume resuscitation are the most 
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extensively applied therapy in ICUs. In respect to their composition, replacement 
fluids are divided into crystalloids and colloids; the latter may be natural (e.g., albu-
min), or semi-synthetic (e.g., gelatins or starches), including hydroxyethyl starch 
(HES). The debate on which fluid is the best is still ongoing, and the RCTs per-
formed in critically ill patients found conflicting evidences on mortality. The ratio-
nale for use of colloids is that their larger molecules will remain at a higher 
proportion in the intravascular space leading to better hemodynamics with less loss 
interstitial edema. In a recent metanalysis, accounting for 55 RCTs and more than 
27,000 patients, central venous pressure and mean arterial pressure were higher and 
the overall fluid volume infused was lower with colloids than crystalloids [54]. This 
is important issue to limit the negative effects of crystalloids accumulation in the 
critically ill patients, including interstitial edema of gut, lungs, kidneys, and coagu-
lation disorders. Thus, it has been suggested that colloids may be introduced as 
resuscitation fluid when the total amount of crystalloids infused exceeds 3–4 l [55]. 
However, the use of HES has been extensively associated to increased mortality 
when compared to balanced solution of crystalloids [54] and albumin is the only 
colloid recommended by the Surviving Sepsis Campaign [56]. More so, the evi-
dence supporting the of starches is limited by low quality of trials (limited sample 
size, short follow-up time, and high risk of bias) [57]. A large proportion of initial 
data supporting HES was retracted due to scientific misconduct [58]. Indeed, large 
randomized clinical trials (RCTs) [59–61] and meta-analyses [62–66] should orient 
the choice of fluid therapy in ICU patients.

22.2.2  Main Lines of Evidence

In the Crystalloid Morbidity Associated with Severe Sepsis (CRYSTMAS) study on 
196 septic patients, the hemodynamic stabilization was achieved with less volume 
of 6% HES 130/0.4 than isotonic saline [67]. Use of HES was associated to increased 
use of renal replacement therapy (RRT) and risk for mortality [68]. The Scandinavian 
Starch for Severe Sepsis/Septic Shock (6S) trial included 798 patients in 26 
Scandinavian ICUs [59]. At 90  days, patients resuscitated with HES showed 
increased mortality. More patients in the HES group needed renal replacement ther-
apies and blood products, as they showed more bleeding events as compared to 
patients resuscitated with Ringer’s solution.

The large Crystalloids vs Hydroxyethyl Starch Trial (CHEST) randomized 7000 
ICU patients to receive either 6% HES 130/0.4 or normal saline [60]. The trial con-
firmed an increased HES’ associated use of RRT and higher rate of adverse events 
including need for blood products. No difference in mortality rate was noted. These 
results were confirmed by other trials, in which HES’ use was not associated to 
increased mortality rate or RRT [61, 69, 70]. Some of the last trials have been criti-
cized for heavy biasing [71].

In a Cochrane review assessing the effect of resuscitation with colloids vs. crys-
talloids on all-cause mortality in critically ill patients, HES was found to increase 
mortality compared to crystalloids [65]. Other systematic reviews assessing the 
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effects of the new generation of HES, tetrastarch, excluded any clinical benefit and 
found increased risk of death and RRT with new starches both in patients with and 
without sepsis [62, 64].

22.2.3  Physiologic Considerations

The negative effects of colloids on mortality are possibly related to their structure 
and pharmacokinetics. HES are colloids derived from potatoes or maize solubilized 
in a crystalloid carrier solution. They are defined by their average molecular weight 
(MW), their substitution ratio, and pattern of hydroxyl-ethylating ratio (C2/C6 
ratio). Several kinds of HES exist; the so-called tetrastarches, with MW around 
130 kDa and a substitution ratio between 0.38 and 0.45 are the most commonly used 
HES. Hydroxyethyl starches are almost entirely excreted by glomerular filtration 
after hydrolysis by amylase, [72] but tissue uptake is pronounced regardless of sub- 
type [73] and elimination of this part has not been clarified. Plasma and urine HES 
permanence, may be as high as 40% after 24 h from the end of infusion [73]. Modern 
130/0.4–130/0.42 HES seems to be deposited in the tissue to an even larger extent 
than the older HES solutions. In a systematic review including necropsy and biopsy 
studies of patients who had received HES formulations, a profound and long-lasting 
deposition of HES residues in a broad spectrum of cells was evident [74]. The con-
centration and accumulation in tissues is thought to be linked to their renal toxicity 
and interaction with coagulation systems.

22.2.4  Therapeutic Use

Due to the above-mentioned issues, the use of HES has been highly restricted to 
acutely bleeding patients in case crystalloids are insufficient [68, 75]. This is an 
official statement from the EU and US health authorities. The lower dose must be 
used and for no more than 24 h. Maximum dosing is 50 ml/kg in adults. In children, 
HES should be avoided at all. Kidney function should be monitored for at least 
90 days after administration due to risk of kidney injury. The use of HES in hypo-
volemic, not-bleeding, critically ill patients is counter-indicated, i.e., in septic 
shock. Due to potential side effects, HES should also be avoided in patients with 
severe liver disease, congestive heart failure, clinical signs of fluid overload and pre- 
existing renal injury, coagulation, or bleeding disorders.

22.2.5  Conclusions

High-quality RCTs consistently show that HES can quickly restore circulation in 
hypovolemic patients at expense of renal and hemostatic impairment and, possibly, 
increased mortality. There is no evidence that differences in molecular weight, sub-
stitution ratio or carrier fluid influence clinical outcome. Use of HES is actually 
strictly limited to low dose in acutely bleeding patients.
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23.1  General Principles

The body of scientific evidence increases continuously. Every day, researchers proj-
ect, start and publish new randomized controlled trials (RCTs). Unfortunately, these 
trials often fail to demonstrate a significant difference in mortality as discussed in 
Chap. 1.

From 2017 to date, among the multitude of papers published in peer-reviewed 
journals, some had significant effect on mortality and reinforced (while others 
denied) the evidence demonstrated in previous trials.
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This chapter collects the last-minute evidence (published up to 2020) about inter-
ventions reducing mortality not discussed in the previous sections of this book. 
Though interesting, this evidence requires further studies to be confirmed.

23.2  Angiotensin II

Angiotensin II (ATII) binds angiotensin receptors (AT1 and AT2), part of the renin- 
angiotensin- aldosterone system (RAAS). This molecule is a short-acting vasopres-
sor with potent direct vasoconstrictor effect both on arteries and veins. Moreover, 
ATII increases the secretion of antidiuretic hormone (ADH), adrenocorticotropin 
hormone (ACTH), and aldosterone [1]. The synthetic molecule is known to have 
direct effect on renal efferent arterioles, with an increase of glomerular perfusion 
pressure [2]. In 2017, a multicenter randomized controlled trial (mRCT) on the use 
of ATII in catecholamine-resistant vasodilatory shock, the ATHOS-3 trial, was pub-
lished [3]. This trial failed to demonstrate a mortality benefit in the overall popula-
tion, but a secondary post hoc analysis found a reduction in mortality in the subgroup 
of patients on renal replacement therapy (RRT). Indeed, 28-days mortality was 
lower in patients on RRT treated with ATII (as an adjunctive to norepinephrine treat-
ment) than in placebo group (unadjusted hazard ratio 0.52; 95% CI 0.30–0.87, p 
value = 0.012) [4].

23.3  Bicarbonate

The use of bicarbonate in metabolic acidosis is controversial. Low pH can cause 
cellular dysfunction, so intravenous sodium bicarbonate administration, increasing 
pH, might be beneficial. On the other hand, potential side-effects are intracellular 
acidification due to the accumulation of carbon dioxide and the risk of hypocal-
cemia [5].

The BICAR-ICU trial, performed in 2018 in 26 intensive care units (ICUs), ran-
domized 389 patients with severe metabolic acidemia (pH <7.2, bicarbonate 
<20 mmol/L, lactate >2 mmol/L, and normal carbon dioxide) to receive bicarbonate 
(in order to achieve a pH >7.3) or placebo. Bicarbonate had no effect on mortality 
in the overall population but demonstrated a benefit in patients with acute kidney 
injury (AKIN 2–3), with 46% of patients dying at day 28 in the bicarbonate group 
and 63% in the placebo group (p value =0.016) [6].

23.4  Airway Management in Cardiac Arrest

Advanced life support during resuscitation for cardiac arrest requires effective min-
ute ventilation. In the out-of-hospital scenario, endotracheal intubation (ETI) might 
be challenging and it is not always performed by personnel with adequate training 
on airway management. Literature reports significant rates of unrecognized tube 
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misplacement, need for multiple ETI attempts, and ETI insertion failure [7]. Thus, 
the use of a supraglottic device might be a valuable alternative.

An mRCT was performed in 2018, involving 27 emergency medical services [8]. 
More than 3000 patients were randomized to receive laryngeal tube (LT) insertion 
or ETI. Survival at 72 h was 18.3% and 15.4%, respectively (p value = 0.04), with a 
slight increase in the rate of aspiration pneumonia in LT group although not signifi-
cant. The survival benefit was still present at hospital discharge (p value = 0.01).

23.5  Steroids in Acute Respiratory Distress Syndrome (ARDS) 
Including COVID-19 Patients

Glucocorticoids (steroids) have inhibitory effects on a broad range of immune 
responses and are efficacious in managing many of the acute disease manifestations 
of inflammatory and autoimmune disorders. The main field of research about ste-
roids use in critically ill patients are septic shock and ARDS. Hydrocortisone in 
septic shock has been discussed in Chap. 10.

The use of steroids in pulmonary pathologies is a matter of debate since years.
The first RCT showing a mortality effect was a small mRCT performed in 1998 

and enrolling 24 ARDS patients who had no improvement after 7 days of conven-
tional treatment. Methylprednisolone (2 mg/kg/die for 32 days) demonstrated a sur-
vival benefit over placebo for in-hospital mortality [9]. A subsequent trial in 2006 
found the opposite result, with increased mortality in patients who started methyl-
prednisolone treatment after 14 days from ARDS onset [10].

In 2007, early administration (<72 h from onset) of methylprednisolone (1 mg/
kg/die for 28 days) was tested in patients with severe ARDS. The study found a 
reduction of in-hospital mortality in the treatment group over placebo [11].

A recent task force suggested that methylprednisolone may be considered in 
patients with moderate-severe ARDS early (up to day 7 from onset) in a dose of 
1 mg/kg/day and late (after day 6 from onset) in a dose of 2 mg/kg/day followed by 
slow tapering over 13 days [12].

In addition, two new trials investigating the effect of dexamethasone were per-
formed in 2020. The first is an mRCT enrolling 277 patients with moderate-severe 
ARDS after 24 h from onset where patients received dexamethasone or placebo 
(20 mg/die for 5 days and 10 mg/die for the subsequent 5 days). At 60 days mortal-
ity was strongly reduced in treatment group as compared with placebo group (21% 
vs 36% respectively, p value = 0.004) [13].

The second trial is a preliminary report on the use of dexamethasone in hospital-
ized Coronavirus disease-19 (COVID-19) patients. Two thousand patients were ran-
domized to receive dexamethasone (6  mg/die for 10  days) regardless of disease 
severity or placebo. Mortality at 28 days was reduced in the subgroup of patients 
with respiratory support receiving dexamethasone (either oxygen—23.3% vs 26.2% 
or mechanical ventilation—29.3% vs 41.4%) but not in the subgroup of patients not 
requiring oxygen, where there was a trend towards harm [14].
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23.6  Tranexamic Acid

Tranexamic acid is an antifibrinolytic agent previously discussed in Chap. 14 as far 
as trauma setting is concerned.

In this section, two recent studies on the use of tranexamic acid in post-partum 
hemorrhage and intracerebral hemorrhage are discussed.

23.6.1  Tranexamic Acid in Post-Partum Hemorrhage

Primary post-partum hemorrhage is the leading cause of maternal death worldwide. 
Similar to trauma, early activation of fibrinolysis is also recorded after childbirth [15]. 
The WOMAN trial is a large double-blind mRCT involving 20,000 women after 
cesarean section or vaginal birth with primary PPH. Tranexamic acid (1 g bolus + 1 g 
in case of ongoing hemorrhage) reduced mortality for bleeding cause in treatment 
group compared to placebo (1.5% vs 1.9% respectively, p value = 0.045) [16].

23.6.2  Tranexamic Acid in Intracerebral Hemorrhage

After establishing the beneficial effect of tranexamic acid in trauma and post- partum 
hemorrhage, the results of another trial were published in 2018. TICH-2 was an 
mRCT enrolling patients with acute intracerebral hemorrhage within 8 h of stroke 
symptom onset. They were treated with tranexamic acid (1 g bolus + 1 g in 8 h con-
tinuous infusion) or placebo. At day 7, mortality was lower in treatment group (9% 
vs 11%, p value = 0.041) although this benefit was lost at 90 days. Tranexamic acid 
did not increase the number of venous thromboembolic or arterial occlusion 
events [17].

23.7  Point-of-Care Testing for Coagulation

Significant postoperative bleeding has to be expected in up to 10% of patients 
undergoing cardiac surgery, and it is associated with worse outcome [18]. Algorithm 
guided by point-of-care thrombelastometry (ROTEM®) might be associated with 
substantial benefits as they are capable to quickly identify potential coagulation 
disorders allowing specific treatment [19].

In 2018, a single center RCT (sRCT) enrolled 104 patients with significant blood 
loss after cardiac surgery. Patients were randomized to an ROTEM-guided strategy 
or a standard coagulation test strategy to correct hemostasis after arrival in 
ICU.  Patients with long cardiopulmonary bypass time (> 115  min, 55 patients) 
showed reduced 5-years mortality when treated with an ROTEM-based approach 
(0% vs 15%, p value = 0.03) [20].
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23.8  Thrombolytic Removal in Intraventricular Bleeding

Ventricular hemorrhage in the context of spontaneous intracranial bleeding is asso-
ciated with devastating consequences. Acute obstructive hydrocephalus can develop 
and the injection of thrombolytic agents through an intraventricular catheter might 
ameliorate cerebrospinal fluid drainage and reduce neurotoxicity [21].

The CLEAR III trial is an mRCT conducted in 2017 where 500 patients were 
randomized to receive intraventricular alteplase (1 mg up to 12 doses in total) or 
placebo. Mortality was lower in patients treated with alteplase than with placebo 
(18% vs 29% respectively, p value = 0.006). Of note, functional outcome assessed 
by modified Rankin score (mRS) was worse in the treatment group [22].

23.9  Other Evidence

Minor evidence, not included in previous chapters of this book and not discussed 
above, are collected in Table 23.1. These evidence have been judged less important 
due to the quality of the study (i.e., sRCT, small population) or the topic itself. As 
for all other interventions discussed in this chapter, further evaluation of potential 
survival benefit is required.

Table 23.1 List of interventions reducing mortality published from 2017, not discussed in the 
present and previous chapters

Year First author Journal Topic Title
2017 Ceccato A PLoS one Infectious 

disease
Treatment with macrolides and 
glucocorticosteroids in severe 
community-acquired pneumonia: a 
post hoc exploratory analysis of a 
randomized controlled trial

2018 Welte T Intensive care 
med

Efficacy and safety of trimodulin, a 
novel polyclonal antibody 
preparation, in patients with severe 
community-acquired pneumonia: a 
randomized, placebo-controlled, 
double-blind, multicenter, phase II 
trial (CIGMA study)

2019 Luyt CE JAMA Acyclovir for mechanically 
ventilated patients with herpes 
simplex virus oropharyngeal 
reactivation: a randomized clinical 
trial

(continued)
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Table 23.1 (continued)

Year First author Journal Topic Title
2017 McAuley DF Lancet Respir 

med
Acute 
respiratory 
distress 
syndrome

Keratinocyte growth factor for the 
treatment of the acute respiratory 
distress syndrome (KARE): a 
randomized, double-blind, 
placebo-controlled phase 2 trial

2019 Mahmoud A JCVA Streptokinase versus 
unfractionated heparin nebulization 
in patients with severe acute 
respiratory distress syndrome 
(ARDS): a randomized controlled 
trial with observational controls

2018 Calfee CS Lancet Respir 
med

Acute respiratory distress 
syndrome subphenotypes and 
differential response to 
simvastatin: Secondary analysis of 
a randomized controlled trial

2017 Guidet B JAMA Health care 
management

Effect of systematic intensive care 
unit triage on long-term mortality 
among critically ill elderly patients 
in France: a randomized clinical 
trial

2017 Shimabukuro 
DW

BMJ open 
Respir res

Effect of a machine learning-based 
severe sepsis prediction algorithm 
on patient survival and hospital 
length of stay: a randomized 
clinical trial

2017 Ojima M J intensive 
care

Hemodynamic effects of electrical 
muscle stimulation in the 
prophylaxis of deep vein 
thrombosis for intensive care unit 
patients: a randomized trial

2017 Bergamin FS Crit care med Transfusions Liberal versus restrictive 
transfusion strategy in critically ill 
oncologic patients: The transfusion 
requirements in critically ill 
oncologic patients randomized 
controlled trial

2018 Cardenas JC Blood Adv Platelet transfusions improve 
hemostasis and survival in a 
substudy of the prospective, 
randomized PROPPR trial

2019 Gobatto A Crit care Transfusion requirements after 
head trauma: a randomized 
feasibility controlled trial
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Table 23.1 (continued)

Year First author Journal Topic Title
2017 Schädler D PLoS one Hemofiltration 

and acute 
kidney injury

The effect of a novel 
extracorporeal cytokine 
hemoadsorption device on IL-6 
elimination in septic patients: A 
randomized controlled trial

2018 You B Critical care Early application of continuous 
high-volume hemofiltration can 
reduce sepsis and improve the 
prognosis of patients with severe 
burns

2018 Pickkers P NEJM Effect of human recombinant 
alkaline phosphatase on 7-day 
creatinine clearance in patients 
with sepsis-associated acute kidney 
injury

2017 Andrews B JAMA Hemodynamic 
management

Effect of an early resuscitation 
protocol on in-hospital mortality 
among adults with sepsis and 
hypotension: a randomized clinical 
trial

2019 Noormandi 
A

Eur J Clin 
Pharmacol

Effect of magnesium 
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